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2013 RENCONTRES DE MORIOND

The XLVIIIth Rencontres de Moriond were held in La Thuile, Valle d’Aosta, Italy.

The first meeting took place at Moriond in the French Alps in 1966. There, experimental
as well as theoretical physicists not only shared their scientific preoccupations, but also
the household chores. The participants in the first meeting were mainly french physicists
interested in electromagnetic interactions. In subsequent years, a session on high energy
strong interactions was added.

The main purpose of these meetings is to discuss recent developments in contemporary
physics and also to promote effective collaboration between experimentalists and theo-
rists in the field of elementary particle physics. By bringing together a relatively small
number of participants, the meeting helps develop better human relations as well as more
thorough and detailed discussion of the contributions.

Our wish to develop and to experiment with new channels of communication and dialogue,
which was the driving force behind the original Moriond meetings, led us to organize a
parallel meeting of biologists on Cell Differentiation (1980) and to create the Moriond
Astrophysics Meeting (1981). In the same spirit, we started a new series on Condensed
Matter physics in January 1994. Meetings between biologists, astrophysicists, condensed
matter physicists and high energy physicists are organized to study how the progress in
one field can lead to new developments in the others. We trust that these conferences and
lively discussions will lead to new analytical methods and new mathematical languages.

The XLVIIIth Rencontres de Moriond in 2013 comprised three physics sessions:

• March 2 - 9: “Electroweak Interactions and Unified Theories”

• March 9 - 16: “QCD and High Energy Hadronic Interactions”

• March 9 - 16: “Very High Energy Phenomena in the Universe”
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rice Feinstein, Yannick Giraud-Héraud, Christophe Magneville, Günther Sigl, for
the “Very High Energy Phenomena in the Universe” session

and the conference secretariat and technical staff:
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Combination and Standar Model Scalar Boson Properties in CMS M. Chen 337

5. Beyond the SM
The global electroweak Standard Model fit after the Higgs discovery R. Kogler 349
SUSY phenomenology today D. Kazakov 359
Searches for third generation and gluino induced SUSY production at the LHC J. Marrouche 369
Search for EWkino production and long-lived particles at the LHC M. Verducci 375
Status of supersymmetry with extra singlets U. Ellwanger 381
Search for high-mass resonances and other exotica at the LHC J. Butler 389
The cost of gauge coupling unification in the SU(5) model at three loops L. Mihaila 395
Search for extra-dimensions, t̄t resonances, 4th generation and leptoquark signatures
at the LHC

M. Marionneau 401

A Light Dynamical Scalar boson L. Merlo 407
Update of the European Strategy for Particle Physics P. Jenni 413

6. BSM & Electroweak results
Beyond the SM Scalar boson searches at the TeVatron E. Nagy 421
Top-down beyond the standard model review E. Dudas 427
Single W and Z production, asymmetries, and V+jets at the TeVatron H. Yin 435
Electroweak Measurements with the ATLAS and CMS Experiments S. Hassani 443
Noncommutative geometry in the LHC-era C. Stephan 451
Diboson Physics at the Tevatron M. Bauce 459
Brane SUSY breaking and inflation: implications for scalar fields and CMB distortion A. Sagnotti 465
New results from MEG experiment W. Ootani 475
QCD results at LHC N. Saoulidou 481

Electroweak results from HERA A.F. Żarnecki 489
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The GIM Mechanism: origin, predictions and recent uses

Luciano Maiani
CERN, Geneva, Switzerland

Dipartimento di Fisica, Universitá di Roma La Sapienza, Roma, Italy

The GIM Mechanism was introduced by Sheldon L. Glashow, John Iliopoulos and Luciano
Maiani in 1970, to explain the suppression of Delta S=1, 2 neutral current processes and is
an important element of the unified theories of the weak and electromagnetic interactions.
Origin, predictions and uses of the GIM Mechanism are illustrated. Flavor changing neutral
current processes (FCNC) represent today an important benchmark for the Standard Theory
and give strong limitations to theories that go beyond ST in the few TeV region. Ideas on the
ways constraints on FCNC may be imposed are briefly described.

1 Setting the scene

The final years of the sixties marked an important transition period for the physics of elementary
particles. Two important discoveries made in the early sixties, quarks and Cabibbo theory, had been
consolidated by a wealth of new data and there was the feeling that a more complete picture of the
strong and of the electro-weak interactions could be at hand.

The quark model of hadrons introduced by M. Gell-Mann 1 and G. Zweig 2 explained neatly the
spectrum of the lowest lying mesons and baryons as qq̄ and qqq states, respectively, with:

q =

 u
d
s

 (1)

and electric charges Q = 2/3,−1/3,−1/3, respectively.

Doubts persisted on quarks being real physical entities or rather a simple mathematical tool to
describe hadrons. This was due to the symmetry puzzle, namely the fact that one had to assume
an overall symmetric configuration of the three quarks to describe the spin-charge structure of the
baryons, rather than the antisymmetric configuration required by the fermion nature of physical,
spin 1/2, quarksa. Ignoring these doubts, there had been already attempts to describe the strong
interactions among quarks with the exchange of a neutral vector particle, which had even been given
a specific name, the gluon, derived from its role to glue the quarks inside the hadrons.

It has to be said that the efforts to construct a fundamental strong interaction theory were
focussed, in these years, rather along the lines indicated by the pioneering paper by G. Veneziano 3.
However, the resulting dual models 4 later evolved in the Nambu 5-Goto 6 string theory are entirely
outside the scope of the present review.

aThe problem is exemplified by the spin 3/2 resonance, ∆++ . With the quark structure in (1), the state ∆++ in
the spin state with Sz = 3/2 has to be described as ∆++(Sz = 3/2) = [u↑u↑u↑]which is an S-wave, symmetric state.



The Cabibbo theory7 had extended to the weak decays of strange particles the idea of universality
pioneered by E. Fermi and later developed by R. Marshak and C. G. Sudarshan 8, R. P. Feynman
and M. Gell-Mann 9, S. S. Gerstein and Ya. B. Zeldovich 10, and others.

The Weak Interaction lagrangian was described by the product of a weak current, Jλ, with
its hermitian conjugate, currents being, in turn, made of universal pieces representing lepton and
hadron contributions. In formulae:

Jλ = ν̄eγ
λ(1− γ5)e+ ν̄µγ

λ(1− γ5)µ+ ūγλ(1− γ5)dC (2)

dC = cos θd+ sin θs (3)

LF =
GF√

2
JλJ+

λ (4)

with GF the Fermi constant taken from muon decay and θ the Cabibbo angle.

The ultraviolet divergent character of the Fermi interaction invited to think that the lagrangian
(4) could be the effective lagrangian of a less divergent or even renormalizable theory. Two options
were conceived at the time. The simplest possibility (the Intermediate Vector Boson hypothesis, IVB)
was to assume the current × current interaction to be mediated by a single, electrically charged,
massive vector boson, W , with:

LW = gWλJ
λ + h.c.

GF√
2

=
g2

M2
W

(5)

The second possibility, first considered by J. Schwinger, was to imbed the IVB theory into a fully
fledged Yang-Mills theory, with the interaction determined by local invariance under a non-abelian
gauge group, which would eventually include the electromagnetic gauge invarianceb. A theory of the
electro-weak interactions of leptons based on the gauge group SU(2)⊗ U(1) had been proposed by
S. Glashow in 1961 13.

Glashow’s theory predicted two neutral vectors, the massless photon and a massive neutral boson,
called Z0, in addition to the charged IVB. The breaking of the gauge group from SU(2)⊗U(1) down
to the electromagnetic gauge group U(1)Q was enforced by the explicit addition of mass terms for
the vector bosons and for the leptons. It was hoped that such a breaking, associated to operators of
dimension less than four, would not disturb the renormalizability of the Yang-Mills theory.

Two results, proven in the late sixties are here relevant. First, the renormalizability of the
massless (i.e. exactly gauge symmetric) Yang-Mills theory, by E. S. Fradkin and I. V. Tyutin 14.
Second, the investigations by M. Veltman 15 which stressed the singular character of the vector
boson mass term and the consequent fact that the theory with explicit mass terms was probably
non-renormalizable.

In their seminal papers, S. Weinberg16 and A. Salam17 proposed a new way to a realistic, unified
electroweak theory. This was based on the spontaneous symmetry breaking of the gauge symmetry
induced by a non-vanishing vacuum expectation value of a scalar field. The newly discovered for-
mulation of the spontaneous breaking of a gauge symmetry, by P. Higgs 18 and by F. Englert and
R. Brout 19, implied that the massless Goldstone bosons, associated to the spontaneous symmetry
breaking of a continuous, global symmetry, were absorbed into the longitudinal degrees of freedom
of massive vector bosons. The SU(2) ⊗ U(1) gauge theory was reformulated in this direction, with
the hope that the exact gauge symmetry of the equations of motion could produce a renormalizable
theory, an hypothesis that was to be proven correct by G. ’t-Hooft and M. Veltman 20 a few years
later.

bSchwinger 11 put the electromagnetic with the weak interactions in the simple group SU(2); S. Bludman 12 formu-
lated the first SU(2) gauge theory of weak interactions alone.



Similarly to Glashow’s 1961, the theory of Weinberg and Salam could be applied only to the
electroweak interactions of the leptons. It was immediate to imbed the Cabibbo hadron current into
an SU(2)⊗ U(1) algebra, but it was also immediate to see that the neutral current coupled to the
Z0 would carry a violation of strangeness of a size already excluded by the non observation, at the
time, of the neutral current weak decay:

KL → µ+µ− (6)

To see this, it is enough to rewrite the hadron current in (2) in matrix form, according to:

Jhadλ = ūγλ(1− γ5)dC = q̄γλ(1− γ5)Cq

C =

 0 cos θ sin θ
0 0 0
0 0 0

 (7)

Writing:

C = (IW )1 + i(IW )2; C† = (IW )1 − i(IW )2 (8)

one sees C and C† as the raising and lowering elements of a weak-SU(2) algebra whose third generator
is given by:

2(IW )3 =
[
C, C†

]
=

 1 0 0
0 − cos2 θ − cos θ sin θ
0 − cos θ sin θ − sin2 θ

 (9)

In the Weiberg-Salam and Glashow theories, the physical vector boson, Z0, is coupled to a linear
combination of the electromagnetic current (which is flavour diagonal) and of the current associated
to (IW )3. One is then left with a Flavour Changing Neutral Current (FCNC) determined by the
Cabibbo angle and totally excluded by the data. For reference, the present value of the ratio of the
leptonic FCNC rate of KL to the leptonic rate of K+ is 21:

Γ(KL → µ+µ−)

Γ(K+ → µ+ν̄µ)
= 2.60× 10−9 (10)

2 The Joffe-Shabalin cutoff

In mid 1968, a paper by B. L. Ioffe and E. P. Shabalin 22 shed a sudden light on the structure of
higher order weak interactions. The paper addressed the calculation of amplitudes with the exchange
of two IVBs, considering several FCNC amplitudes like the weak amplitude of (6), ∆S ± 1, and the
K0 → K̄0 mixing amplitude, ∆S = 2. Similar results were obtained by F. Low23 and by R. Marshak
and collaborators 24.

Contrary to the belief that strong interaction form factors would soften all divergences of the IVB
theory, the authors found quadratically divergent amplitudes, which therefore had to be regulated
by an ultraviolet cutoff, Λ. The singular behaviour was derived from the equal time commutators of
the weak currents, which indicated that hadrons are indeed soft objects, but are made of point-like
constituents. In the same year, experiments at SLAC showed a point-like behaviour of the deep-
inelastic cross section of electrons on protons and deuterons, giving the first experimental indication
of point like constituents inside the nucleons.

Most surprisingly, the large suppression of FCNC amplitudes required a small value of the cutoff.
The more stringent limit is given by the K0 → K̄0 transition, which requires ΛI&S ' 3 GeV.



The calculation of ref. 22 addressed FCNC amplitudes of order G(GΛ2). It was also realised that
quadratic divergent amplitudes would arise, in the IVB theory, to order GΛ2, potentially provid-
ing violations to the symmetries of the strong interaction amplitudes (parity, isospin, SU(3) and
strangeness). C. Bouchiat, J. Iliopoulos and J. Prentki25 showed that, with SU(3)⊗SU(3) breaking
described by a (3, 3̄) representation, the leading divergences give only diagonal contributions, hence
no parity and strangeness violations.

Attempts were made in 1968-1969 to cope with the disturbing divergence by:

• introducing spin zero and spin one intermediaries with compensating couplings so as to move
the divergence into diagonal, flavour conserving, amplitudes 26 (it was soon understood that
too many were needed);

• cancelling the isospin violation effect due to the GΛ2 divergences with a specific value of the
Cabibbo angle 27 28, related to the parameters of the (3, 3̄) symmetry breaking (quark masses,
in modern terms);

• introducing negative metric states 29.

3 The GIM mechanism

In modern terms, the result of Ioffe and Shabalin for the K0 → K̄0 amplitude derives from the
Feynman diagrams reported in Fig. 1, restricted to u-exchange diagrams. Weak couplings at the
quark vertices are indicated, the most divergent part of the amplitude is:

Au−exch(K0 → K̄0) = Const G(GΛ2) sin2 θ cos2 θ (11)

Figure 1: Quark diagrams for KL → µ+µ− after GIM. Couplings of u and c to d and s quarks are indicated.

The solution proposed by Glashow, Iliopoulos and Maiani 30 in 1970 requires the existence of a
new, charge 2/3 quark, the charm quark, coupled by the weak interaction to the superposition of d
and s quarks orthogonal to the Cabibbo combination dC , eq. (3). The new term in the weak current
is:

J
(charm)
λ = c̄γλ(1− γ5)sC ;

sC = − sin θd+ cos θs (12)

For each u-line exchanged, the charm quark provides a second diagram with a coupling of opposite
sign. In fact, were the mass of the charmed quark equal to the mass of the up quark, the two diagrams
would exactly cancel. For unequal masses, the result must be proportional to the difference m2

c−m2
u.

It is easy to see that the quark mass-squared difference takes the role of the ultraviolet cutoff in (11).



The Ioffe and Shabalin estimate of Λ turns into a prediction of the charm quark mass (neglecting
mu):

mc ' ΛI&S ' 3 GeV (13)

Similar considerations apply to the KL → µ+µ− transition, which however leads to a less strin-
gent prediction of the cutoff, due to the fact that the transition also proceeds also via the electro-
magnetic, γ − γ intermediate state.

The diagrams in Fig. 1 and the prediction (13) describe in essence the GIM mechanism.

4 Electroweak unification with the charm quark

Besides adding a new chapter to hadron spectroscopy, the extension to the charm quark gave a
decisive momentum to the unification of electromagnetic and weak interactions. With the GIM
addition, the weak interaction matrix C, eq. (7), takes the form (we order the four quarks as
u, c, d, s) :

C =

(
0 U
0 0

)
(14)

where U is two by two and orthogonal:

U =

(
cos θ sin θ
− sin θ cos θ

)
(15)

The orthogonality of U makes so that the neutral current associated to the third component of
the weak isospin is flavour diagonal:

2(IW )3 =
[
C, C†

]
=

(
UUT 0

0 −UTU

)
=

(
1 0
0 −1

)
(16)

With the charm quark, a Yang-Mills electroweak theory based on SU(2)⊗U(1) becomes possible
for quark and leptons. FCNC processes are forbidden at tree level by the structure of (IW )3 in eq.
(16). They are possibile in higher order, by the diagrams reported in Fig. 2 for the typical case of
K0 → µ+µ−, but suppressed by the GIM mechanism. The not-too-large value of the charm mass
makes these amplitudes to be effectively of order G2, as required by observation. The analysis of
FCNC in the full gauge theory, performed by M. K. Gaillard and B. W. Lee 31 has later confirmed
the general order of magnitude of mc in (13).

Figure 2: Feynman diagrams for: K0 = (ds̄)→ µ+µ− in the electroweak gauge theory. Higgs boson exchange
diagrams to be added.

Neutrino neutral current processes. With the structure in eqs. (14) and (15), flavour con-
serving, neutral current processes are indeed predicted to occur with similar rates as charged current
processes. Neutrino scattering off nucleons leading to a final state without muons are considered



in ref. 30, with reference to the neutral current of a pure Yang-Mills theory. Cross sections were
obtained for the inelastic processes:

ν(ν̄) + Nucleous→ ν(ν̄) + hadrons (17)

not much below the existing limits of the time, thus indicating neutrino neutral current processes to
be a promising signal for the proposed four quark theory.

In 1973, the Gargamelle bubble chamber collaboration at CERN observed what they called
muonless or electronless neutrino events 32, i.e. multihadron neutrino interactions without a visible
muon or electron track in the final state, soon recognised to be neutrino processes of the type (17).
Detailed analysis showed that indeed strange particles are pair produced in the final state, indicating
flavour conservation in these abundant neutral current reactions.

Quark-lepton symmetry. Quark-lepton symmetry is not respected in the weak current (2),
which features two lepton isospin doublets and only one quark doublet. Restoring quark-lepton
symmetry was one of the basic motivations of the GIM paper 30, providing the basis for the partial
cancellation of FCNC amplitudes.

It is worth noticing that quark-lepton symmetry plays amore fundamental role in the unified
electroweak theory. C. Bouchiat, J. Iliopoulos and P. Meyer 42 have shown that the symmetry
is the basis for the cancellation of the Adler-Bell-Jackiw anomalies, the last obstacle towards a
renormalizable theory, for fractionally charged and SU(3)color triplet quarks.

CP violation, in brief. It was recognized in 30 that the, generally complex, matrix U arises from
the diagonalization of the quark mass matrix. It was also noted there that with four quarks one can
always bring U into the real form (15), thereby excluding CP violation from the weak interaction.
Already worried by the charm quark, we did not ask what would happen with even more quarks
and failed to discover a simple theory of CP violation.

Three years later, Kobayashi and Maskawa 33 showed that a complex phase does remain if the
matrix (now currently indicated as UCKM , after Cabibbo, Kobayashi and Maskawa) is three by three,
making it possible to incorporate the observed CP violation in a theory with six quark flavours.

The phenomenology of CP violation with six quarks has been first explored by S. Pakvasa and
H. Sugawara 34 and by L. Maiani 35.

In 1986, I. Bigi and A. Sanda predicted direct CP violation in B decay; in 2001, Belle and BaBar
discover CP violating mixing effects in B-decays.

Today, the description provided by the UCKM matrix has met with an extraordinary success. In
Wolfenstein’s parametrization 36:

UCKM =


1− 1

2λ
2 λ Aλ3(ρ− iη)

−λ 1− 1
2λ

2 Aλ2

Aλ3[1− (ρ+ iη)] −Aλ2 1

 (18)

Fig. 3 illustrates the excellent fit obtained for the parameters ρ and η from the measurements of
different observables in K and B physics 37.

5 Precursors and discovery of charmed particles

In mid nineteen fifties, the Sakata model 38 featured three basic constituents of the hadrons, (p, n,
Λ), in parallel to the three elementary leptons known at the time:

elementary hadrons =

(
p

n Λ

)
; leptons =

(
ν

e µ

)
(19)



Figure 3: CKM fit. The vertex of the unitarity triangle gives the values of ρ and η as determined from the
intersection of the regions determined by the different observables, εK ,∆m, etc..

In 1962, after the discovery of the muonic neutrino, Sakata and collaborators 39 , at Nagoya, and
Katayama and collaborators 40, in Tokyo, proposed to extend the model to a fourth baryon, called
V+:

elementary hadrons =

(
p V +

n Λ

)
; leptons =

(
ν1 ν2

e µ

)
(20)

a possible mixing among νe and νµ was paralleled by n−Λ mixing á-la Cabibbo, giving rise to weak
couplings of p and V + similar to the ones we have assumed for u and c.

Restoring quark-lepton symmetry had also been the reason for the early consideration of the
fourth quark, c, by J. Bjorken and S. Glashow 41, where the weak coupling (12) was also written
explicitly.

The lack of any connection to the FCNC processes and, consequently, the lack of information on
the mass-scale of the charm quark, prevented further progress.

Indeed, in 1970, there was no experimental evidence of weakly decaying hadrons beyond the
lowest lying strange baryons and mesons. The fact that hadrons could be made with only three
types of quarks was accepted as almost self evident. The theory of charm had to explain first of
all why, accelerator energies being already well above the mass scale indicated by (13), none of the
charm particles had been seen. This question was answered in 30.

Why have none of these charmed particles been seen? Suppose they are all relatively heavy, say
2 GeV. Although some of the states must be stable under strong (charm-conserving) interactions,
these will decay rapidly ( 10−13sec) by weak interactions into a very wide variety of uncharmed final
states (there are about a hundred distinct decay channels). Since the charmed particles are copiously
produced only in associated production, such events will necessarily be of very complex topology,
involving the plentiful decay products of both charmed states. Charmed particles could easily have
escaped notice.

In fact, starting from 1971, emulsions experiments performed in Japan by K. Niu and collab-
orators 43, did show cosmic ray events with kinks, indicating long lived particles (on the nuclear
interaction time scales) with lifetimes in the order of 10−12 to 10−13 sec. These lifetimes are in the
right ballpark for charmed particles and indeed they were identified as such in Japan (see again 43

for a more details). However, cosmic rays events were paid not much attention in western countries.
The first unequivocal evidence for a cc̄ state was provided in 1974 by the J/Ψ particle (MJ/Ψ =

3.097 GeV) discovered by C. C. Ting and collaborators 44 at Brookhaven, by B. Richter and col-



laborators 45 at SLAC and immediately after observed in Frascati 46. The discovery came with
the surprise that the J/Ψ was much narrower than anticipated in 30. This was interpreted 47 as
a manifestation of the asymptotic freedom at small distances of the color forces, which bind the
quark-antiquark pair, recently discovered by D. Gross and F. Wilczek 48 and by D. Politzer 49. The
charm quark is heavy enough for the cc̄ pair to be separated by distances small enough for color
forces to be already in the small coupling regime.

The color quark degrees of freedom solved at once the symmetry puzzle mentioned in Sect. 1
and the massless color quanta replaced the single gluon introduced in the early sxties.

Naked charm particles have been searched in e+e− colliders by the most visible signature, the
so-called e− µ events, originated by the semileptonic decays of the lightest charmed particles:

e+e− → c+ c̄→ e+(or µ+) + µ−(or e−) + hadrons (21)

Events of this kind were in fact observed by M. Perl and collaborators 50 at energies above the
J/Ψ, but with the wrong energy distribution of the leptons. A state of confusion ensued, until
it was realized that pairs were being produced of an entirely unexpected new particle, which also
decayed semileptonically. This was the heavy lepton τ , whose threshold, for yet unexplained reasons,
happens to coincide quite precisely with the cc̄ threshold.

It was only in 1976 that this fact was clearly recognised. The multihadron events in e+e−

annihilation, depured of τ -pairs events, showed clearly the cc̄ threshold with the jump in the cross
section of the size corresponding to a spin 1/2, charge 2/3, particle.

The lightest weakly decaying charmed meson, D0 = (cū) (MD0 = 1.865 GeV) was discovered
in 1976 by the Mark I detector 51 at the Stanford Linear Accelerator Center. The charged meson
D+ = (cd̄) (MD+ = 1.870 GeV) and the lowest lying baryons, Λ+

c = [c(ud)I=0] (MΛ+
c

= 2.286 GeV),

and Σ+
c = [c(ud)I=1] (MΣ+

c
= 2.453 GeV), soon followed.

The same year, L. Lederman and collaborators, studying pp̄ collisions at Fermilab, observed a
new narrow state 52, the Υ particle. The Υ is similar to the J/Ψ but made by a heavier quark, soon
identified with a charge -1/3 quark named b-quark (b for beauty).

At the same time that the charm quark and charm spectroscopy were discovered with proper-
ties very close to what predicted in 30, the third generation of quarks and leptons, anticipated by
Kobayashi and Maskawa on the basis of the observed CP violation in K decays, was being unveiled.

6 FCNC in the Standard Theory

Quark loops with d→ s, b transitions, which describe ∆F=2 transitions for K and B, are dominated
by c and t quarks. The leading QCD corrections are represented by multiplicative renormalizations
to loop amplitudes, reliably calculable for loops dominated by c or t quark, due to asymptotic
freedom. For the K0 or B0 system, to lowest electroweak order, one finds the general formula:

M12(K̄0 → K0) =< K0| − Leff |K̄0 >=

=
(GFM

2
W )(GF f

2
K)

12π2
×

∑
i,j=c,t

CiCjE(xi, xj)×mK (22)

where the Ci and Cj are combinations of CKM coefficients and E(xi, xj) are loop factors 53 with
xc,t = m2

c,t/M
2
W . Color corrections renormalize the various terms of (22) according to 54,55:

M12(K̄0 → K0)|corr =
(GFM

2
W )(GF f

2
K)

12π2
×

×
[
η1C

2
cE(xc, xc) + η2C

2
t E(xt, xt) + 2η3CcCtE(xc, xt)

]
×mK ×BK (23)



For D-mesons, ∆F=2 transitions are dominated by s and b quarks. Since:

Cb ≈ (sin θC)5, vs. Cs ≈ (sin θC) (24)

b is CKM suppressed much more than s and long-distance effects dominate.
In Tab. 1 the predicted FCNC observables in K and B mesons thus far determined are confronted

to the experimental data, including the branching ratio of B0
s → µ+µ−, recently observed by the

LHCb Collaboration 56.

Table 1: FCNC effects in K and B mesons. Masses in MeV. Input values: mc = 1.5, mt = 173.

|εK | ∆mK |∆M(B0
d)| |∆M(B0

s )| Br(Bs → µ+µ−)

EW diagr. 6.34 10−3 3.12 10−12 7.51 10−10 294 10−10 4.0 10−9

QCD corrcts 2.65 10−3 3.85 10−12 4.13 10−10 119 10−10 (3.53± 0.38) 10−9

expt 2.228 10−3 3.483 10−12 3.34 10−10 117.0 10−10 (3.2± 1.4) 10−9

Due to the values of CKM parameters, the mass difference ∆mK is dominated by the charm
quark, and the original GIM estimate is reproduced even with three quark generations. The other
observables are dominated by the t quark. The agreement between the values in the last two lines
is indeed remarkable.

7 Recent uses of GIM

There is a widespread belief that the Standard Electroweak Theory must be completed into some high
energy theory. One argument is that the theory does not contain gravity and/or Grand Unification of
particles interactions. One expects modifications when quantum gravity effects become relevant, that
is at the Planck mass, MPlanck ' 1019 GeV, or at the Grand Unification mass, MGUT ' 1016 GeV.

Arguments that the energy for the new regime may start at much smaller energies, of the order
of 1 TeV, come from the so called unnaturalness of the Standard Theory 57 in connection with the
value of the Higgs boson mass, and from the hierarchy problem 58.

Quantum corrections to the Higgs boson mass, computed at one loop with some ultraviolet
cutoff, Λ, are quadratically divergent:

µ2 = µ2
0 + Const

α

π
Λ2 (25)

where α is the fine structure constant.
The conspiracy between µ2

0 and Λ2 to produce the physical value of the mass becomes more and
more unnatural at the increase of Λ. A natural situation would require:

µ2 ≈ α

π
× Λ2 (26)

For µ = 125 GeV, the mass of the particle observed by ATLAS and CMS 59, this leads to:

Λ ≈ 2 TeV (27)

A light Higgs boson requires new physics in the TeV range.
Eq. (25) can be contrasted with the correction to the mass of a fermion, which is of the form:

m = m0 + Const
α

π
m0 log(

Λ2

Q2
) (28)

The correction must be proportional to m0 because a new symmetry is gained for m0 = 0, chiral
symmetry, which requires the physical mass to vanish as well. Thus the correction diverges only
logarithmically with Λ, which can be as large as MPlanck or MGUT . In the Standard theory, no new
symmetry is recovered when a scalar particle mass vanishes, which makes so that the Higgs boson
mass is naturally of the order of the cutoff.



Predicting supersymmetry ? Quantum corrections to µ2
0 are made of loop with bosons and

fermions, entering with opposite sign. Thus cancellations are possible, to make the result more
convergent. This is the case if the Standard Theory is embedded into a larger theory with su-
persymmetry 60. Supersymmetry protects the scalar particle mass by relating it to the fermion
mass. Were supersymmetry exact, the quadratic correction to µ2

0 would vanish exactly. For bro-
ken supersymmetry, the role of the cutoff in (25) is replaced 61 by the mass-squared of the lightest
supersymmetric partners of the vector bosons, leptons and quarks:

MSUSY ' Λ = O(1TeV) (29)

The similarity with the GIM argument, eq. (13), is evident.

Let’s suppose then that, in line with the above arguments, a light Brout-Englert-Higgs scalar
boson requires new physics (NP), at energy scale of the order of the TeV scale, be it SUSY, or new
composite states, or other.

The new particles most likely will carry flavor and will potentially add new FCNC effects to the
pattern predicted by the Standard Theory alone.

To analyze the situation, one may assume that the new physics will produce, at low energy,
additional effects described by non-renormalizable, dimension six, operators added to the effective
lagrangian of the Standard Theory. One may write, for example:

Leff (ds̄→ d̄s) =

= −G
2
FM

2
W

16π2
×

∑
i,j=c,t

(U∗idUis)(U
∗
jdUjs)E(xi, xj)×

(
d̄s
)
V−A

(
d̄s
)
V−A +

+
∑
i

(cNP )i
Λ2

Oi (30)

with a suitable set of operators Oi and with a cutoff Λ characterizing the NP energy scale.

A recent analysis shows that the situation embodied in the above equation, with cNP ≈ 1 leads
to very large values of the cutoff, see Fig. 4 taken from 62. Evidently NP at the TeV scale cannot
be coupled to flavour in a generic way. Some extended GIM mechanism is required.

Many insights and many interesting papers have gone in this subject over the last years, see
again 62 for references.

Figure 4: Bounds on representative, dimension-six, ∆F=2 operators, assuming an effective coupling cNP /Λ
2.

The bounds are quoted on Λ, setting |cNP | = 1, or on cNP , setting Λ=1 TeV. The right column indicates the
main observables used to derive these bounds.



8 Minimal Flavor Violation

In the Standard Theory there is a large, global, group, G, associated to flavor, which commutes with
the gauge group SU(3) ⊗ SU(2) ⊗ U(1). With three generations of two weak left-handed doublets
of quark and leptons, QL, LL, and three right-handed singlets, UR, DR, ER, one has G = U(3)5.

In the Standard Theory, the symmetry group G is broken by the Yukawa couplings of the above
multiplets to the Higgs doublet, which, neglecting neutrino masses, can be written schematically as:

LY = Q̄LY DHDR + Q̄LYUH̃UR + L̄LYEHER (31)

where H is the Higgs doublet, H̃ the charge conjugate field and the Y s adimensional coupling
constants arranged each in three by three complex matrices. After the Higgs field takes a vacuum
expectation value, the Yukawa lagrangian gives rise to the fermion mass matrices according to:

Lmass = D̄LMDDR + ŪLMUUR + ĒLMEER

MD =< H0 > YD, etc. (32)

The lagrangian (31) would be invariant under G if we would subject the Y s to the same transfor-
mations of the fields. In reality, this is not true since the Y s are numerical constants, but the trick,
introduced long ago to describe the breaking of a symmetryc and considered in the flavor context
first by Georgi and Chivukula 63, allows for an efficient book keeping of the effects of (31).

The principle of Minimal Flavor Violation (MFV) can now be stated as follows 64: Yukawa
couplings are the only source of flavor symmetry violation, for the old and for the hypothetical new
physics.

The spurion picture helps to understand how this may work. NP effects will add non renormaliz-
able, dimension six operators to the effective lagrangian, as in eq. (30). These terms, however, must
contain appropriate powers of the Y s, so as to make these operators invariant under G, if we subject
the Y s and the fields to the appropriate transformations. In this way, powers of quark masses and
CKM couplings, contained in the Y s, will appear in the effective operators Oi, so as to mimick the
suppressions embodied by the GIM mechanism in, e.g., eq. (22). How do we understand that the
Yukawa couplings may appear in the NP sector?

In the original version of Georgi and Chivukula, the Y s were related to the preon mass terms.
So, they would affect quark and lepton physics much in the same way that chiral symmetry breaking
parameters, i.e. the quark masses, affect hadron physics. In SUSY, MFV amounts to say that
G breaking appears only once, in the Yukawa couplings of the supermultiplets, presumably at the
Grand-Unification scale (i.e. the soft-breaking terms feel the breaking of G only via the Yukawa
couplings).

An example of MFV is given by the Constrained Minimal SuperSymmetric Model. For illus-
tration, I reported in Fig. 5 the limits one finds 65in CMSSM from the observed branching ratio of
Bs → µ+µ− for the mass of the scalar top or the charged Higgs boson predicted by MSSM. One
sees that the limits derived from this particular FCNC process are compatible with a relatively low
energy scale for New Physics (for more details and recent comparison of MFV with data see 66).

Alternatives to MFV are being studied in models where quark and lepton masses are obtained
from the mixing of the elementary fermions with composite fermions at higher energy 67. For a
recent review, see 68.

Are Yukawa couplings the VEVs of new fields? Promoting the spurion to a real field, whose
vacuum expectation value gives rise to the Yukawa couplings is an idea pioneered by Froggat and
Nielsen 69 who associated these fields to a U(1) symmetry. In the same spirit, the Yukawa couplings

cthe term spurion was coined in this context for the symmetry breaking parameters analogous to the Y s.



Figure 5: Constraints from BR(Bs → µ+µ−) in the CMSSM plane (Mt̃, tanβ) in the upper panel and
(MH± , tanβ) in the lower panel, with the allowed points displayed in the foreground in the left and in

the background in the right.

could be determined by a variational principle, i.e. by the minimum of a new hidden potential with
the symmetry of the flavor group G = U(5)5, or variations thereof, to include neutrino masses.

Interesting applications to neutrino masses and mixing have been recently reported by B. Gavela
and coll. 70,71 (see also Gavela’s talk at this Conference).

Long ago, Nicola Cabibbo speculated that the value of the weak interaction angle could be derived
by a minimum principle obeyed by the chiral symmetry breaking. It is interesting to speculate that
the idea can be revived within the flavor group G. The methods then derived 72,73 can be applied to
find indications for quark and neutrino Yukawa couplings.

9 Conclusions

Checking selection rules has been an effective way to guess new physics at higher energy.

The suppression of ∆S=1, 2 neutral current processes led to the charm quark and to CP vio-
lation with the third generation. Several processes, besides those considered here, may give useful
information and are actively searched:

K+ → π+νν̄; KL → π0νν̄; Bd → µ+µ−; b→ sγ; (33)

µ→ eγ; µ+N → e+ · · · (34)

The effectiveness of the GIM mechanism to describe the observed FCNC suppression gives al-
ready important restrictions on what may be the physics beyond the Standard Theory. And it gives
insights on the nature of the Yukawa couplings and the breaking of the global flavor symmetry.

Hopes are not lost to find effects of New Phyics at accessible energies by detecting small deviations
from ST predictions in high precision experiments.



Acknowledgments

Hospitality at the CERN Theory Group, where this lecture was prepared, is gratefully acknowledged.
I am grateful to Belen Gavela, Gino Isidori, John Iliopoulos, Antonello Polosa and Veronica Riquer
for illuminating discussions.

References

1. M. Gell-Mann, Phys. Lett. 8 (1964) 214-215.
2. G. Zweig, An Su(3) Model For Strong Interaction Symmetry And Its Breaking. 2, CERN-TH-412.
3. G. Veneziano, Nuovo Cim. A 57 (1968) 190.
4. S. Fubini, D. Gordon and G. Veneziano, Phys. Lett. B 29 (1969) 679.
5. Y. Nambu, Phys. Rev. D 10 (1974) 4262.
6. T. Goto, Prog. Theor. Phys. 46 (1971) 1560.
7. N. Cabibbo, Phys. Rev. Lett., 10, 531 (1963).
8. E. C. G. Sudarshan and R. E. Marshak, Phys. Rev., 109, 1860 (1958).
9. R. P. Feynman and M. Gell-Mann, Phys. Rev., 109, 193 (1958).

10. S. S. Gerstein, Ya. B. Zeldovich, ZhETE, 29, 698 (1955) [JETP 2, 576 (1956)].
11. J. Schwinger, Ann. Phys. 2 (1958), 407.
12. S. Bludman, Nuovo Cimento 9 (1958), 433.
13. S. L. Glashow, Nucl. Phys. 22 (1961) 579-588.
14. E. S. Fradkin and I. V. Tyutin, Phys. Letters 308, 562 (1969).
15. M. Veltman, Nucl. Phys. B7, 637 (1968); H. Reff and M. Veltman, ibid. B13, 545 (1969).
16. S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264-1266.
17. A. Salam, in N. Svartholm: Elementary Particle Theory, Proceedings of the Nobel Symposium 1968,

Lerum Sweden (1968) 367-377.
18. P. W. Higgs, Phys. Rev. 145 (1966) 1156.
19. F. Englert, R. Brout, Phys. Rev. Lett. 13 (1964) 321.
20. G. ’t Hooft, M. J. G. Veltman, Nucl. Phys. B44 (1972) 183.
21. K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010).
22. B. L. Ioffe and E. P. Shabalin, Yadern. Fiz. 6, 828 [Soviet J. Nucl. Phys. 6, 603 (1968)].
23. F. Low, Comm. Nucl. Part. Phys. 2 (1968) 33.
24. R. N. Mohapatra, J. S. Rao and R. E. Marshak, Phys.Rev.Lett., 20 (1968), 634; Phys. Rev. 171 (1968)

1502.
25. C. Bouchiat, J. Iliopoulos and J. Prentki, Nuov. Cim. 56A (1968) 1150.
26. M. Gell-Mann, M. L. Goldberger, N. M. Kroll and F. E. Low, Phys. Rev. 179 (1969) 1518.
27. R. Gatto, G. Sartori, and M. Tonin, Phys. Letters 28B(1968), 128; Il Nuovo Cimento Letters 1 (1969),

1.
28. N. Cabibbo, L. Maiani, Phys. Letters 28B (1968) , 131; Phys. Rev. D1(1970), 707.
29. T. D. Lee and G. C. Wick, Nucl. Phys. B 9 (1969) 209.
30. S. L. Glashow, J. Iliopoulos, L. Maiani, Phys. Rev. D2 (1970) 1285.
31. M. K. Gaillard and B. W. Lee, Phys. Rev. D 10 (1974) 897.
32. F. J. Hasert et al. [Gargamelle Neutrino Collaboration], Phys. Lett. B 46 (1973) 138.
33. M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49 (1973) 652.
34. S. Pakvasa, H. Sugawara, Phys. Rev. D14 (1976) 305.
35. L. Maiani, Phys. Lett. B62 (1976) 183.
36. L. Wolfenstein, Phys. Rev. Lett. 51 (1983) 1945.
37. A. Ceccucci, Z. Ligeti and Y. Sakai,The CKM quark-mixing matrix, in: C. Amsler et al. [Particle Data

Group Collaboration], Phys. Lett. B 667 (2008) 1.
38. S. Sakata, Prog. Theor. Phys. 16 (1956) 686.
39. Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28 (1962) 870.
40. Y. Katayama, K. Matumoto, S. Tanaka and E. Yamada, Prog. Theor. Phys. 28 (1962) 675.
41. J. D. Bjorken and S. L. Glashow, Phys. Lett. 11 (1964) 255.
42. C. Bouchiat, J. Iliopoulos and P. Meyer, Phys. Lett. B 42 (1972) 91.
43. K. Niu, Proc. Japan Acad. B 84 (2008) 1.
44. J. J. Aubert et al. [E598 Collaboration], Phys. Rev. Lett. 33 (1974) 1404.



45. J. E. Augustin et al. [SLAC-SP-017 Collaboration], Phys. Rev. Lett. 33 (1974) 1406.
46. C. Bacci, R. B. Celio, M. Berna-Rodini, G. Caton, R. del Fabbro, M. Grilli, E. Iarocci and M. Locci et

al., Phys. Rev. Lett. 33 (1974) 1408 [Erratum-ibid. 33 (1974) 1649].
47. A. De Rujula and S. L. Glashow, Phys. Rev. Lett. 34 (1975) 46.
48. D. J. Gross and F. Wilczek, Phys. Rev. D 8 (1973) 3633; Phys. Rev. D 9 (1974) 980.
49. H. D. Politzer, Phys. Rev. Lett. 30 (1973) 1346.
50. M. L. Perl, G. S. Abrams, A. Boyarski, M. Breidenbach, D. Briggs, F. Bulos, W. Chinowsky and

J. T. Dakin et al., Phys. Rev. Lett. 35 (1975) 1489.
51. G. Goldhaber, F. Pierre, G. S. Abrams, M. S. Alam, A. Boyarski, M. Breidenbach, W. C. Carithers

and W. Chinowsky et al., Phys. Rev. Lett. 37 (1976) 255.
52. D. C. Hom, L. M. Lederman, H. P. Paar, H. D. Snyder, J. M. Weiss, J. K. Yoh, J. A. Appel and

B. C. Brown et al., Phys. Rev. Lett. 36 (1976) 1236; S. W. Herb, D. C. Hom, L. M. Lederman,
J. C. Sens, H. D. Snyder, J. K. Yoh, J. A. Appel and B. C. Brown et al., Phys. Rev. Lett. 39 (1977)
252; W. R. Innes, J. A. Appel, B. C. Brown, C. N. Brown, K. Ueno, T. Yamanouchi, S. W. Herb and
D. C. Hom et al., Phys. Rev. Lett. 39, 1240 (1977) [Erratum-ibid. 39, 1640 (1977)].

53. T. Inami and C. S. Lim, Prog. Theor. Phys. 65 (1981) 297 [Erratum-ibid. 65 (1981) 1772].
54. A. J. Buras, M. Jasmin and P.H. Weisz, Nucl. Phys. B347 (1990) 491.
55. A detailed analysis of the data is found in: M. Ciuchini et al., JHEP 0107 (2001) 013, arXiv:hep-

ph/0012308v3.
56. R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett. 110 (2013) 021801
57. G. ’t-Hooft in Recent Developments in Gauge Theories. Proceedings, Nato Advanced Study Institute,

Cargese, France, August 26 - September 8, 1979, G. ’t Hooft, (ed.), C. Itzykson, (ed.), A. Jaffe, (ed.),
H. Lehmann, (ed.), P. K. Mitter, (ed.), I. M. Singer, (ed.) and R. Stora, (ed.).

58. E. Gildener and S. Weinberg,. Phys. Rev. D13 (1976), 3333; S. Weinberg, Phys. Letters 82B (1979),
387; L. Susskind, Phys. Rept. 104 (1984) 181.

59. ATLAS: G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012); CMS: S. Chatrchyan et al.
[CMS Collaboration], Phys. Lett. B 716, 30 (2012); these Proceedings contain the updated information
on the new boson after completion of the first two years of LHC running.

60. J. Wess, B. Zumino, Nucl. Phys. B70 (1974) 39; V. P. Akulov, D. V. Volkov, Theor. Math. Phys. 18
(1974) 28.

61. L. Maiani, in Proc. of the Summer School on Particle Physics, Gif-sur-Yvette, 3-7 Sep 1979, Ed. by
M. Davier et al., IN2P3, Paris, France (1979); M. Veltman, Acta Phys. Polon. B12 (1981) 437; E.
Witten, Nucl. Phys. B 188 (1981) 513 and Phys. Lett. B 105 (1981) 267. NATO Adv. Study Inst.
Ser. B Phys. 59 (1980) 1. A realistic model with broken supersymmetry has been first proposed by
S. Dimopoulos and H. Georgi, Nucl. Phys. B 193 (1981) 150.

62. G. Isidori, 2012 CERN HEP Summer School, arXiv:1302.0661v1 [hep-ph].
63. R. S. Chivukula and H. Georgi, Phys. Lett. B 188 (1987) 99.
64. G. D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, Nucl. Phys. B 645 (2002) 155. [hep-

ph/0207036].
65. F. Mahmoudi, S. Neshatpour and J. Orloff, JHEP 1208 (2012) 092, [arXiv:1205.1845 [hep-ph]].
66. G. Isidori and D. M. Straub, Eur. Phys. J. C 72 (2012) 2103 [arXiv:1202.0464 [hep-ph]].
67. R. Contino, Y. Nomura, and A. Pomarol, Nucl.Phys. B671 (2003) 148; K. Agashe, R. Contino, and

A. Pomarol, Nucl.Phys. B719 (2005) 165.
68. R. Barbieri, D. Buttazzo, F. Sala, D. M. Straub and A. Tesi, arXiv:1211.5085 [hep-ph].
69. C.D. Froggatt, H. B. Nielsen, arXiv:hep-ph/9905445v1, 21 May 1999.
70. R. Alonso, M. B. Gavela, L. Merlo and S. Rigolin, JHEP 1107, 012 (2011, [arXiv:1103.2915 [hep-ph]].
71. R. Alonso, M. B. Gavela, D. Hernandez and L. Merlo, Phys. Lett. B 715, 194 (2012) [arXiv:1206.3167

[hep-ph]].
72. L. Michel, L. A. Radicati, Annals Phys. 66 (1971) 758.

73. N. Cabibbo and L. Maiani, in Evolution of particle physics, Academic Press (1970), 50, App. II.



Rare Decays and CP/T Violation at BABAR

S. Akar, on behalf of the BABAR Collaboration
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CNRS/IN2P3, Université Pierre et Marie Curie-Paris6, France

We present recent results from the BABAR Collaboration in several areas of research. These
include searches for new physics via measurements of rare B decays, CP violation in B0B0

mixing and time reversal violation in the B0 meson system.

1 Introduction

Until the end of 2007, the BABAR experiment recorded e+e− collisions at the Υ (4S) resonance with
471× 106 BB pairs produced (corresponding to an integrated luminosity of 429 fb−1). Five years
after the end of the data-taking period, BABAR is still producing many physics results. In the LHC
era, BABAR is still competitive, especially for channels involving neutral particles (such as π0 or
K0
S) and neutrinos.

We show here a selection of recent results from the BABAR experiment. We present the first
direct observation of time reversal violation in the neutral B meson system, the search for mixing-
induced CP violation in B0B0 relying on the partial reconstruction of B0 → D∗−X`+ν and a kaon
tag, and finally, searches for the rare B → π`+`−, B0 → η`+`− and B → K(∗)νν̄ decays, including
in the latter case a two step process via an invisible quarkonium decay.

2 Observation of time reversal violation in the B0 meson system

Although CP violation in the B meson system has been well established by the B factories, there
has been no direct observation of time reversal violation. The decays of entangled neutral B mesons
into definite flavor eigenstates (B0 or B0), and J/ψK0

L or cc̄K0
S final CP eigenstates (referred to as

B+ or B−), allow comparisons between the probabilities of four pairs of T -conjugated transitions,
for example, B0 → B− and B− → B0, as a function of the time difference between the two
B decays. Assuming no differences between the B0 and B0 decay widths (i.e. ∆Γd = 0), the
time-dependent decay rate g±α,β(∆τ) of such transitions are given by

e−Γd∆τ{1 + S±
α,β sin(∆md∆τ) + C±

α,β cos(∆md∆τ)}, (1)

where indices α = `+, `− and β = K0
S ,K

0
L stand for `+X, `−X and ccK0

S , J/ψK
0
L final states,

respectively, and the symbol + or − indicates whether the decay to the flavor final state α occurs
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Figure 1: The four independent T -violating asymmetries for the transitions a) B0 → B− (`+X, ccK0
S), b) B+ → B0

(ccK0
S, `

+X), c) B0 → B+ (`+X, J/ψK0
L), d) B− → B0 (J/ψK0

L, `
+X), for the purest flavor tags, in the signal region.

The points with error bars represent the data, the red solid and dashed blue curves represent the projections of the
best fit results with and without T violation, respectively.

before or after the decay to the CP final state β. Here, Γd is the average decay width, ∆md is the
mass difference between the neutral B mass eigenstates, and C±

α,β and S±
α,β are model independent

coefficients. T violation would manifest itself through differences between the S±
α,β or C±

α,β values

for T -conjugated processes, for example between S+
`+,K0

S
and S−

`−,K0
L
.

In this analysis 1, the flavor eigenstates are tagged using the purest event categories. The CP
eigenstates are exclusively reconstructed 2 by a tight selection in the energy-substitued B meson

mass, mES ≡
√

(
√
s/2)2 − (p∗B)2 and the difference between the expected and reconstructed B

meson energy, ∆E ≡ E∗
B −
√
s/2, where E∗

B and p∗B are the energy and momentum vector of the
B, respectively, in the e+e− center-of-mass (CM) frame and

√
s is the total energy of the e+e−

system.
We measure T -violating parameters in the time evolution of the neutral B mesons in the signal

region (5.27 < mES < 5.29 GeV/c2 for ccK0
S modes and |∆E| < 10 MeV for J/ψK0

L), yielding
∆S+

T = −1.37 ± 0.14 (stat.) ± 0.06 (syst.) and ∆S−
T = 1.17 ± 0.18 (stat.) ± 0.11 (syst.). These

nonzero results represent the first direct observation, with an overall significance of 14 standard
deviations, of T violation through the exchange of initial and final states in transitions that can only
be connected by a T -symmetry transformation. Figure 1 shows the four observed asymmetries,
overlaid with the projection of the best fit results to the ∆t distributions with and without the
eight T -invariance restrictions: ∆S±

T = ∆C±
T = 0, ∆S±

CP = ∆S±
CPT , and ∆C±

CP = ∆C±
CPT .

3 Search for CP violation in B0B0 mixing using partial reconstruction of B0 →
D∗−X`+ν` and a kaon tag

Experiments at the B-factories have revealed CP violation in the interference of B0 mixing and
decay and in direct B0 decays. CP violation in mixing has so far eluded observation. The weak-
Hamiltonian eigenstates are related to the flavor eigenstates |BL,H〉 = p|B0〉± q|B0〉. The value of
the |q/p| ratio can be determined from the asymmetry between the two oscillation probabilities,
P = P (B0 → B0) and P̄ = P (B0 → B0), ACP = (P̄ − P)/(P̄ + P) = (1− |q/p|4)/(1 + |q/p|4) '
2∆CP , where ∆CP = 1−|q/p| and the Standard Model (SM) prediction 3 is ACP = −(4.0± 0.6)×
10−4. Any observation with the present experimental sensitivity (O(10−3)) would therefore reveal
physics beyond the SM.

The D0 experiment has measured ACP for a mixture of B0 and Bs mesons with dilepton



events 4 and for B0 mesons using the decays B0 → µ+D(∗)−X 5. D0 6 and LHCb 7 have measured
ACP for Bs mesons using the decays Bs → µ+D−

s X.
Here, we report a measurement of ACP (B0) with a new analysis technique9, where the semilep-

tonic transitions B0 → D∗−X`+ν are partially reconstructed from the D∗− → π−D̄0 decay 8. The
observed asymmetry between the number of events with an `+ compared to those with an `− is
then:

A` ' Ar` +ACPχd, (2)

where χd = 0.1862 ± 0.0023 is the integrated mixing probability 10 for B0 mesons, and Ar` is
the detector-induced charge asymmetry in the partially reconstructed B meson (BR). We tag the
flavor of the other neutral B looking for charged kaons in the event (KT ). A state decaying as a
B0 (B0) meson results most often in a K+ (K−), so that the ` and the K have then the same
electric charge when mixing takes place. The observed asymmetry in the rate of mixed events is:

AT =
N(`+K+

T )−N(`−K−
T )

N(`+K+
T ) +N(`−K−

T )
' Ar` +AK +ACP , (3)

where AK is the detector charge asymmetry in kaon reconstruction. A kaon with the same charge
as the ` might also come from the Cabibbo-Favored (CF) decays of the D0 meson produced with
the lepton from the partially reconstructed side (referred to as KR). The asymmetry observed for
these events is:

AR =
N(`+K+

R )−N(`−K−
R )

N(`+K+
R ) +N(`−K−

R )
' Ar` +AK +ACPχd. (4)

We statistically distinguish KR from KT kaons using the knowledge of two variables: the proper
time difference ∆t between the BR and the BT and the angle between the lepton and the kaon
(cos θ`K). Eqs. 2, 3, and 4 can be used to extract ACP and the detector induced asymmetries
(Ar` and AK). We determine the sample composition from a fit to the square of the unobserved
neutrino mass (M2

ν). We consider all B0 semileptonic decays with M2
ν near zero to be signal,

including B0 → D∗−X0`+ν` (primary), B0 → D∗−X0τ+ντ , τ
+ → `+ν`ν̄τ (cascade), and B0 →

D∗−h+ (misidentified), where the hadron (h = π,K) is erroneously identified as a lepton. The
peaking background consists of B0 decays to flavor insensitive CP -eigenstates, B0 → D∗±DX,D →
`∓X, and of B+ → D∗−X+`+ν` decays. The uncorrelated background consists of continuum and
combinatorial BB events. We then repeat the fit splitting events in the four lepton categories
(e±, µ±) and in the eight tagged samples (e±K±, µ±K±).

We determine the CP violating asymmetry from a binned four dimensional fit to ∆t (100 bins),
the proper time difference uncertainty σ(∆t) (20), cos θ`K (4), and the kaon momentum pK (5),
yielding ACP = (0.06± 0.17+0.38

−0.32), corresponding to ∆CP = 1− |q/p| = (0.29± 0.84+1.88
−1.61) × 10−3.

These results are consistent with, and more precise than, the B-factories results from dilepton
measurements 11. No deviation is observed from the SM expectation.

4 Search for the rare decays B → π`+`− and B0 → η`+`−

In the SM, the decays B → π`+`− (π = π±, π0 and ` = e, µ) and B0 → η`+`− proceed through the
quark-level flavor-changing neutral current (FCNC) process b→ d`+`−. Since all FCNC processes
are forbidden at tree level in the SM, the lowest order diagrams representing these transitions
must involve loops. For b→ d`+`−, these are the electroweak semileptonic penguin diagrams and
the W+W− box diagrams (Fig. 2). Only one b→ d`+`− decay has been observed to date, with
LHCb 12 measuring the B+ → π+µ+µ− branching fraction to be (2.4 ± 0.6 ± 0.2) × 10−8. Both
BABAR 13 and Belle 14 have performed searches for B → π`+`− decays, but have observed no
significant signal.

In this BABAR analysis 15, we report branching fraction upper limits for the modes B+ →
π+e+e−, B0 → π0e+e−, B+ → π+µ+µ−, B0 → π0µ+µ−, B0 → ηe+e−, and B0 → ηµ+µ−. We
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Figure 2: Lowest order Feynman diagrams describing the quark level b→ d`+`− transition in B meson decay: (left)
electroweak penguin diagrams and (right) W+W− box diagrams.

also present upper limits for the lepton-flavor averaged modes B+ → π+`+`−, B0 → π0`+`−, and
B0 → η`+`−, where we constrain the e+e− and µ+µ− branching fractions to be equal; for the
isospin averaged modes B → πe+e− and B → πµ+µ−, where the B+ → π+`+`− decay rate is
constrained to be twice the B0 → π0`+`− decay rate; and for the isospin and lepton-flavor averaged
mode B → π`+`−. For the lepton-flavor averaged measurements, we neglect differences in available
phase space due to the difference between the electron and muon masses. The branching fractions
are based on signal yields that are extracted through an unbinned extended maximum likelihood fit
to two mES and ∆E. All the results, summarized in Tab. 1, are compatible with SM expectations.
The reported upper limits on the B0 → π0e+e−, B0 → π0µ+µ−, and B0 → π0`+`− branching
fractions are the lowest upper limits to date. We have also performed the first search for the
decays B0 → η`+`− and set an upper limit on the lepton-flavor averaged branching fraction of
B(B0 → η`+`−) < 6.4 × 10−8 at the 90% CL. Upper limits at 90% CL for the B0 → ηe+e− and
B0 → ηµ+µ− branching fractions have also been reported.

Table 1: B → π`+`− and B0 → η`+`− efficiencies, yields, branching fractions, and branching fraction upper limits
at the 90% CL. The errors on the yield are statistical only. The first uncertainty quoted on the branching fractions is
statistical while the second is systematic. The upper limits on the branching fractions have been derived accounting

for the systematic uncertainties.

Mode ε Yield B (10−8) Upper Limit (10−8)

B+ → π+e+e− 0.199 4.2+5.7
−4.6 4.3+5.9

−4.7 ± 2.0 12.5
B0 → π0e+e− 0.163 1.0+3.2

−1.1 1.2+5.4
−4.0 ± 0.2 8.4

B0 → ηe+e− −4.0+10.0
−8.0 ± 0.6 10.8

B0 → ηγγe
+e− 0.164 −1.2+3.1

−2.4

B0 → η3πe
+e− 0.115 −0.5+1.2

−1.0

B+ → π+µ+µ− 0.140 −0.5+3.1
−2.3 −0.6+4.4

−3.2 ± 0.9 5.5
B0 → π0µ+µ− 0.115 −0.2+2.0

−0.7 −1.0+5.0
−3.4 ± 0.6 6.9

B0 → ηµ+µ− −2.0+9.7
−6.6 ± 0.4 11.2

B0 → ηγγµ
+µ− 0.102 −0.4+1.7

−1.3

B0 → η3πµ
+µ− 0.063 −0.1+0.7

−0.4

B → πe+e− 4.0+5.1
−4.2 ± 1.6 11.0

B → πµ+µ− −0.9+3.9
−3.0 ± 1.2 5.0

B+ → π+`+`− 2.5+3.9
−3.3 ± 1.2 6.6

B0 → π0`+`− 1.2+3.9
−3.3 ± 0.2 5.3

B0 → η`+`− −2.8+6.6
−5.2 ± 0.3 6.4

B → π`+`− 2.5+3.3
−3.0 ± 1.0 5.9



5 Search for B → K(∗)νν̄ and invisible quarkonium decays

FCNC such as b→ sνν̄ can occur, as for the decays described in the previous section, via one-loop
box or electroweak penguin diagrams. In the SM, they can also occur via a charmonium resonance
state b → scc, cc → νν̄, where the cc decay is mediated by a virtual Z boson. This latter decay
process has the same final state as b→ sνν̄ with an additional constraint from the on-shell cc mass.
Both the b→ sνν̄ 16 and cc→ νν̄ 17 decay rates are expected to be small in the SM, with branching
fractions estimated to be B(B+ → K+νν̄) = B(B0 → K0νν̄) = (4.5 ± 0.7) × 10−6, B(B+ →
K∗+νν̄) = B(B0 → K∗0νν̄) = (6.8+1.0

−1.1)×10−6, and B(J/ψ → νν̄) = (4.54×10−7)·B(J/ψ → e+e−).

Various new-physics scenarios exist [16,18−26] that could significantly enhance the b → sνν̄
branching fractions, and modify the sB spectrum shape with respect to that expected expected
in the SM, where sB ≡ q2/m2

B. In the latter, q2 corresponds to the squared magnitude of the
four-momentum transferred from the B meson to the neutrino pair, while mB corresponds to the
B meson mass.

We study 27 B → K(∗)νν̄ decays, where the νν̄ pair is either the primary or the product of an
invisible decay of the J/ψ or ψ(2S) and all the charge state of the K or K∗ are implied. For each
decay mode, we fully reconstruct the hadronic decay of one of the B mesons in the Υ (4S)→ BB
decay, and search for the B → K(∗)νν̄ decay in the rest of the event. Since the four-momentum
of one B meson is fully determined, the missing mass resolution on the two final-state neutrinos
and the suppression of background are improved with respect to other reconstruction techniques.
Figure 3 shows the observed event yields in the data, the expected background contributions,
and the SM signal distributions over the full sB spectrum and mνν̄ distribution in the search of
B → K(∗)νν̄ and B → K(∗)cc(→νν̄), respectively.

We observe no significant excess of signal decays over background and report branching fraction
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upper limits of B(B+ → K+νν̄) < 3.7× 10−5, B(B0 → K0νν̄) < 8.1× 10−5, B(B+ → K∗+νν̄) <
11.6×10−5, B(B0 → K∗0νν̄) < 9.3×10−5, and combined upper limits of B(B → Kνν̄) < 3.2×10−5

and B(B → K∗νν̄) < 7.9 × 10−5, all at the 90% confidence level. For the invisible quarkonium
decays, we report branching fraction upper limits of B(J/ψ → νν̄) < 3.9 × 10−3 and B(ψ(2S) →
νν̄) < 15.5 × 10−3 at the 90% confidence level. These results include the first lower limit in the
B+ → K+νν̄ decay channel, the most stringent published upper limits using the hadronic-tag
reconstruction technique in the B0 → K0νν̄, B+ → K∗+νν̄, and B0 → K∗0νν̄ channels, and the
first upper limit for ψ(2S)→ νν̄.

6 Conclusions

The BABAR Collaboration, five years after the shutdown of the experiment, is still producing
competitive results. We have presented four new results, all in agreement with the SM predictions.
We have reported the first direct observation of T violation, 14 standard deviations away from
the expectation assuming T invariance. We then presenetd a new precise measurement of the
parameter governing CP violation in BdBd oscillations. We have also shown measurements with
improved precision on many rare decays, namely: the lowest upper limits to date on the B0 →
π0e+e−, B0 → π0µ+µ−, and B0 → π0`+`− branching fractions as well as the first upper limit on
the lepton-flavor averaged branching fraction of B0 → η`+`− decays. In the search for B → K(∗)νν̄
and invisible quarkonium decays, we have reported the first lower limit in the B+ → K+νν̄ decay
channel and the first upper limit for ψ(2S)→ νν̄, respectively.
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We present three Belle measurements from different fields of flavor physics. Evidence for the
semileptonic baryonic decay B− → pp̄`−ν̄` is found with a significance of 3.2σ, assuming lepton
universality. The measured branching ratio of 5.8+2.4

−2.1 ± 0.9 helps constraining the baryonic
transition form factors in B decays. The decay B− → τ−ν̄τ is found with a significance of 3.0σ
and the branching fraction is measured as B(B− → τ−ν̄τ ) = [0.72+0.27

−0.25(stat) ± 0.11(syst)] ×
10−4 in good agreement with the Standard Model prediction. A search for heavy neutrinos is
performed in the mass range 0.5 GeV/c2− 5.0 GeV/c2, where no signal is observed and upper
limits are set on mixing of heavy neutrinos with left-handed Standard Model ones.

1 Evidence of B− → pp̄`−ν̄`

Charmless semileptonic B decays play a major role in the determination of the parameter |Vub|
of the CKM matrix 1, but existing measurements focus strongly on decays to charmless mesons.
Predictions for the branching ratio of semileptonic B decays to charmless baryons, such as
B− → pp̄`−ν̄` shown in Figure 1, were in the order of 10−5 − 10−6 2 which would make an
observation very difficult and valuable measurements highly unlikely with current datasets. So
far, only upper limits were determined for these decays, whose most stringent in the presented
case comes from the CLEO collaboration: B(B− → pp̄`−ν̄`) < 5.2× 10−3 3.

However, a more recent paper 4 triggered the interest in these decays again, by giving a
prediction for B(B− → pp̄`−ν̄`) of (1.04± 0.38)× 10−4, where experimental results were used to
estimate the B to baryon-antibaryon transition form factors. This higher branching ratio would
have significant impact on the expected gain from measurements, as it would open up this one
and many similar channels for analyses on |Vub|. Disproving the prediction on the other hand
gives valuable information about the assumptions that were used.

1.1 Hadronic Tagging

One of the difficulties in the analysis is the neutrino in the final state, which can not be detected
with anywhere near sufficient efficiency. One way to identify such decays, which is very successful
at B factories, is the hadronic tagging. As the initial state is very well known from the beam
setup and the Υ(4S) decays dominantly into BB̄ pairs, knowledge about one B meson (the
Btag) also yields information about the other B meson. In the hadronic tagging, the Btag is
reconstructed in a fully hadronic decay channel, which grants knowledge about the other B
meson’s four-momentum and all remaining tracks can be assigned to it.
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Figure 1: Leading decay diagram for B− → pp̄`−ν̄`.

In this analysis 615 exclusive charged B hadronic decay channels were used for Btag recon-
struction. Correctly reconstructed tag side B mesons were identified using the beam-energy-

constrained mass, Mbc ≡
√
E∗2beam/c

4 − |~p∗B/c|
2, and the energy difference, ∆E ≡ E∗B − E∗beam.

E∗beam is half of the center of mass energy coming from the beam setup, and E∗B and ~p∗B
are the reconstructed energy and momentum of the Btag in the Υ(4S) rest frame. Back-
ground from wrongly reconstructed Btag is reduced by requiring Mbc > 5.27 GeV/c2 and
−0.15 GeV < ∆E < 0.1 GeV. To reject continuum events, a neural network is applied, us-
ing the first reduced second Fox-Wolfram moment 5, the angle between the Btag direction and
the thrust axis, and the angle between the Btag direction and the beam direction of the Υ(4S)
rest frame. If there are several Btag candidates within one event, only the one with the highest
network output Nout is used. Candidates with low Nout are also rejected, depending on the
signal side reconstruction channel.

1.2 Signal Selection

To retrieve signal candidates, B mesons, called Bcand, are reconstructed from the remainder of
the event after subtracting Btag. The final states, that are used for reconstruction, contain three
charged tracks, consisting of one proton, one antiproton, and one electron or muon. To reject
false particles, several quality criteria are applied, like track displacement and particle-IDs. The
latter are likelihood ratios for different charged particles, calculated for each track from the
information of different detector components. The momentum is required to be larger than
300 MeV/c for electron candidates and larger than 600 MeV/c for muon candidates. The lepton
and the Btag must also have opposite charges.

To identify the neutrino, the missing mass of each Bcand is calculated as

M2
miss = E2

miss − |~pmiss|2 (1)

where Emiss and ~pmiss are the energy and momentum component of the four-vector Pmiss, which
is the four-momentum of the beam, subtracted by the four-momentum of the Btag and all
visible particles of Bcand. In a decay with one missing neutrino, M2

miss is expected to peak
around 0 GeV2/c4, as the neutrino mass is negligibly small compared to the resolution. For this
analysis, its distribution is limited to the region between −1 GeV2/c4 and 3 GeV2/c4.

Although the amount of events with multiple candidates is small (∼ 0.2%), only one candi-
date per event is retained, using the χ2 value obtained from a fit to the B vertex as indicator.

1.3 Branching Ratio Extraction

To measure the branching ratio, the signal efficiency is needed. The signal efficiencies on sim-
ulated data (MC) are 0.279% on B− → pp̄e−ν̄e and 0.222% on B− → pp̄µ−ν̄µ. These values
have to be corrected for different proton and lepton identification on data, and different tag-side
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Figure 2: Fitted missing mass squared distributions for (a) B− → pp̄e−ν̄e, (b) B− → pp̄µ−ν̄µ, and (c) the
combined fit. Points with error bars represent data, while the curves denote various components of the fit: signal
(solid red), total background (dashed blue), and the sum of all components (solid black). The hatched green curve

denotes the signal fit component from B− → pp̄e−ν̄e and the dashed purple curve that from B− → pp̄µ−ν̄µ.

reconstruction efficiency. For the proton and lepton identification, control samples of Λ → pπ
and γγ → `+`− are used and result in corrections of 7.4% for B− → pp̄e−ν̄e and 7.3% for
B− → pp̄µ−ν̄µ. To correct the tag-side reconstruction efficiency, a sample of B− → X0

c `
−ν̄` is

used and causes corrections of 14.8% and 16.4% in B− → pp̄e−ν̄e and B− → pp̄µ−ν̄µ respectively.
The overall signal efficiency in data is determined to be (0.220± 0.011)% for B− → pp̄e−ν̄e and
(0.172± 0.008)% for B− → pp̄µ−ν̄µ.

The signal yields are determined in a one-dimensional extended unbinned maximum-likelihood
fit with the likelihood function:

L =
e−(Nsig+Nbkg)

N !

N∏
i=1

[
NsigP

i
sig(M2

miss) +NbkgP
i
bkg(M2

miss)
]

(2)

The i denotes the ith event, Nsig and Nbkg denote the fitted yields of signal and background, and
P isig and P ibkg denote the probability density functions (PDFs). The shapes of the signal peaks
in both, B− → pp̄e−ν̄e and B− → pp̄µ−ν̄µ, are described by three Gaussian functions and are
fixed in the fit. Since studies of simulated data showed only negligible background structures
in the fitting region, continuum and B decay backgrounds are combined to one PDF, described
by a normalized second-order Chebyshev polynomial function, whose parameters are floating in
the fit. The fit results are shown in Figure 2.

The signal significance in terms of σ is determined with the formula
√
−2ln(L0/Lmax) with

Lmax being the maximum likelihood from the regular fit and L0 the maximum likelihood from
a fit with Nsig = 0. Systematic influences from the signal decay model and PDF shape are
taken into account. The significance is 3.0σ for B− → pp̄e−ν̄e and 1.3σ for B− → pp̄µ−ν̄µ.
With the assumption of lepton universality and same branching fractions for B− → pp̄e−ν̄e and
B− → pp̄µ−ν̄µ, the significance of the signal in the combined fit is 3.2σ.

1.4 Systematic Uncertainties

A summary of the systematic uncertainties is given in Table 1. They were estimated separately
for B− → pp̄e−ν̄e and B− → pp̄µ−ν̄µ, and the larger one was taken for the combination, except
in the case of the fitting region uncertainty. The largest contributions are the ”Signal Decay
Model”, which is the uncertainty due to the signal MC modeling of the pp̄ mass threshold
enhancement, and the fitting region, which represents the change of the fit result if the upper
bound of the fit region is varied within 2 GeV2/c4 and 4 GeV2/c4.



Table 1: Summary of systematic uncertainties, in %.

Source pp̄e−ν̄e pp̄µ−ν̄µ Combined

Track Reconstruction 1.1 1.1 1.1
Proton Identification 0.73 0.79 0.79
Lepton Identification 2.3 1.1 2.3
Tag Calibration 4.3 4.3 4.3
Number of BB̄ 1.4 1.4 1.4
Signal Decay Model 3.6 12 12
PDF Shape 2.1 2.8 2.8
Fitting Region 3.9 18 6.1

Summary 6.7 23 15

1.5 Results

In addition to the branching ratios, upper limits are calculated to be compared to the theoretical
claim. The values for the 90% confidence level are obtained by finding the value of N in:∫ N

0
L(n)dn = 0.9

∫ ∞
0
L(n)dn (3)

To account for systematic uncertainties, the likelihood in the equation is smeared.

All results are summarized in Table 2. The given upper limits take systematic uncertainties
into account and are of order ∼ 10−5, which is clearly smaller than the predicted ∼ 10−4 4. This
result might help enhancing the theoretical modeling of the baryonic transition form factors.
B-factories of the coming generation will be able to measure the concerning decays with much
higher precision and stress the modeling even further.

Table 2: Measured results and upper limits for the branching fractions (B), including systematic uncertainties.

Mode B (10−6) U.L. (10−6)

B− → pp̄e−ν̄e 8.22+3.74
−3.20 ± 0.55 13.8

B− → pp̄µ−ν̄µ 3.13+3.10
−2.40 ± 0.71 8.5

Combined Fit 5.78+2.42
−2.13 ± 0.86 9.6

2 Measurement of B− → τ−ν̄τ

The presented analysis is explained in more detail in K. Hara et al 6.

The branching ratio of the decay B− → τ−ν̄τ is of particular interest, because its simple
decay mechanism provides a very clean environment to measure the product of the B meson
decay constant and the magnitude of the CKM matrix element fB |Vub|. Furthermore, physics
beyond the Standard Model could significantly alter the branching ratio by replacing the W−

in the decay by a new charged boson, like a charged Higgs from two-Higgs doublet models or
other supersymmetric theories.

This measurement uses the full Belle dataset and the hadronic tagging method presented in
Sec. 1.1. There have been previous measurements from BaBar and Belle with smaller datasets,
in some cases using a semileptonic tagging method, whose combined result is nearly 3σ higher
than an estimate based on a global fit to the CKM matrix elements of (0.73+0.12

−0.07)× 10−4 7.

In comparison to the previous Belle analysis using hadronic tagging, there have been major
improvements. The data sample increased , the efficiency of the hadronic tagging method
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Figure 3: Distributions of EECL and M2
miss combined for all τ− decays. The M2

miss is shown for a signal region
of EECL < 0.2 GeV. The solid circles with error bars are data. The solid histograms show the projections of the

fits. The dashed and dotted histograms show the signal and background components, respectively.

increased and the signal efficiency was improved by using less strict cuts, resulting in an overall
signal gain of about factor 3.

The signal B− → τ−ν̄τ candidates are reconstructed from τ decays of opposing charges than
the Btag in the τ decay channels to e−ν̄eντ , µ−ν̄µντ , π−ντ , and π−π0ντ .

To extract the signal yield, the M2
miss and EECL distributions of the four samples are fitted

simultaneously, using templates from simulated data as probability density functions. EECL is
the remaining energy in the electromagnetic calorimeter after all hits, that could be assigned to
a reconstructed particle, are removed. The previous analysis did not use the M2

miss information
in the fit, which makes the new fit about 20% more sensitive and increases the robustness against
peaking backgrounds in EECL. Fit projections are shown in Figure 3.

Taking systematic uncertainties into account, the signal significance amounts 3.0σ with a
signal yield of 62+23

−22 ± 6 events. The result for the branching fraction is B(B− → τ−ν̄τ ) =
[0.72+0.27

−0.25(stat)± 0.11(syst)]× 10−4. Contrary to previous results, this one is in good agreement
with the Standard Model. A summary of all τ− reconstruction channels is given in Table 3.

Table 3: Summary of the results for B− → τ−ν̄τ in individual τ− reconstruction channels.

Sub-mode Nsig ε(10−4) B(10−4)

τ− → e−ν̄eντ 16+11
−9 3.0 0.68+0.49

−0.41
τ− → µ−ν̄µντ 26+15

−14 3.1 1.06+0.63
−0.58

τ− → π−ντ 8+10
−8 1.8 0.57+0.70

−0.59
τ− → π−π0ντ 14+19

−16 3.4 0.52+0.72
−0.62

Combined 62+23
−22 11.2 0.72+0.27

−0.25

3 Search for Heavy Neutrinos

A more detailed description of the analysis can be found in D. Liventsev et al 8.
The Standard Model of particle physics is incapable of explaining the observed neutrino

oscillations, as it treats neutrinos as strictly massless. Therefore, several new physics models
introduce heavy neutrinos νh, which create the nonzero mass of the light neutrinos via the ”see-
saw” mechanism 9. The mixing from and to light neutrinos is the only interaction, the νh take
part in. Production and decay are shown in Figure 4.

We are searching for heavy neutrinos in leptonic and semileptonic B decays, where B decays
to X`+νh and the heavy neutrino to `±π∓. The decay length of the νh is expected in the order
of 20 m, which causes a low efficiency due to the detector dimensions, but also produces a good
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Figure 5: Comparison of the upper limits of the heavy neutrino mixing amplitudes |Ue|2 (left) and |Uµ|2 (right)
with existing experimental results.

signature, as the decay vertex of the νh is often separated far from the B vertex. The selection
differs for the mass region of the νh: Below 2 GeV/c2 the criteria are stricter and only D and
D∗ are allowed for X, as this region contains background from long lived baryons. D and D∗

are identified via the recoil mass to the ``π system. In the region above 2 GeV/c2, X may also
be a light meson or even nothing.

To obtain useful limits, the background has to be suppressed drastically. QED background
from the beam is suppressed by requiring at least 5 tracks in the event. Strict cuts on the lepton
IDs and kinematics avoid so-called ”V” decays of two opposite charged tracks from K0

S , γ, or Λ.
Vertex distance cuts exploit the long flight distance of the νh to further suppress background.
Overall, background is suppressed by ∼ 106 while a signal efficiency of 3− 10% is maintained.

The selected events are well compatible with the expectation from Monte Carlo for only
background. The best sensitivity is reached for a νh mass of ∼ 2 GeV/c2. Figure 5 shows the
achieved upper limits over the accessible mass region.
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Charm mixing and CP violation in LHCb

Thomas R. Hampson, on behalf of the LHCb Collaboration
H H Wills Physics Laboratory, University of Bristol, BS8 1TL, UK

The vast samples of charm hadron decays collected by the LHCb experiment have enabled the
study of charm physics with unprecedented precision. We present the latest charm mixing and
CP violation results using 1.0 fb−1 of

√
s = 7 TeV pp collision data, as well as recent searches

for rare charm decays.

1 Introduction

The LHCb detector 1 is a single-arm, forward spectrometer designed to exploit the copious
production of bb̄ quark pairs at the LHC. Many characteristics of b−hadrons are also shared
by charmed particles, making the LHCb detector ideally suited for charm physics. The charm
cross-section has been measured as 1419±134µb in the forward region 2, ∼ 20 times larger than
the b production cross-section 3. This has allowed for the accumulation of vast samples of charm
hadron decays. All results presented here use 1.0 fb−1 of pp collision data collected in 2011 with
a centre-of-mass energy of 7 TeV.

2 Observation of D0–D0 oscillations

Mixing occurs because the mass eigenstates of a neutral meson system differ from the flavour
eigenstates. It is parameterised by the dimensionless quantities x ≡ ∆m/Γ, and y ≡ ∆Γ/2Γ,
where ∆m and ∆Γ are the mass and width differences of the two mass eigenstates, and Γ is the
average of their widths.

Here, neutral D meson oscillations are studied by measuring the time dependent ratio of
D0 → K+π− to D0 → K−π+ decay rates. The former, Wrong Sign (WS), rate is highly sup-
pressed with respect to the latter, Right Sign (RS) rate. The RS decay is completely dominated
the the Cabibbo Favoured (CF) amplitude, while the WS decay may proceed either directly via
the DCS amplitude or via an oscillation followed by the CF decay. To determine the initial state
flavour of the D mesons, they are reconstructed from the strong decay D∗+ → D0π+s , where the
charge of the slow pion (π±s ) determines the flavour of the D.

Assuming negligible CP violation, and |x| , |y| � 1, the time dependent ratio of WS/RS
decay rates can be approximated as

R (t) ≈ RD +
√
RDy

′ t
τ

+
x′2 + y′2

4

(
t

τ

)2

(1)

where RD is the ratio of DCS to CF decay rates, t is the measured D decay time, τ is the average
D lifetime, and x′ and y′ are the mixing parameters rotated by the strong phase difference
between CF and DCS decays, δ.
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Figure 1: Time-integrated D0π+
s mass distributions for the selected RS D0 → K−π+ (left)

and WS D0 → K+π− (right) candidates with fit projections overlaid. The bottom plots
show the normalized residuals between the data points and the fits.

the sum of one Johnson SU [21] and three Gaussian distributions, which account for the
asymmetric tails and the central core of the distribution, respectively. The background is

described by an empirical function of the form [M(D0π+
s ) − m0]

a
e−b[M(D0π+

s )−m0], where
the threshold m0 is fixed to the sum of the known D0 and π+ masses [19]. We reconstruct
approximately 3.6 × 104 WS and 8.4 × 106 RS decays. To determine the time-dependent
WS/RS ratio the data are divided into thirteen D0 decay time bins, chosen to have a
similar number of candidates in each bin. The decay time is estimated from the distance L
between the PV and the D0 decay vertex and from the D0 momentum as t/τ = mD0L/pτ ,
where mD0 and τ are the known D0 mass and lifetime [19], respectively. The signal
yields for the RS and WS samples are determined in each decay time bin using fits to
the M(D0π+

s ) distribution. The shape parameters and the yields of the two components,
signal and random pion background, are left free to vary in the different decay time bins.
We further assume that the M(D0π+

s ) signal shape for RS and WS decay are the same
and therefore perform first a fit to the abundant and cleaner RS sample to determine the
signal shape and yield, and then use those shape parameters with fixed values when fitting
for the WS signal yield. The signal yields from the thirteen bins are used to calculate the
WS/RS ratios, shown in Fig. 2, and the mixing parameters are determined in a binned χ2

fit to the time-dependence according to Eq. (1).
Since WS and RS events are expected to have the same decay-time acceptance and

M(D0π+
s ) distributions, most systematic uncertainties affecting the determination of

the signal yields as a function of decay time cancel in the ratio between WS and RS

3

Figure 1: Fit to the D∗+ invariant mass distribution for RS (left) and WS (right) candidates.
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Figure 2: Decay-time evolution of the ratio, R, of WS D0 → K+π− to RS D0 → K−π+

yields (points) with the projection of the mixing allowed (solid line) and no-mixing (dashed
line) fits overlaid.

of the WS signal. This contamination is expected to be independent of decay time and, if
neglected, would lead to a small increase in the measured value of RD. From the events
in the D0 mass sidebands, we derive a bound on the possible time dependence of this
background, which is included in the fit in a similar manner to the secondary background.

The χ2 that is minimized in the fit to the WS/RS decay-time dependence is

χ2(ri, ti, σi|θ) =
�

i

�
ri − R(ti|θ)[1 −∆B(ti|θ)] −∆p(ti|θ)

σi

�2

+ χ2
B(θ) + χ2

p(θ), (3)

where ri and σi are the measured WS/RS ratio and its statistical uncertainty in the decay
time bin i, respectively. The decay time ti is the average value in each bin of the RS
sample. The fit parameters, θ, include the three mixing parameters (RD, y�, x�2) and five
nuisance parameters used to describe the decay time evolution of the secondary D fraction
(∆B) and of the peaking background (∆p). The nuisance parameters are constrained to the
measured values by the additional χ2

B and χ2
p terms, which also includes their correlations.

The analysis procedure is defined prior to fitting the data for the mixing parameters.
Measurements on pseudo-experiments that mimic the experimental conditions of the data,
and where D0 −D0 oscillations are simulated, indicate that the fit procedure is stable and
free of any bias.

The fit to the decay-time evolution of the WS/RS ratio is shown in Fig. 2 (solid
line), with the values and uncertainties of the parameters RD, y� and x�2 listed in Table 1.
As the dominant systematic uncertainties are treated within the fit procedure (all other
systematic effects are negligible), the quoted errors account for systematic as well as
statistical uncertainties. When the systematic biases are not included in the fit, the

5

Table 1: Results of the time-dependent fit to the data. The uncertainties include statistical
and systematic sources; ndf indicates the number of degrees of freedom.

Fit type Parameter Fit result Correlation coefficient
(χ2/ndf) (10−3) RD y� x�2

Mixing RD 3.52 ± 0.15 1 −0.954 +0.882
(9.5/10) y� 7.2 ± 2.4 1 −0.973

x�2 −0.09 ± 0.13 1
No mixing RD 4.25 ± 0.04
(98.1/12)

 [%]2x'
-0.1 -0.05 0 0.05

 [%
]

y'

-0.5

0

0.5

1

1.5

2

!5
!3
!1

No-mixing

LHCb

Figure 3: Estimated confidence-level (CL) regions in the (x�2, y�) plane for 1 − CL = 0.317
(1σ), 2.7 × 10−3 (3σ) and 5.73 × 10−7 (5σ). Systematic uncertainties are included. The
cross indicates the no-mixing point.

estimated uncertainties on RD, y� and x�2 become respectively 6%, 10% and 11% smaller,
showing that the quoted uncertainties are dominated by their statistical component. To
evaluate the significance of this mixing result we determine the change in the fit χ2 when
the data are described under the assumption of the no-mixing hypothesis (dashed line
in Fig. 2). Under the assumption that the χ2 difference, ∆χ2, follows a χ2 distribution
for two degrees of freedom, ∆χ2 = 88.6 corresponds to a p-value of 5.7 × 10−20, which
excludes the no-mixing hypothesis at 9.1 standard deviations. This is illustrated in Fig. 3
where the 1σ, 3σ and 5σ confidence regions for x�2 and y� are shown.

As additional cross-checks, we perform the measurement in statistically independent
sub-samples of the data, selected according to different data-taking periods, and find
compatible results. We also use alternative decay-time binning schemes or alternative
fit methods to separate signal and background, and find no significant variations in the

6

Figure 2: Fit to the time dependent WS/RS ratio (left), and contours in the x′2 − y′ plane compared with the
no-mixing point (right).

Fig. 1 shows fits to the D∗+ invariant mass spectrum for RS and WS decays 4. We find
3.6×104 WS and 8.4×106 RS signal candidates. The data sample is divided into thirteen decay
time bins, each with a similar number of candidates. The ratio of WS/RS decays is measured in
each bin, and the mixing parameters are determined using a binned χ2 fit to the time dependence
of the ratio (see Fig. 2). The fit results are RD = (3.52± 0.15)× 10−3, y′ = (7.2± 2.4)× 10−3,
and x′2 = (−0.09± 0.13)× 10−3.

In addition, the time dependent ratio is fit with a zeroth order polynomial to test the
significance of the mixing result. The no-mixing hypothesis is excluded at 9.1 standard deviations
(illustrated in Fig. 2). Although D−mixing is well established 5, this is the first single > 5σ
observation of neutral charm meson mixing.

3 Model independent search for CP violation in multibody D decays

Singly Cabibbo Suppressed (SCS) decays can occur via tree and penguin processes, and are
sensitive to CP violating phases. However, CP violation in charm decays is expected to be small
(lower than O(10−3)), but could be significantly enhanced by physics beyond the Standard
Model 6. We present results using the SCS decay D0 → π−π+π−π+ to search for local CP
asymmetries across the phase space 7, which is a five-dimensional generalisation of a Dalitz plot.
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Figure 4: SCP distribution of a pseudo-experiment using 66 adaptive bins in the case of no
CPV (left) and with a generated phase difference of 10◦ in the ρ0ρ0 decay (right). The red
distribution represents the expectation in the case of no CPV.

analyse the D0 → π−π+π+π− data set.

4 Checks for non-CPV asymmetries

Cross-checks for residual production or reconstruction asymmetries were carried out by
comparing a variety of datasets designed to test left/right asymmetries in the detector
and particle/anti-particle detection asymmetries. Asymmetries in the background were
studied using mass sidebands.

Asymmetries induced by the magnetic field are investigated in D0 → π−π+π+π−

by looking for an asymmetry between D0 decays in one polarity and D0 decays in the
opposite polarity. In this case the same flavour particles are compared in opposite sides
of the detector. Four different adaptive binning granularities are used and no significant
asymmetry is observed in any binning.

Asymmetries arising from a different detector efficiency between particle and anti-
particle are investigated in the control channel D0 → K−π+π+π− by comparing D0

decays in one polarity with D0 decays in the opposite polarity. No statistically significant
asymmetry arising from particle/anti-particle detection differences is observed.

The mass sidebands are also investigated for local asymmetries in the backgrounds.
A sideband region is selected in the 2D plane of the D0 mass and δm. No asymmetry is
observed in the sideband region for D0 → π−π+π+π− or D0 → K−π+π+π− decays.

No left/right asymmetries or particle/anti-particle asymmetries have been observed.
Therefore, the control mode should exhibit no CPV signal in magnet up and magnet down
samples when analysed independently. The results displayed in Table 2, for five different
adaptive binning granularities, show that no large asymmetries are observed.

6

Figure 3: Toy Monte Carlo simulation of the Si
CP variable for no CP violation (left) and a phase difference of 10◦

between D0 and D0 decays via the ρ0ρ0 intermediate resonant state. A Gaussian of mean 0 and width 1 (shown
in red), is drawn for comparison with the data points.
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Figure 2: Simultaneous unbinned likelihood fit to the D0 mass (left) and the δm (right) of
D0 → π−π+π+π− candidates. The red line represents the signal shape, the green is the
combinatorial background and the purple the slow pion background. The mass window is
between the vertical dashed lines.

to describe the D0 → π−π+π+π− phase space, these are shown in Fig. 3. The ordering of
same sign particles is randomised. Therefore, no significant difference between the two
π+π− invariant mass squared distributions is expected.

3.1 Binning strategy

Applying a uniform binning across 5D phase space would result in many empty bins so an
adaptive binning approach is applied. We define a minimum and maximum number of
entries a single bin can have. The binning algorithm creates 5D hypercube bins across
phase space in terms of the 5 invariant mass combinations. The algorithm first creates a
single 5D bin to cover the whole of phase space. This bin is then divided in each of the 5
invariant mass combinations used, resulting in 32 bins. Each of the resulting 5D bins is
then either further divided or merged with another bin based on the number of entries in
that bin. This process continues until the number of entries in each bin is between the
miniumum and maximum entries defined. This technique results in fine binning across well
populated areas of phase space and large bins across less populated areas. To calculate
the χ2 and p-values under the no CPV hypothesis all bins are required to have at least 20
entries.

3.2 Sensitivity Study

Pseudo-experiments are carried out to test the sensitivity of the method and the dependency
of the sensitivity on the number of bins used.

Events are generated according to the model in Ref [12]. Phase and amplitude
differences between D0 and D0 are introduced in the ρ0ρ0 and a1(1260)+π− intermediate
states. Figure 4 shows the SCP distributions in the case of no CPV and for the case of a
CP violating phase difference between the D0 and D0 decays in the ρ0ρ0 resonance of 10◦.

4

Figure 4: Projections of the two-dimensional fit to the mD0 vs. δm plane. The signal component of the fit is
shown as a red dashed line. Windows around the mD0 and δm peaks are shown as vertical dashed lines.

The CP asymmetry variable is defined 8 as

Si
CP =

N i
(
D0
)
− αN i

(
D0
)

√
N i (D0) + α2N i

(
D0
) , α =

∑
N i
(
D0
)

∑
N i
(
D0
) (2)

whereN i
(
D0
)

andN i
(
D0
)

are the number ofD0 andD0 events in bin i, and α is a normalisation
factor that removes sensitivity to any global asymmetry. The flavour of the D is tagged using
the charge of the slow pion from D∗+ → D0π+s decays. In the absence of any CP violation, Si

CP

is Gaussian distributed with a mean of 0 and a width of 1. The 5D Dalitz space is divided using
an adaptive approach which aims to uniformly populate the bins (all bins contain a number
of events within a defined minimum and maximum). This results in fine binning in highly
populated ares of phase space, and coarse binning in more sparsely populated regions. A χ2 is
defined as

χ2/Ndof =
∑(

Si
CP

)2
/ (Nbins − 1) (3)

from which a probability value is calculated to quantify the degree of asymmetry.
The decay D0 → π−π+π−π+ can proceed via different intermediate resonances, most promi-

nently D0 → ρ0ρ0 and D0 → a1 (1260)+ π−. Toy Monte Carlo studies show that, for example,
the method is sensitive to a 10◦ phase difference between D0 and D0 decaying via the ρ0ρ0

resonances (illustrated in Fig. 3).
A two-dimensional fit to the m

(
D0
)

vs. δm = m (D∗+) − m
(
D0
)

plane is performed to
estimate the signal yield and purity in the data sample (projection of the fit are shown in Fig. 4).
After the m

(
D0
)

and δm mass window requirements, we are left with ∼ 180k signal candidates
with a purity of 95.8%.

Probability values for the no-CP violation hypothesis are calculated for three different bin-
ning schemes: 15, 29, and 66 phase space bins. They are found to be 97.1%, 95.6%, and 99.8%
respectively; all consistent with no CP violation.
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Figure 2: Invariant mass distributions for D+
(s) → π+µ+µ− candidates in the five m(µ+µ−)

bins. Shown are the (a) low-m(µ+µ−), (b) η, (c) ρ/ω, (d) φ (including trigger lines with
m(µ+µ−) > 1.0 GeV/c2), and (e) high-m(µ+µ−) regions. The data are shown as points (black)
and the total PDF (dark blue line) is overlaid. The components of the fit are also shown: the
signal (light green line), the peaking background (solid area) and the non-peaking background
(dashed line).
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Figure 2: Invariant mass distributions for D+
(s) → π+µ+µ− candidates in the five m(µ+µ−)

bins. Shown are the (a) low-m(µ+µ−), (b) η, (c) ρ/ω, (d) φ (including trigger lines with
m(µ+µ−) > 1.0 GeV/c2), and (e) high-m(µ+µ−) regions. The data are shown as points (black)
and the total PDF (dark blue line) is overlaid. The components of the fit are also shown: the
signal (light green line), the peaking background (solid area) and the non-peaking background
(dashed line).
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Figure 2: Invariant mass distributions for D+
(s) → π+µ+µ− candidates in the five m(µ+µ−)

bins. Shown are the (a) low-m(µ+µ−), (b) η, (c) ρ/ω, (d) φ (including trigger lines with
m(µ+µ−) > 1.0 GeV/c2), and (e) high-m(µ+µ−) regions. The data are shown as points (black)
and the total PDF (dark blue line) is overlaid. The components of the fit are also shown: the
signal (light green line), the peaking background (solid area) and the non-peaking background
(dashed line).

7

]2c) [MeV/-µ+µ+!m(
1850 1900 1950 2000

)2 c
Ca

nd
id

at
es

 / 
(5

 M
eV

/

0

10

20

30 LHCb(a)

]2c) [MeV/-µ+µ+!m(
1850 1900 1950 2000

)2 c
Ca

nd
id

at
es

 / 
(5

 M
eV

/

0

2

4
6

8

10

12
LHCb(b)

]2c) [MeV/-µ+µ+!m(
1850 1900 1950 2000

)2 c
Ca

nd
id

at
es

 / 
(5

 M
eV

/

0

10

20

30 LHCb(c)

]2c) [MeV/-µ+µ+!m(
1850 1900 1950 2000

)2 c
Ca

nd
id

at
es

 / 
(5

 M
eV

/

0

200

400

600

800

1000 LHCb(d)

]2c) [MeV/-µ+µ+!m(
1850 1900 1950 2000

)2 c
Ca

nd
id

at
es

 / 
(5

 M
eV

/

0

10

20

30

40 LHCb(e)

Figure 2: Invariant mass distributions for D+
(s) → π+µ+µ− candidates in the five m(µ+µ−)

bins. Shown are the (a) low-m(µ+µ−), (b) η, (c) ρ/ω, (d) φ (including trigger lines with
m(µ+µ−) > 1.0 GeV/c2), and (e) high-m(µ+µ−) regions. The data are shown as points (black)
and the total PDF (dark blue line) is overlaid. The components of the fit are also shown: the
signal (light green line), the peaking background (solid area) and the non-peaking background
(dashed line).
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Figure 2: Invariant mass distributions for D+
(s) → π+µ+µ− candidates in the five m(µ+µ−)

bins. Shown are the (a) low-m(µ+µ−), (b) η, (c) ρ/ω, (d) φ (including trigger lines with
m(µ+µ−) > 1.0 GeV/c2), and (e) high-m(µ+µ−) regions. The data are shown as points (black)
and the total PDF (dark blue line) is overlaid. The components of the fit are also shown: the
signal (light green line), the peaking background (solid area) and the non-peaking background
(dashed line).
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Figure 5: Invariant D+
(s) spectra for (a) low-q2, (b) η, (c) ρ/ω, (d) φ, and (e) high-q2 regions. In each case, the

shaded grey component represents misidentified D+
(s) → π+π+π− decays, the dashed black line represents the

non-peaking background, and the signal component is shown as a solid green line.

4 Search for rare D decays and lepton number violation

4.1 Search for non-resonant D+
(s) → π+µ+µ− decays

Flavour-Changing Neutral Current (FCNC) decays can only occur at the loop level, and are
highly suppressed by the GIM mechanism. Although they are well established inB+ → K+µ+µ−

and K+ → π+µ+µ− decays 9,10, branching fractions for c→ uµ+µ− transitions are predicted to
be much smaller in the Standard Model 11,12,13 (∼ 1× 10−9). We present a search 14 for the rare
decays D+

(s) → π+µ+µ−. The best previous branching fraction upper limits (at 90% confidence)

are B (D+ → π−µ+µ+) < 3.9 × 10−6 and B (D+
s → π−µ+µ+) < 2.6 × 10−5, published by the

D0 15 and FOCUS 16 Collaborations respectively.
For the analysis presented here, the data are split into five bins of q2 = m (µ+µ−) in order

to separate the decays that proceed via µ+µ− resonances (η, ω, ρ, φ) from the non-resonant
high-q2 (1250 − 2000 MeV/c2) and low-q2 (250 − 525 MeV/c2) regions. The resonant decays
D+

(s) → π+φ with φ → µ+µ− are used as normalisation modes. Fits to the D+
(s) invariant mass

spectra in the five q2 bins are shown in Fig. 5, where the main peaking background is identified
as D+

(s) → π+π+π− decays where two oppositely charged pions are misidentified as muons. No

significant signals are found in the low- and high-q2 regions. When extrapolating to the full
phase space for the non-resonant decays, we obtain 90 (95)% confidence limits on the branching
fractions of

B
(
D+ → π+µ+µ−

)
< 7.3 (8.3)× 10−8,

B
(
D+

s → π+µ+µ−
)
< 4.1 (4.8)× 10−7.

4.2 Search for the lepton number violating decay D+
(s) → π−µ+µ+

Lepton Number Violation (LNV) is forbidden in the Standard Model, and may only proceed
via lepton mixing (mediated by a Majorana neutrino 17, for example). We present a search
for the LNV violating decays D+

(s) → π−µ+µ+. The previous best 90% confidence limits are

B (D+ → π−µ+µ+) < 2× 10−6 and B (D+
s → π−µ+µ+) < 1.4× 10−5, which were published by

the BaBar Collaboration 18.
Here, the search is performed 14 by fitting the invariant mass of π−µ+µ+ combinations. The

data are divided into four regions of m (π−µ+) in order to increase the statistical significance
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Figure 3: Invariant mass distributions for D+
(s)→ π−µ+µ+ in the four m(π−µ+) regions. Shown

are (a) bin 1, (b) bin 2, (c) bin 3, and (d) bin 4. The data are shown as black points and the
total PDF (dark blue line) is overlaid. The components of the fit are also shown: the signal (light
green line), the peaking background (solid area) and the non-peaking background (dashed line).
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Figure 4: Background-subtracted m(µ+µ−) spectrum of (a) D+ → π+µ+µ− and (b) D+
s →

π+µ+µ− candidates that pass the final selection. The inset shows the φ contribution, and the
main figure shows the η and the ρ/ω contributions. The non-peaking structure of the low and
high-m(µ+µ−) regions is also visible.

8

Figure 6: Invariant mass distributions for π−µ+µ+ combinations in regions (a) 250 < m
(
π−µ+

)
< 1140 MeV/c2,

(b) 1140 < m
(
π−µ+

)
< 1340 MeV/c2, (c) 1340 < m

(
π−µ+

)
< 1540 MeV/c2, (a) 1540 < m

(
π−µ+

)
<

2000 MeV/c2. The peaking background is shown as solid grey, the non-peaking background as a dashed black
line, and the signal as a green line.

of any observed signal peak, because we expect the Majorana neutrino to appear in only one
region. The region boundaries are defined as 250, 1140, 1340, 1540, and 2000 MeV/c2. Invariant
mass fits are shown in Fig. 6, where the main peaking backgrounds are misidentified D+

(s) →
π+π+π− decays. No significant signal is observed in any of the m (π−µ+) bins, which allows the
determination of 90 (95)% confidence limits on the branching fractions of

B
(
D+ → π−µ+µ+

)
< 2.2 (2.5)× 10−8,

B
(
D+

s → π−µ+µ+
)
< 1.2 (1.4)× 10−7.

5 Conclusions

The LHCb experiment has recorded some of the world’s largest samples of charm hadron decays,
allowing the study of charm physics with unprecedented precision. Here we have presented the
latest charm results using 1.0 fb−1 of data collected in 2011 at

√
s = 7 TeV.

By fitting the time dependent ratio of WS/RS D → Kπ decays, neutral D meson oscillations
are observed for the first time in a single measurement with a significance of 9.1 standard
deviations. Comparing the five-dimensional Dalitz space of D0 and D0 decays to π−π+π−π+

reveals no evidence of local CP asymmetries. We find no evidence of the rare decays D+
(s) →

π+µ+µ− and significantly improve the upper limits of their branching fractions. In addition, a
search for the LNV processes D+

(s) → π−µ+µ+ is performed. The data are found to be consistent
with the background-only hypothesis which leads to an improvement on the upper limits of the
branching fractions by a factor of ∼ 100.
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CP Violation in the B0
s system in LHCb

S. Benson
on behalf of the LHCb collaboration

School of Physics and Astronomy, James Clerk Maxwell Building, King’s Buildings,
Edinburgh, EH9 3JZ, United Kingdom.

Latest LHCb measurements of CP violation in the interference between mixing and decay
are presented based on pp collision data collected in 2011 at centre-of-mass energy

√
s =

7 TeV, corresponding to an integrated luminosity of 1.0 fb−1. A combination of about 27.6k
B0

s→ J/ψK+K− and 7.4k B0
s → J/ψππ signal events yield the most accurate measurement of

the CP -violating phase, φccs
s . This is found to be φccs

s = 0.01 ± 0.07 (stat.) ± 0.01 (syst.) rad.
The combination also yields the most accurate measurements of the average B0

s decay width
and decay width difference. These are found to be Γs = 0.661±0.004 (stat.)±0.006 (syst.) ps−1

and ∆Γs = 0.106±0.011 (stat.)±0.007 (syst.) ps−1, respectively. The first measurement of the
CP -violating phase in the B0

s → φφ decay, φsss
s , is found to be in the interval [−2.46,−0.76] rad

at 68% confidence level.

1 Introduction

Efforts to measure mixing induced CP violation in the B0
s system have mainly focused on the

B0
s → J/ψφ decay, utilising angular observables to disentangle the different CP eigenstates.

This then allows for the CP -violating phase φccss to be measured. In the Standard Model, this is
given by φccss ≈ −2βs = 2arg(−VtsV ∗tb/VcsV ∗cb) 1,2,3. The Standard Model prediction for φccss has
been obtained from global fits to experimental data yielding a value of −0.036± 0.002 rad 4,5,6.
There are however many BSM theories that provide additional contributions to B0

s mixing
diagrams that alter this value7,8. The addition of the B0

s→ J/ψπ+π− decay allows for a separate
determination of φccss . As this decay mode is almost entirely CP -odd, an angular analysis is
not required. The CP -violating phase measured in the B0

s → φφ decay results from b → sss
transitions (unlike B0

s→ J/ψK+K− and B0
s→ J/ψπ+π− decays, which result from b → ccs

transitions) and is therefore expected to be zero in the Standard Model due to the cancellation of
the CP -violating weak phase between the B0

s mixing diagrams and the penguin decay diagrams9.
Calculations using QCD factorisation provide an upper limit of 0.02 rad for |φssss | 10,11,12.

The following sections summarise updated measurements of the CP -violating weak phase,
φccss , in B0

s→ J/ψK+K− and B0
s→ J/ψπ+π− decays 13, and the first measurement of the CP

violating phase, φssss , in the B0
s → (φ → KK) (φ → KK) decay 14. All analyses discussed are



based on the full 2011 dataset of 1.0 fb−1 collected with the LHCb detector at centre-of-mass
(COM) energy

√
s = 7 TeV.

2 The B0
s→ J/ψK+K− Analysis

TheB0
s→ J/ψK+K− decay is selected using a cut based method described in Aaij et al. (2013)13.

This results in ∼ 27, 500 signal events with low background. The decay time resolution of the
B0

s→ J/ψK+K− decay is accounted for in fitting through convolution of the probably density
function (PDF) with a Gaussian function of width Sσt ·σit, where σit is the decay time resolution
of the ith event (determined from vertex and decay length uncertainty); Sσt is determined from
prompt J/ψ → µ+µ− events to be 1.45±0.06, where the error includes both systematic (derived
from simulation) and statistical contributions.

Decay time acceptance effects due to the time-biasing variables used in the triggering of
J/ψ → µ+µ− events are determined with the assistance of a pre-scaled, unbiased trigger. A small
drop in acceptance is also seen at longer decay times due to the lower track finding efficiencies
associated with tracks from vertices far from the beam line. The slope of this acceptance at large
decay times is measured to be β = (8.3± 4.0)× 103 ps−1 leading to a 4.0× 103 ps−1 uncertainty
on Γs.

The efficiency of reconstructing a B0
s→ J/ψK+K− event also depends on the decay angles in

the helicity basis. The correction applied in the fit is found using Monte Carlo B0
s→ J/ψK+K−

events. The difference in the spectra of kinematic observables of the tracks in simulated events
compared to that observed in the data in addition to the limited quantity of simulated events
contribute to the systematic uncertainties.

The sensitivity of the fit to the weak phase φccss is greatly enhanced through the ability to
determine the flavour of the B0

s meson when it is produced. The methods of determination of the
flavour and associated uncertainties are described in detail in the paper of Aaij et al. (2013) 13.

An un-binned maximum log-likelihood fitting method is used in the measurement of the weak
phase φccss . A number of physics parameters are measured together with the CP -violating phase.
These are the decay width (Γs), the decay width difference between the two B0

s mass eigenstates
(∆Γs), the amount of direct CP violation, |λ|, and the polarisation amplitudes of the P-wave
(|A0|2, |A‖|2, |A⊥|2) and S-wave (|AS |2) contributions along with corresponding phasesa (δ0, δ‖,
δ⊥, δS) defined at t = 0. Normalisation is chosen such that |A0|2 + |A‖|2 + |A⊥|2 = 1. In fits the
B0

s oscillation frequency ∆ms is constrained within errors of the LHCb measured value 15. The
data sample is split in to six bins according to the mKK mass in the range [990, 1050] MeV/c2.
The sizes of the individual bins are chosen to ensure that coupling factors between the P -wave
and S-wave line shapes are ∼ 1. Performing the fit in this way improves the statistical precision
by separating mass ranges with different S-wave fractions and also allows the analysis to be
less sensitive to correction factors on the interference terms 13. The results of the fit in the
B0

s→ J/ψK+K− decay are given in Table 1. In addition to the uncertainties discussed earlier the
only other dominant contribution is that of contamination from mis-reconstructed B0 → J/ψK∗0

decays, in which a pion from the K∗0 meson is reconstructed as a kaon. The number of such
events present in the sample is estimated from simulation. The simulated B0 → J/ψK∗0 events
are then embedded in the sample to provide a quantitative estimate of the associated systematic
uncertainty.

Both the analysis of the B0
s→ J/ψK+K− decay and the B0

s→ J/ψπ+π− decay contain an
ambiguity in the results associated with the transformations (φs ↔ π − φs ; ∆Γs ↔ −∆Γs) and
associated strong phase changes 16. This ambiguity is resolved through measuring the difference
in P-wave and S-wave strong phases in different KK invariant mass bins. A negative trend of
strong phase difference is observed with increasing KK invariant mass. This therefore implies
that ∆Γs > 0, hence only this result has been quoted throughout these Proceedings.

aThe convention has been chosen such that δ0 ≡ 0.
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Figure 13: Two-dimensional profile likelihood in the (��s, �s) plane for the B0
s ! J/ K+K�

dataset. Only the statistical uncertainty is included. The SM expectation of
��s = 0.082 ± 0.021 ps�1 and �s = �0.036 ± 0.002 rad is shown as the black point with er-
ror bar [2, 41].

Table 8: Results of the maximum likelihood fit for the S-wave parameters, with asymmetric sta-
tistical and symmetric systematic uncertainties. The evaluation of the systematic uncertainties
is described in Sect. 10.

m(K+K�) bin [ MeV/c2 ] Parameter Value �stat (asymmetric) �syst

990 � 1008 FS 0.227 +0.081,�0.073 0.020
�S � �? [rad] 1.31 +0.78,�0.49 0.09

1008 � 1016 FS 0.067 +0.030,�0.027 0.009
�S � �? [rad] 0.77 +0.38,�0.23 0.08

1016 � 1020 FS 0.008 +0.014,�0.007 0.005
�S � �? [rad] 0.51 +1.40,�0.30 0.20

1020 � 1024 FS 0.016 +0.012,�0.009 0.006
�S � �? [rad] �0.51 +0.21,�0.35 0.15

1024 � 1032 FS 0.055 +0.027,�0.025 0.008
�S � �? [rad] �0.46 +0.18,�0.26 0.05

1032 � 1050 FS 0.167 +0.043,�0.042 0.021
�S � �? [rad] �0.65 +0.18,�0.22 0.06
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Figure 1: Confidence regions for the fitted parameters ∆Γs and φccs
s . The Standard Model prediction is shown in

black. Confidence levels contain statistical errors only.

Parameter Value Stat. Syst.

Γs [ps−1] 0.663 0.005 0.006
∆Γs [ps−1] 0.100 0.016 0.003
|A⊥(0)|2 0.249 0.009 0.006
|A0(0)|2 0.521 0.006 0.010
δ⊥ [rad] 3.07 0.22 0.07

δ‖ [rad] 3.30 +0.13
−0.21 0.08

φs [rad] 0.07 0.09 0.01
|λ| 0.94 0.03 0.02

Table 1: Results for the physics parameters and their statistical and systematic uncertainties for the fit to
B0

s→ J/ψK+K− events.

3 The B0
s → J/ψππ Analysis and Combination with B0

s→ J/ψK+K−

The anaysis of the B0
s→ J/ψπ+π− decay13 is performed using the same selected candidates used

in the previous study 17. An angular analysis is not required in this decay channel due to the
fact that the 775 < m(π+π−) < 1500 MeV/c2 invariant mass range is 97.5% CP -odd at 95%
CL 18. This then removes the need to disentangle CP eigenstates and a fit to the B0

s decay time
is sufficient to measure φccss . The tagging method and time resolution methods are the same as
those used for the B0

s→ J/ψK+K− decay. While the dataset is the same as in Reference 17,
the analysis features improved constraints from the B0

s→ J/ψK+K− fit and an improved upper
decay time acceptance model. For this, the B0 → J/ψK∗0 decay (with a well known lifetime)
is used to calibrate the decay time acceptance, with simulation used to account for the small
differences between the B0 → J/ψK∗0 and B0

s→ J/ψπ+π− decay channels.

The result of the measurement of the weak phase φs in the B0
s→ J/ψπ+π− decay is found to

be φs = −0.14+0.17
−0.16±0.01 rad 13. The systematic uncertainties arising from time resolution, time

acceptance and tagging are treated in the same way as in the analysis of the B0
s→ J/ψK+K−

decay. A combined fit of both decay channels is performed with the common parameters being
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Figure 12: Decay-time and helicity-angle distributions for B0
s ! J/ K+K� decays (data

points) with the one-dimensional projections of the PDF at the maximal likelihood point. The
solid blue line shows the total signal contribution, which is composed of CP -even (long-dashed
red), CP -odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.
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Figure 2: Decay time and helicity angle distributions for B0
s → J/ψK+K− decays (data points) with the

one-dimensional projections of the PDF at the maximal likelihood point. The solid blue line shows the total
signal contribution, which is composed of CP -even (long-dashed red), CP -odd (short-dashed green) and S-wave

(dotted-dashed purple) contributions.

Γs, ∆Γs, φ
ccs
s , ∆ms, and |λ|. Extra systematic uncertainties of 0.001 ps−1 and 0.006 ps−1 are

included on Γs and ∆Γs, respectively due to variations in the background model and decay
time acceptance in the analysis of B0

s→ J/ψπ+π−. This leads to the combined results shown in
Table 2.

4 The B0
s→ φφ Analysis

The B0
s→ φφ decay is an example of a flavour changing neutral current (FCNC) interaction and

as such, may only proceed via penguin diagrams in the Standard Model. A total of 880 signal
candidates are observed through a multivariate selection optimised with the use of the sPlot
method 19 to distinguish signal from background.

As in the case of the B0
s→ J/ψK+K− analysis, a maximum log-likelihood fit is then per-

formed to the three helicity angles and decay time (see Reference 14 for more information). The
lifetimes of the heavy and light B0

s mass eigenstates are constrained to be within the errors of
the LHCb measured values 13 taking in to account correlations. S-wave contributions, which
originate from a single pair of kaons either in a non-resonant state or from a spin-0 resonance
are fitted for according to the decay time and angular dependencies. The contribution of S-wave
from two pairs of such kaons is treated as a systematic uncertainty. The angular acceptance
is determined from simulated events. The limited number of simulated events and kinematic
differences between the simulation and data are used to determine the systematic uncertainties
due to the angular acceptance. The time acceptance is understood from Monte Carlo events
and the difference between the application as a histogram or as a fitted function forms the basis
of the systematic uncertainty.



Parameter Value Stat. Syst.

Γs [ps−1] 0.661 0.004 0.006
∆Γs [ps−1] 0.106 0.011 0.007
|A⊥(0)|2 0.246 0.007 0.006
|A0(0)|2 0.523 0.005 0.010
δ⊥ [rad] 3.04 0.20 0.07

δ‖ [rad] 3.32 +0.13
−0.21 0.08

φs [rad] 0.01 0.07 0.01
|λ| 0.93 0.03 0.02

Table 2: Results for the physics parameters and their statistical and systematic uncertainties for the fit to
B0

s→ J/ψK+K− and B0
s→ J/ψπ+π− events.
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Figure 3: Negative �ln likelihood scan of �s. Only the statistical uncertainty is included.

total systematic uncertainty on �s is 0.22 rad, significantly smaller than the statistical
uncertainty.

In summary, we present the first study of CP violation in the decay time distribution
of hadronic B0

s ! �� decays. The CP -violating phase, �s, is restricted to the interval
of [�2.46,�0.76] rad at 68% C.L. The p-value of the Standard Model prediction [8] is
16%, taking the values of the strong phases and polarisation amplitudes observed in data.
The precision of the �s measurement is dominated by the statistical uncertainty and is
expected to improve with larger LHCb data sets.
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Figure 3: Negative ∆ln likelihood scan of φsss
s . Only the statistical uncertainty is included.

The results of the fit to the helicity angles and B0
s decay time are shown in Table 3. The

statistical likelihood scan is shown in Figure 3. Due to the negative ∆ln likelihood being highly
non-parabolic, a 68% confidence level is quoted. The small data sample used to make the
measurement means that it is necessary to perform a Feldman Cousins analysis in order to
give a 68% confidence level that both includes systematic uncertainties and provides a coverage
correction. The Feldman Cousins method yields a 68% confidence level of [−2.46,−0.76] rad.

In addition to the systematic uncertainties mentioned earlier, minor sources of systematic
uncertainty arise from the signal model and uncertainty on the time resolution (found from
simulation).

5 Summary

The most accurate measurements of CP violation in B0
s mixing have been presented using the

full 2011 dataset collected with the LHCb dectector at
√
s = 7 TeV. The combination of

∼ 27, 500 B0
s→ J/ψK+K− decays and ∼ 7, 420 B0

s→ J/ψπ+π− decays yields a measurement of
φccss = 0.01 ± 0.07 (stat.) ± 0.01 (syst.) rad. The combination also provides the most accurate
measurements of the B0

s decay width and decay width differences, measured to be Γs = 0.661±
0.004 (stat.)±0.006 (syst.) ps−1 and ∆Γs = 0.106±0.011 (stat.)±0.007 (syst.) ps−1, respectively.



Parameter Value σstat. σsyst.
φs[rad] (68 % CL) [−2.37,−0.92] 0.22
|A0|2 0.329 0.033 0.017
|A⊥|2 0.358 0.046 0.018

|AS|2 0.016 +0.024
−0.012 0.009

δ1 [rad] 2.19 0.44 0.12
δ2 [rad] −1.47 0.48 0.10

δS [rad] 0.65 +0.89
−1.65 0.33

Table 3: Fit results with statistical and systematic uncertainties. A 68% statistical confidence interval is quoted
for φs. Amplitudes are defined at t = 0.

The ambiguity in the φccss −∆Γs plane is resolved, i.e. that the heavy B0
s mass eigenstate lives

longer. We provide the first measurement of the CP -violating phase in the B0
s→ φφ penguin

decay, which is found to be in the interval [−2.46,−0.76] rad at 68% confidence level.
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Hadronic b decays to open charm and a measurement of the CKM angle γ
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The LHCb detector is a general purpose forward spectrometer at the Large Hadron Collider,
which exploits the ≈300 µb cross-section for bb̄ production in 7 TeV proton-proton collisions
to make precise measurements of b-hadron properties. The following results, all based on a
1 fb−1 data sample, are presented here : precision measurements of branching fractions and
first observations of B meson decays to doubly charmed final states; searches for rare B meson
decays to open charm final states; and a measurement of the CKM angle γ.

1 Introduction

The LHCb detector1 at the Large Hadron Collider (LHC) is a single arm spectrometer optimized
for the study of charm and beauty hadrons. The LHCb acceptance covers the pseudo-rapidity
range 2 < η < 5; in what follows “transverse” means transverse to the LHC beamline. The
detector includes a high-precision tracking system, electromagnetic and hadronic calorimeters,
two ring-imaging Cherenkov detectors for hadron identification, and muon chambers for muon
identification. The combined tracking system has a momentum resolution ∆p/p that varies from
0.4% at 5 GeV/c to 0.6% at 100 GeV/c, an impact parameter a resolution of 20 µm for tracks
with high transverse momentum, and a decay time resolution of 50 fs. Events are selected for
further offline analysis by a trigger 2 system based around a multivariate 3 inclusive topological
b-hadron selection.

The ≈ 300 µb cross-section 4 for bb̄ production in 7 TeV proton-proton collisions, and a
trigger system able to efficiently distinguish both leptonic and hadronic b-hadron decays from
light-quark backgrounds, gives LHCb unprecedented statistical reach, particularly in the study
of rare b-hadron decay processes. The results presented here are all based on 1 fb−1 of data
collected in 2011, and concern b-hadron decays into “open charm” final states, those containing
one or more charm (anti)quarks but not cc̄ resonances. In the first half, precision measurements5

of branching fractions and first observations of B meson decays to doubly charmed final states,
as well as a search 6 for the rare Bs → D∗−π+ decay, are presented. In the second half, a
combined measurement 7 of the Cabibbo-Kobayashi-Maskawa 9,10 (CKM) angle b γ based on
measurements of decay rates and CP violation in B± → D0K± and B± → D0π± decays is
presented. Charge conjugation is implied throughout this document unless stated otherwise.

aImpact parameter is the transverse distance of closest approach between a track and a vertex, most commonly
the primary proton-proton interaction vertex.

bThe CKM matrix describes quark mixing in the Standard Model of particle physics. As it is a unitary,
complex, matrix, relations between its elements can be depicted as a “unitarity” triangle in the complex plane.
Testing whether the triangle closes and its angles (of which γ is one) add up to 180◦ therefore tests the unitarity
of the matrix, and hence the Standard Model picture of quark mixing. For a compact review of the interest in
measuring γ, see 8.



2 Bu,d,s → Du,d,sDu,d,s decays and a search for Bs → D∗−π+

Decays of B mesons into doubly charmed final states can be used to probe the CKM matrix
elements, being sensitive to, for example, the B0

d,s mixing phases 11,12,13,14,15, the CKM angle

γ 16,17, and the width splitting of the Bs states, ∆Γs
18,19. This sensitivity is achieved through

relating the observed branching fractions and CP asymmetries c to elements of the CKM mix-
ing matrix. Different types of decay diagrams (tree-level, penguin, exchange, etc.) contribute
to the various decays, and the relations between the experimental observables and the CKM
parameters of interest to some extent rely on a knowledge of the relative size of these diagrams,
as well as knowledge of rescattering contributions. It is therefore important to directly measure
the branching fractions of these decays, in particular those which are primarily mediated by
W -exchange such as Bs → Du,dDu,d, where rescattering effects might substantially alter 20 a
branching fraction estimate based on the CKM matrix elements. Similar arguments motivate a
search for the rare decay Bs → D∗−π+, also assumed to be dominated by W -exchange.

The event selection is based in all cases on using the relatively long lifetime (≈1.5 ps) and
large mass (≈5 GeV) of B mesons to distinguish them from light-quark backgrounds, and using
particle identification (PID) information to isolate the signal decays from other, misidentified, b-
hadron decays. Signal candidates must be selected by the multivariate B trigger algorithm, and
to subsequently pass a multivariate preselection based on the more precise offline reconstruction.

In the B → DD modes, the D mesons are reconstructed in the Cabibbo-favoured modes
D± → K∓π±π±, D±

s → K+K−π±, D0 → K−π+, and D0 → K−π+π−π+. The D decay modes
are distinguished from background based on PID information and by requiring that the D0

canididate is well separated from the B decay vertex. The D± and D±
s decay modes can be

backgrounds to each other : in this case, in addition to the requirements on PID and D vertex
separation, candidates are reconstructed under both mass hypotheses and in the ambiguous
cases strigent PID requirements are used to arbitrate between them. Multivariate selection are
used to suppress light-quark background, trained on real data using abundant Bu,d,s → Du,d,sπ
control modes, and taking into account kinematic correlations between the two charmed mesons
in a B → DD decay. The reconstructed DD combinations are : Bu → D0D±

s , Bd,s → D±D∓,
Bd,s → D0D̄0, Bs → D±

s D
∓
s , and Bd,s → D±D∓

s .

In the search for Bs → D∗−π+, the selection is primarly concerned with the combinatorial
background, as the D∗± → D0π± decay chain, with the very small D∗± −D0 mass difference,
makes the contribution from other, misidentified, B decays small. The selection is based on a
neural network trained on the data itself, using the abundant B0 → D∗−π+ control mode as a
proxy for the signal and sidebands for the background. The training is performed with only a
subset of the full sample used in the search, and the robustness of this method is verified by
varying the size of the training sample.

Following the event selection, maximum likelihood fits are performed to the B mass distri-
butions in order to extract the signal yields. Signal lineshapes are taken from simulated event
samples, with the widths floated to account for different resolutions in data and simulation.
In the B → DD case, backgrounds due to misidentified or partially reconstructed B meson
decays are modelled based on simulated event samples, while the combinatorial background is
parametarized by an exponential whose slope is taken from wrong-sign decays where possible
and floated otherwise. In the Bs → D∗−π+ case, the combinatorial background is parameta-
rized by a linear function with floating slope, while partially reconstructed B meson decays
are parametarized by an exponential function with floating slope, and misidentified B meson
decays are modelled using non-parametric lineshapes based on simulated events. An additional
complication in the Bs → D∗−π+ case is the abundance of the B0 → D∗−π+ control mode, the
tails of whose mass distribution contaminate the Bs → D∗−π+ signal region due to resolution

cThe CP asymmetries can be time-dependent, in the interference of mixing and decay, or time-integrated, in
the decay itself, depending on the B meson and final state it decays into.
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Figure 1: Fits to the B mass distributions : from left to right, Bs → D±
s D

∓
s , Bd,s → D±D∓

s , Bd,s → D±D∓ (top
row); Bd,s → D0D̄0, Bu → D0D±

s (bottom row). The fit components are indicated in the legends.
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Figure 2: Fits to the B mass distribution in five bins of θbach. The components are indicated in the legend.

effects. The mass resolution, and hence the degree of contamination, depends on the opening
angle (θbach) between the D∗± and π± mesons, and the fit is performed simultaneously in five
bins of this quantity, gaining around 20% in sensitivity compared to not binning in this quantity.

When determining whether a signal is significant or not, the fit is repeated with and without
the signal component, with the signal lineshape fixed from simulation adjusted for known data-
simulation differences. The likelihood ratio between these two fits is taken as a measure of the
signal significance. In order to interpret observed signal yields as branching fractions, they are
normalized to topologically similar decays whose branching fractions are known : Bd → D±D∓

is the normalization for Bs → D±D∓, Bu → D0D±
s for Bd → D0D̄0 and Bs → D0D̄0, Bd →

D±D∓
s for Bs → D±

s D
∓
s and Bs → D±D∓

s , Bd → D±D∓
s for Bu → D0D±

s , and Bd → D∗−π+

for Bs → D∗−π+. Efficiency differences between signal and normalization modes are taken
from data control samples where possible and from simulation otherwise, while the ratio of the
fragmentation fractions of Bs and Bd mesons are taken from the LHCb measurement 21.

The results of the fits are shown in Fig. 1 and 2. No signal is observed in the Bs → D∗−π+

decay, and an upper limit is set on the branching fraction B(Bs → D∗−π+) < 6.1(7.8) · 10−6

at the 90% (95%) confidence level using a Bayesian approach. In the B → DD decays, first



observations are made of the Bs → D±D∓, Bs → D0D̄0, and Bs → D±D∓
s decays at 10.9, 10.7,

and 10 standard deviations (σ) respectively. In addition there is a 2.95σ hint of the Bd → D0D̄0

decay. The measured ratios of branching fractions are

B(Bs → D±D∓)

B(Bd → D±D∓)
= 1.08± 0.20(stat)± 0.10(syst),

B(Bs → D±D∓
s )

B(Bd → D±D∓
s )

= 0.048± 0.008(stat)± 0.004(syst),

B(Bs → D±
s D

∓
s )

B(Bd → D±D∓
s )

= 0.55± 0.03(stat)± 0.05(syst),

B(Bs → D0D̄0)

B(Bu → D0D±
s )

= 0.019± 0.003(stat)± 0.002(syst),

B(Bd → D0D̄0)

B(Bu → D0D±
s )

= 0.0014± 0.0006(stat)± 0.0002(syst),

< 0.0024 at 90% CL

B(Bu → D0D±
s )

B(Bd → D±D∓
s )

= 1.20± 0.02(stat)± 0.06(syst).

The most significant source of systematic uncertainty is the knowledge of the fragmenta-
tion fraction ratio, while some uncertainty also arises from the limited samples of simulated
events used for efficiency calculations and the unknown effective lifetime of some of the Bs CP
eigenstatesd.

3 A measurement of the CKM angle γ from B± → D0K± decays

The CKM angle γ = arg [−VudV ∗
ub/(VcdV

∗
cb)] is one of the least well measured parameters of the

CKM matrix. One of the theoretically cleanest methods to access this weak phase is through
measurements of γ-sensitive observables in B± → D0K± and B± → D0π± decays 22; as only
tree-level diagrams contribute, such a measurement is insensitive to physics effects beyond the
Standard Model and provides a reference for other measurements. The D0 meson must be
reconstructed in a final state that is accessible to both D0 and D̄0 mesons, such that interference
between the two amplitudes may give access to phase information. The observables are the
charge and final-state separated decay rates, which can generally be written as

Γ(B± → D0K±) ∝ (r2D + (rKB )2 + 2rBrDRe(ei(δ
K
B +δD±γ))), (1)

where rD is the ratio of the D0 decay amplitudes, rB is the ratio of the B± decay amplitudes,
δB,D are the strong phases in the B and D decays.

Many different choices of final state are possible, and they must be combined in order to
arrive at the best precision, not only because of the increased statistical sensitivity but equally
because they have different associated systematic uncertainties. Three different LHCb analyses
are combined, using the following types of D0 decays :

• Two-body decays to K+K−,π+π−,K+π−, and K−π+. This is commonly referred to as
the GLW/ADS analysis22,23,24,25, and exploits information from both the B± → D0K and
B± → D0π± decays in order to constrain γ. In the case of the D0 decays to the singly
Cabibbo-suppressed CP eigenstates (GLW), the signal yields are higher but the sensitivity

dBecause of the non-negligible width difference in the Bs system, CP even and CP odd Bs decays have
appreciably different lifetimes. This then affects their selection efficiency and hence the measured branching
fractions, with the maximum variation found to be ∼3%.
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Figure 3: The B± → D0[K±, π±] signals for the doubly Cabibbo-suppressed four-body D0 decay. The DK signals
(top plots) are solid red, Dπ signals (bottom plots) are solid green, background due to partially reconstructed
B±,0 decays is shaded, background due to partially reconstructed B0

s decays is dashed pink, and combinatorial
backgrounds are dotted blue. The large CP asymmetry in the DK decays is visible by eye.

to γ is diluted because of the large relative size of the interfering B decay diagrams. This
is mitigated in the ADS method by combining the favoured B decay with the doubly
Cabibbo-suppressed D0 decay, and the favoured D0 decay with the suppressed B decay,
leading to smaller yields but higher interference.

• Four-body decays to K+π−π+π−, and K−π+π+π−. This is analogous to the two-body
ADS analysis, and exploits information from both the B± → D0K and B± → D0π±

decays in order to constrain γ. The D0 decay arrives to the four-body final state through
a mixture of intermediate resonances, each decay path carrying its own amplitude and
strong phase, however the analysis is a counting measurement which integrates over all
these paths. This leads to a dilution in the sensitivity to γ, parametarized through a
“coherence factor” which enters the decay rate equations.

• Three-body decays to K0
Sπ

+π− and K0
SK

+K−, which, like the four-body decays, proceed
through a mixture of intermediate resonances. In this case, however, the information on
the strong phases and amplitudes associated with each resonance is used in the analysis,
leading to a greatly improved sensitivity to γ. This is commonly referred to as the GGSZ
method 26, and can be thought of as a simultaneous ADS and GLW analysis due to the
phase variation across the resonance(s) as you move through their peak.

The underlying measurements in all three contributing analyses are very much statistics
limited, and that the dominant systematic uncertainties are related to control modes and are
hence expected to scale with the statistical uncertainty. The observed (5.1σ) suppressed B± →
D0[K±, π±] signals are shown in Fig. 3 for the four-body case in order to illustrate the cleanliness
of the signals, achieved using multivariate selection techniques and LHCb’s PID capabilities, even
in the highest multiplicity final state.

The different measurements are combined using a frequentist technique, first for the B± →
D0K± modes alone, and secondly for all the B± → D0[K±, π±] modes together. The 1 − CL
contours for rKB and δKB are presented for the B± → D0K± combination in Fig. 4, and the
1 − CL contour for γ is presented for both the B± → D0K± only combination and the full
B± → D0[K±, π±] combination in Fig. 5. The fit results are presented in Tab. 1.



Figure 4: The 1− CL contours for (left to right) rKB and δKB for the B± → D0K± combination.

Figure 5: The 1− CL γ contour for the (left) B± → D0K± and (right) B± → D0[K±, π±] combinations.

Table 1: Confidence intervals and central values for γ, rKB , δKB for the B± → D0K± only (left) and for the
B± → D0[K±, π±] combination (right). Central values are local likelihood maxima. All phases are modulo 180◦.

Parameter B± → D0K± only B± → D0[K±, π±]

γ 71.1◦ 63.7◦ 85.1◦

68% CL [55.4, 87.7]◦ [61.8, 67.8]◦ [77.9, 92.4]◦

95% CL [41.4, 101.3]◦ [43.8, 101.5]◦

rKB 0.919 0.0948
68% CL [0.0837, 0.1002] [0.0860, 0.1032]
95% CL [0.076, 0.108] [0.078, 0.111]

δKB 112.0◦ 119.0◦

68% CL [96.5, 124.6]◦ [107.0, 129.1]◦

95% CL [80.6, 134.3]◦ [79.7, 137.9]◦



4 Conclusion

The LHCb detector has operated successfully in 2011, collecting a 1 fb−1 data sample with an
unprecedented statistical reach in the study of many B meson decays. In particular, it has been
able to measure the CKM angle γ with a precision of ∼16◦, which is comparable to the precision
of the full dataset combinations of Belle 27 and BABAR 28. With a further 2 fb−1 data sample,
collected in 2012, on tape, even more precise measurements can be expected soon.
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Latest results from LHCb on B0
(s) → µµ and other very rare decays
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In this review I present the latest updates on the searches for very rare decays to muonic
final states performed within the LHCb collaboration using pp collisions at 7 and 8 TeV
centre of mass energy. Flavour changing neutral current processes, such as K0

s → µ+µ−,
B0

(s) → µ+µ−and B0
(s) → µ+µ−µ+µ−are highly suppressed in the Standard Model (SM)

and are therefore excellent probes of New Physics (NP) processes or heavy particles that can
significantly modify the expected SM rates. Out of the many interesting results obtained by
the LHCb collaboration in the study of rare decays, this review covers in detail the searches
for K0

s → µ+µ−, B0
d → µ+µ−and B0

(s) → µ+µ−µ+µ−decays and the first evidence for the

B0
s → µ+µ−decay.

1 Introduction

The aim of the LHCb experiment 1 at the Large Hadron Collider at CERN is to perform precise
tests of the Standard Model (SM) in the flavour sector, in order to disentangle possible New
Physics (NP) effects.

While the direct evidence of NP processes, like the measurement of the masses and properties
of new particles, will provide an indisputable proof of existence, the accurate analysis of the
transitions occurring in the flavour sector can be a powerful discovery tool, in scenarios where
the NP energy scale is not completely decoupled from the flavour one. Rare decays are excellent
probes of possible NP contributions to the decay rates that are heavily suppressed in the SM
description, like the decays occurring through a Flavour Changing Neutral Current (FCNC)
process. In particular, deviations of the values of the branching fractions (BF) from the SM
predictions of rare FCNC leptonic decays of the B, D and K mesons can give hints of the
presence of NP particles at the tree and loop levels.

The LHCb detector is well suited to study decays with muons in the final states: very
efficient trigger allows to collect events containing one or two muons with very low transverse
momenta; very good momentum resolution δp/p = (0.4 - 0.6)% reflects into excellent invariant
mass resolution (σ(M) ∼ 25 MeV for B two-body decays); the offline muon identification permits
to have a good muon efficiency, ε ∼ 90%, for a muon misidentification rate less than 1% for
1 < p < 100 GeV/c.

The latest results obtained for the search of the K0
s → µ+µ−and B0

(s) → µ+µ−µ+µ−decays,

performed with ∼ 1 fb−1 of pp collisions collected by LHCb in 2011 at
√
s = 7 TeV and of the

B0
(s) → µ+µ−decays, that in addition uses 1.1 fb−1of pp collisions collected by LHCb in 2012 at
√
s = 8 TeV are presented in this review.



2 Search for the Ks → µµ decay.

The measurement of the BF of the rare decay K0
s → µ+µ−(B(KS → µ+µ−)) can provide

very useful information on the short-distance structure of ∆S = 1 Flavour Changing Neutral
Current (FCNC) transitions. This decay is suppressed in the SM and the prediction on its BF2 3

is B(KS → µ+µ−)SM = (5.0± 1.5)× 10−12. The previous best limit on this decay 4, obtained in
1973, is equal to B(KS → µ+µ−) < 3.2 × 10−7 at 90% of C.L. The contributions of NP to the
BF, e.g. from light scalars, are allowed up to one order of magnitude above the SM expectation.

A blind analysis is performed on 1 fb−1 of data collected during 2011 that contains ∼ 1013 KS

within the LHCb acceptance. The main sources of background are due to combinatorial muons
from semileptonic decays and to KS → π+π− decays where both pions are misidentified as
muons, while the contribution from KL → µ+µ− decays is not significant and is thus neglected.

The LHCb mass resolution is exploited to discriminate the KS → π+π− with both pions
misidentified as muons. Moreover, to increase the signal and background separation a multivari-
ate classifier, a boosted decision tree (BDT), based on geometrical and kinematic informations
is used. The number of expected signal events, for a given branching fraction hypothesis, is
evaluated by normalizing to the KS → π+π− events. This normalization reduces the common
systematic uncertainties between the two channels. The modified frequentist method, CLs, is
used for the upper limit determination 5. The CLs curves for B(KS → µ+µ−) are shown in
Fig.1. The observed upper limit is: B(KS → µ+µ−) < 11.0(9.0)× 10−9 at 95 (90)% C.L., with
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Figure 1: Expected CLs (dashed blue line) under the hypothesis to observe background-only. The green (dark)
band covers 68% (1σ) of the CLs curves obtained in the background-only pseudo-experiments, while the yellow

(light) band covers 95% (2σ). The solid line corresponds to the observed CLs.

an improvement of a factor ∼ 30 with respect to the previous best limit.

3 Search for the Bs → 4µ and Bd → 4µ decays.

The B0
(s) → µ+µ−µ+µ− is a FCNC process and takes its largest contribution from the resonant

decay Bs → J/ψφ, in which both mesons decay into two muons and whose BF 6 is (2.3 ±
0.9) × 10−8. In the SM a non-resonant process can also occur through the exchange of a
virtual photon 7 with a B ∼ 10−10. However, NP processes can contribute and enhance the
B(B0

(s) → µ+µ−µ+µ−) by the exchange of new particles at the tree level 8.

The 1 fb−1 data sample collected during the year 2011 by LHCb at the 7 TeV centre of mass
energy has been analyzed using a cut-based selection algorithm tuned using the resonant decay
mode and optimized without using the events falling in the signal region. The combinatorial
background is estimated from the mass sidebands, defined using the mass ranges of 4776-5220
and 5426-5966 MeV/c2, where no signal is expected.



The selection criteria for signal and control channels are based on particle identification,
separation between the B vertex and the primary vertex, the quality of the B decay vertex. A
veto on J/ψ and φ masses is applied to select signal non resonant four muons candidates. All
the non-resonant peaking background yields in the signal region are found to be negligible.

The signal BF is measured by normalizing to B0
d → J/ψ(→ µ+µ−)K∗0(→ K+π−) decays

selected with the same criteria. Systematic uncertainties are evaluated by comparing Monte
Carlo simulation with data.

After unblinding, one event is observed in the Bd signal window and no events are observed
in the Bs window (defined as IM windows of ±40 MeV/c2 around around the nominal B0

(s)

masses), as shown in Fig. 2.
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Figure 2: Invariant mass distribution of non-resonant B0
(s) → µ+µ−µ+µ−candidates. The solid (dashed) black

lines indicate the boundaries of the B0
s (B0) signal window. The blue curve shows the model used to fit the mass

sidebands and extract the expected number of combinatorial background events in the B0
s and B0 signal regions.

Only events in the region in which the line is solid have been considered in the fit.

The number of observed events is consistent with the expected background yields. The
CLs method has been used to evaluate the upper limits on BF 9: B(B0

(s) → µ+µ−µ+µ−) <

1.6(1.2) × 10−8 and B(B0 → µ+µ−µ+µ−) < 6.6(5.4) × 10−9 both at 95 (90)% C.L.

4 Search for B0
s → µµ and B0

d → µµ decays.

Within the SM, B0
(s) → µ+µ−decays are rare processes as they occur only via loop diagrams and

are helicity suppressed. The amplitudes contributing to the branching fraction (B(B0
(s) → µ+µ−)

can be expressed in terms of the scalar (cS), pseudoscalar (cP ) and axial vector (cA) Wilson
coefficients in a general approach 10. Within the SM, cS and cP contributions are negligible
while cA is calculated with a few percent accuracy 11 and leads 12 to a prediction of B(B0

s →
µ+µ−)SM = (3.27± 0.27)× 109 and B(B0

d → µ+µ−)SM = (1.07± 0.10)× 1010 .

Models beyond the SM could contribute to these Wilson coefficients and change significantly
the BF. For instance, within the Minimal Supersymmetric SM (MSSM) in the large tanβ ap-
proximation 13, cMSSM

S,P ∝ tan3β/M2
A, where MA denotes the pseudoscalar Higgs mass and tanβ

the ratio of Higgs vacuum expectation values.

The LHCb experiment, already in summer 2012, was able to set the most restrictive upper
limits 14 on the branching fractions, B(B0

s → µ+µ−) < 4.5 × 109 and B(B0
d → µ+µ−) <

1.0× 10−9 at 95% C.L., by using only the data sample collected at 7 TeV centre of mass energy
collected during 2011. In this review, I present the updated results that uses an additional
1.1 fb−1collected at 8 TeV centre of mass energy in 2012.

The strategy of the analysis is to derive the expected numbers of events of background
and signal for a given B hypothesis and to compare these numbers to the observed ones with
the CLs method 5. The method provides CLs+b(CLb), a measure of the compatibility of the



observed distribution with the signal plus background (background only) hypothesis, and CLs =
CLs+b/CLb which is used to set upper limits on the B. In order to avoid any bias, the mass region
mµµ = [m(B0)− 60MeV/c2,m(B0

s ) + 60MeV/c2] is blinded until the analysis is finalized. For
a given B, the number of events is obtained by normalizing the yields observed in three controls
channels, B0

s → J/ψφ, B0 → K+π and B+ → J/ψK+, by the ratio of the B hypothesis to the
control channel B. The scaling factor corrects also for the different efficiencies between signal
and control channels and for different intial states using fs/fd measured at LHCb 15. For the
analysis of 2012 data sample the B0

s → J/ψφ decay channel was dropped as control channel,
given its large BF uncertainties, and was used only to verify the stability of the fs/fd against
the change in centre of mass energy: no significant change was observed in 2012 data, and the
same value has been thus used for both (2011 and 2012) datasets.

The B0
(s) → µ+µ−candidates are selected by requiring two high quality muon candidates

displaced with respect to any pp interaction vertex (primary vertex, PV), and forming a sec-
ondary vertex separated from the PV in the downstream direction by a flight distance selection.
After the selection, the surviving background comprises mainly random combinations of muons
from semileptonic decays of two different b hadrons (bb̄ → µ+µ−X, where X is any other set
of particles), and from peaking background from B0

(s) → h+h−(h standing for K or π) where
hadrons are identified as muons. The first type of background is reduced by cutting on topolog-
ical and kinematical variables and on a combination of them obtained with a Boosted Decision
Tree (BDT). This selection has an efficiency similar on the signal, normalisation and control
channels. The peaking background is reduced using information from the particle identification
detectors. After this selection, events are classified in bins of the di-muon invariant mass and
bins of a topological variable built with a second BDT. In each bin the expected numbers of
signal and background events are derived. The signal mass shape is assumed to be a Crystal
Ball shape, where the mean and the resolution are obtained on data while the transition point
is derived from simulations.

The BDT shape is obtained on data by extracting with a fit to the mass distribution, in each
BDT bin, the yields of B0

(s) → h+h−. For the combinatorial background, the mass and the BDT
shape are obtained simultaneously by interpolating, in each BDT bin, the mass side-bands into
the signal regions with an exponential function. Finally, the peaking background BDT shape is
assumed to be the same as the signal one (correcting for trigger bias) and the mass shape is taken
from simulations. The total number of peaking backgrounds is derived by a data driven method.
The comparison of the distributions of observed events and expected background events, using
the full (2011 + 2012) data sample, results in a p-value (1-CLb) of 11% for the B0

d → µ+µ−decay.
From our data we constrain the B0

d → µ+µ−branching fraction to be less than 9.4 × 10−10, at
95% C.L. 16, which is the world-best limit from a single experiment. The expected and observed
CLs values are shown in Fig.3 for the B0

d → µ+µ−and B0
s → µ+µ−channels, each as a function

of the assumed BF.

The probability that background processes can produce the observed number of B0
s →

µ+µ−candidates or more is 5 × 10−4 and corresponds to a statistical significance of 3.5σ. The
value of the B0

s → µ+µ−branching fraction is obtained from an unbinned likelihood fit to the
mass spectrum, performed simultaneously in different BDT bins. Figure 4 shows the invariant
mass distribution of selected B0

(s) → µ+µ−candidates (black points) for combined 2011 and 2012
dataset and for BDT>0.7 with the fit results overlaid.

From the fit we obtain16 B(B0
s → µ+µ−) = (3.2+1.4

−1.2(stat)+0.5
−0.3(syst)) × 10−9, which is in

agreement with the SM expectation. This is the first evidence for the decay B0
s → µ+µ−. In

order to compare the upper limit on B(B0
s → µ+µ−) with the theoretical prediction, this value

has to be multiplied by 0.911 ± 0.014, which takes into account the effective lifetime of the Bs
meson 17.

After decades of experimental efforts, the present result represents a major achievement
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Figure 4: Invariant mass distribution of selected B0
(s) → µ+µ−candidates (black points) for combined 2011 and

2012 dataset and for BDT>0.7. The result of the fit is overlaid (blue solid line) and the different components
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d → µ+µ−(green long dashed), B0

(s) → h+h−(pink dotted), B0 →
π−µ+νµ(black dashed), B0(+) → π0(+)µ+µ− (light blue dot dashed), and combinatorial (blue long dashed).

of the LHC. However the current precision on the decay rate is not sufficient to exclude con-
tributions from new physics processes that could also decrease significantly the BF value. In
particular, even if strong enhancements from scalar Higgs have been already ruled out, we start
to experimentally probe only now possible new physics contributions from the semileptonic
operators.

5 Conclusions

In this contribution, the status of some of the rare decays searches and measurements ongo-
ing at LHCb have been reviewed, focusing on the most significant and updated results. The
latest results of the K0

s → µ+µ−and B0
(s) → µ+µ−µ+µ−searches, based on 1 fb−1 collected by

LHCb during the 2011 run, have been presented. The LHCb results on the upper limit on
B(KS → µ+µ−) improves the previous best limit by a factor ∼ 30. At the same time, the
LHCb collaboration was able to set the first experimental limit to date, recently submitted for
publication on Phys. Rev. Lett., in the searches of B0

s → µ+µ−µ+µ− and B0 → µ+µ−µ+µ−

decays.

In November 2012 LHCb presented an update in the searches of B0
(s) → µ+µ−decays, using

a 2.1 fb−1data sample collected at 7 and 8 TeV centre of mass energy. While the B(B0 → µ+µ−)



still escaped the experimental observation, and a corresponding limit B(B0 → µ+µ−) < 9.4 ×
10−10 (at 95% C.L.) has been placed, a first observation of the B0

s → µ+µ−decay has been
reported: B(B0

s → µ+µ−) is measured to be equal to (3.2+1.4
−1.2(stat)+0.5

−0.3(syst)) × 10−9 with a
3.5 σ significance. This is the first observation ever made of this extremely rare Bs meson decay.

Those important results achieved by the LHCb collaboration, are placing severe constraints
on the phase space parameters of many NP models. And still, many improvements are foreseen
in the near future: the full data sample collected in 2012 still has to be fully analyzed, and
the analysis strategies are being re-optimized also using a significantly improved MC statistics.
With those improvements LHCb expects to put even more stringent constraints on the phase
space of many NP models.
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B → K(∗)ℓ+ℓ− @ Low Recoil and Physics Implications

G. HILLER
Institut für Physik, Technische Universität Dortmund, D-44221 Dortmund, Germany

This talk covers recent theoretical progress in exclusive semileptonic rare B-decays at low
hadronic recoil. The efficient parametric suppression of the 1/mb corrections in this region
provides opportunities to probe the Standard Model and beyond at precision level. Notably,
angular analysis allows to simultaneously access electroweak flavor physics and hadronic matrix
elements, the latter of which constitute the leading source of theoretical uncertainty. Ratios
of B → K∗ form factors can already be extracted from present data. A comparison with
existing theoretical determinations by lattice QCD and light cone sum rules gives a consistent
picture over the whole kinematic range. In the future improved analyses will advance our
understanding of non-perturbative methods for QCD and of |∆B| = 1 transitions.

1 Introduction

At the time of the writing of this article, several flavor changing neutral current (FCNC) exclusive
semileptonic |∆B| = |∆S| = 1 transitions have been measured:

• B → K(∗)µ+µ− by BaBar 1, Belle 2, CDF 3 (with the whole CDF data sample of 9.6 fb−1),
LHCb 4 (with 1 fb−1), Atlas 5 and CMS 6.

• Bs → Φµ+µ− by CDF 3, LHCb 7.

• Λb → Λµ+µ− by CDF 3, LHCb 8.

The enormous increase in event rates has made branching ratios and many beyond-basic observ-
ables, such as CP and forward-backward asymmetries and other angular distributions in several
dilepton mass bins available. The dominant fraction of the data originates from hadron collider
experiments, and consists of µ+µ− final states. Note, however LHCb’s study at low dielectron
mass 9.

Different theory descriptions apply to the kinematic regions of large and low hadronic recoil.
The former corresponds to small dilepton masses

√

q2 below the mass of the J/Ψ and is accessible
to QCD factorization 10. The low recoil region corresponds to large

√

q2 ∼ O(mb), above the
Ψ′ mass, and is treated with an operator product expansion (OPE) in 1/Q, Q = {mb,

√

q2}
put forward by 11, for recent works, see 12; for earlier studies on inclusive decays, see 13. Recent
research directions include optimizing the physics reach of the B → Kℓ+ℓ− 14 and B → K∗(→
Kπ)ℓ+ℓ− 15 angular distributions and working out the physics reach at low recoil 16 17 18. While
the phenomenology of the low q2 region has received lots of attention in the past see e.g. 14 19 20

21 22 23 24 25 26 27, the theoretical activities at low recoil are rather recent.
The angular distribution and its theory in Bs → Φ(→ KK)ℓ+ℓ− is analogous to B → K∗(→

Kπ)ℓ+ℓ− decays. For the former decay, however, effects from meson mixing are larger and could



be of relevance 20. b-baryon decays are currently not as developed theoretically as the meson
ones. We note the unique properties regarding Λb and Λ polarization studies 28. We stress that
the theoretical low recoil features are shared by all lepton flavors, and kinematic lepton mass
effects in this region are of order m2

ℓ/m
2
b . Additional flavor splittings can be due to lepton flavor

violating contributions to b → sℓ+ℓ− transitions 14 18.

We briefly review the beneficial properties of the low recoil region in Section 2. Extractions
of hadronic form factor ratios from low recoil data 29 30 are presented in Section 3. Note the
recent developments in lattice estimations of B → K(∗) form factors 31 32, which directly apply
in this regime. The improved New Physics reach in selected low recoil B → K∗ℓ+ℓ− observables
18 is demonstrated in Section 4. We conclude in Section 5.

2 Benefits of low recoil

When combined with the improved Isgur-Wise heavy quark form factor relations the OPE 11

predicts a simple structure for the B → K∗ℓ+ℓ− transversity amplitudes in terms of universal
short-distance coefficients CL,R and form factors fi as

AL,R
i (q2) ∝ CL,R(q2) · fi(q

2) + O(αsΛ/mb, [C7/C9]Λ/mb), i =⊥, ||, 0. (1)

As can be seen, the power corrections receive additional parametric suppressions, and are below
the few percent level. Eq. (1) has powerful phenomenological consequences 16 18. It allows to
define new observables which do not depend on form factors a, as

H
(1)
T (q2) ≡

√
2J4

√

−Jc
2 (2Js

2 − J3)
, (2)

H
(2)
T (q2) ≡ βlJ5

√

−2Jc
2 (2Js

2 + J3)
, (3)

H
(3)
T (q2) ≡ βlJ6s

2
√

(2Js
2 )2 − J2

3

, (4)

H
(4)
T (q2) ≡ 2J8

√

−2J2c (2J2s + J3)
, (5)

H
(5)
T (q2) ≡ −J9

√

(2J2s)2 − J2
3

, (6)

and corresponding CP asymmetries. Here βl =
√

1 − 4m2
ℓ/q

2. The angular coefficients Jk =

Jk(q2) can be extracted from the B → K∗(→ Kπ)ℓ+ℓ− angular distribution. Briefly, H
(4,5)
T are

SM null tests and sensitive to right-handed FCNCs, whereas H
(2,3)
T probe similar flavor couplings

as the forward-backward asymmetry AFB ∝ [J6s +J6c/2]/[dΓ/dq2], however, with much reduced
hadronic uncertainties, see Section 4.

While present data are consistent with the SM and the low recoil framework, the machinery
behind Eq. (1) can be cross-checked model-independently. To do so we introduce the (complex-
valued) parameters ǫi, i =⊥, ||, 0, and write AL,R

i ∝ CL,R fi(1 + ǫi). As indicated in Eq. (1), the
generic size of the ǫi from the in principle known power corrections is a few percent. While these
next-to-leading order 1/mb corrections have been worked out 11, only little is known presently
on the additional heavy quark form factors they depend on. The ǫi-ansatz allows further to

aNote that this holds in the most general dimension six s̄bℓ̄ℓ operator basis except for H
(2)
T which becomes

form factor dependent in the presence of scalar contributions 18.



quantify corrections from beyond the OPE, such as duality violating effects. Specifically, the
size of the ǫi can be probed with the null tests

J7 = O(Im[ǫ]) + O(Im[CT (T5) C∗
S(P )]) + O(mℓ/Q CS,T5), (7)

|H(1)
T | − 1 = O(ǫ2) + O(Λ2/Q2 |CT (5)|2). (8)

As indicated, a potential New Physics background arises in the presence of tensor CT (5) and/or
scalar contributions CS,P . The best reach is found to be in J7, which can probe ǫi at the few

percent level. If tensors are neglected |H(1)
T | − 1 becomes comparable or better 18.

Presently, none of the H
(i)
T has been measured yet, however, once more information on

the angular distribution becomes available they are very useful observables due to their high

sensitivity to the |∆B| = 1 transitions. All H
(i)
T maintain good sensitivity at large recoil 26.

Eq. (1) allows further to identify observables which are independent of short-distance coef-
ficients. These include the already measured fraction of longitudinally polarized K∗, FL, and

the transverse asymmetry A
(2)
T

19. Both can be used to extract hadronic matrix elements from

B → K∗ℓ+ℓ− data 29, see Section 3. Note that the short-distance independence of FL and A
(2)
T

at low recoil would be spoiled by beyond the SM right-handed FCNCs. However, at low q2 A
(2)
T

is highly receptive to the latter, while being a SM null test. Since data on A
(2)
T are consistent

with the SM and there is no other observation of such effects we neglect them here. Improved
data and global analyses will reveal whether such effects are contributing to b → s transitions.

3 B → K∗ form factors data versus theory

At low recoil the transversity amplitudes AL,R
i , i =⊥, ||, 0 are related, see Eq. (1). It follows

that the short-distance coefficients CL,R drop out in specific observables:

FL(q2) =
|AL

0 |
2+|AR

0 |2
∑

X=L,R
(|AX

0 |2+|AX
⊥
|2+|AX

‖
|2)

=
f2
0

f2
0 +f2

⊥
+f2

‖

, (9)

A
(2)
T (q2) =

|AL
⊥|2+|AR

⊥|2−|AL
‖
|2−|AR

‖
|2

|AL
⊥
|2+|AR

⊥
|2+|AL

‖
|2+|AR

‖
|2

=
f2
⊥−f2

‖

f2
⊥

+f2
‖

, (10)

and form factor ratios fi/fj can be extracted from the corresponding data. For other observables

with this property see 18. Last year first measurements of FL and A
(2)
T have become available,

leading to first data-driven fits of B → K∗ form factor ratios over the whole kinematic region 29,
see Fig. 1. Here, the lattice and light cone sum rules (LCSR) results are shown for comparison
only (they are not included in the fit) and stem from 32 33 and 34, respectively. The q2-shape in
the fit is based on a series expansion in z = z(q2, t0) where |z| ≤ 1 as

fi(q
2) ∝ (

√

−z(q2, 0))m(
√

z(q2, t−))l

z(q2,m2
Ri

)

∑

k

αi,k zk, z(t, t0) =

√
t+ − t −√

t+ − t0√
t+ − t +

√
t+ − t0

. (11)

Here t± = (mB ± mK∗)2 and l = 1, 0, 0 and m = 1, 1, 0 for i =⊥, ‖, 0, respectively. The latter

adjusts the kinematic behaviour, f⊥ ∝
√

q2λ̂V , f‖ ∝
√

q2A1 etc. in terms of the standard form
factors V,A1,2. The factor z(q2,m2

Ri
)−1 corresponds to the off-shell poles from axial mR = 5.83

GeV (i =‖, 0) and vector mR = 5.42 GeV (i =⊥) B∗
s mesons, respectively. The best-fit result

in the lowest order series expansion (SE) is obtained as α‖/α⊥ = 0.43+0.11
−0.08, α0/α⊥ = 0.15+0.03

−0.02
29. The t0-dependence drops out at this order.

The fitted form factor ratios at q2 = 0 along with LCSR predictions 34,35 are compiled in
Table 1. The preliminary fit SE2013 30 includes the most recent data 3 4 5 6 and supersedes the



Figure 1: The data-extracted form factor ratio V/A1 at 1σ (dark) and 2σ (lighter colored band). The data points
and the hatched region denote lattice 32 33 and LCSR 34 estimations, respectively, see text. Figure taken from 29.

Table 1: Form factor ratios at q2 = 0 from B → K∗µ+µ− data at low recoil versus theory estimations, see text.
The fits are to the lowest order series expansion (SE). The (preliminary) result SE201330 includes the most recent
data 3 4 5 6 and supersedes SE. Table adapted from 29, see text. ∗Errors symmetrized and added in quadrature.

SE SE2013 LCSR∗ 34 LCSR∗ 35 LEL

V (0)/A1(0) 2.0 ± 0.4 1.6 ± 0.3 1.4 ± 0.2 1.5 ± 0.9 1.3 + O(1/mb)
A1(0)/A2(0) 1.2 ± 0.1 1.1 ± 0.0 1.1 ± 0.2 1.0 ± 0.7 -

SE fit. One observes that the fitted value of V/A1 is somewhat larger than the LCSR ones and
larger than the symmetry-based prediction in the large energy limit (LEL) 36,

V (q2)/A1(q
2) = (mB + mK∗)2/(m2

B + m2
K∗ − q2), (12)

which receives no αs-corrections at leading power 37, i.e., V (0)/A1(0) = 1.3 + O(1/mb). This
tendency has decreased with the new 2013 data, but even before, in the SE fit, there was
agreement within ∼ 1σ.

Overall, the data-extracted form factor ratios and their extrapolations are found to be cur-
rently consistent with theoretical estimations by different non-perturbative means applicable to
different q2-domains. The fits at low recoil provide direct experimental information on form
factor ratios in this region; this is useful for lattice estimations as a future benchmark test.
Extrapolations to the low q2 range are more sensitive to the parametrization of the slope. Fits
to a more involved shape than the lowest order series expansion require some input from large
recoil to be predicitive at large recoil 30. To proceed it would be useful if in addition to the
form factors itself also their ratios could be provided in theoretical estimations. Note, that the
lattice and LCSR based ratios shown in Table 1 and Fig. 1 are obtained for lack of correlation
information assuming gaussian error propagation. In addition, with finer binning the sensitivity
to the q2-shape would increase, however, this needs to be done while watching the OPE.

4 Probing New Physics

The reach in low recoil-integrated B → K∗ℓ+ℓ− observables versus the ratio of Wilson coefficients
|C9/C10| is shown in Fig. 2. The blue (broad) band corresponds to AFB, which is form factor

dependent, whereas the thin light-colored band belongs to the form factor-free observables H
(2,3)
T .

Note that H
(2)
T = H

(3)
T in the SM operator basis.

The reach in low recoil-integrated CP-asymmetries versus the Wilson coefficient C′
10 is shown

in Fig. 3. All asymmetries shown are SM null tests. The gold curve with the steepest slope

corresponds to the CP-asymmetry of H
(4)
T , whereas the blue curve with the next-to-steepest



Figure 2: Sensitivity to |C9/C10| in AFB (blue, wide band) and H
(2,3)
T (gold, thin band) integrated over the low

recoil region q2

∼
> 14.2 GeV2. The vertical (green) band denotes the SM prediction. Figure taken from 18.
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Figure 3: The sensitivity of various B → K∗ℓ+ℓ− CP-asymmetries to New Physics in C′
10. Figure taken from 18.

slope to Aim/AFB = J9/J6s ∝ H
(5)
T /H

(3)
T , respectively. Both asymmetries are form factor-free;

the other two CP asymmetries A8,9
20 are not, and exhibit larger uncertainties than the former.

5 Conclusions

Smaller uncertainties in the measurements and access to further observables in exclusive b → sℓℓ
modes are expected to come from the LHC experiments in the nearer future, especially for muons.
Belle II and a possible super flavor factory provide opportunites for other flavors in the final
states as well, including inclusive decays, electrons, neutrinos and possibly taus.

For a clear interpretation of the data at precision level parametric (form factors, CKM, ...)
and systematic inputs (framework, power corrections, ...) need to be disentangled from the
|∆B| = 1 couplings. The important feature in B → V ℓ+ℓ− decays at low recoil is the ability to
access these inputs individually. Amended by other information, such as improved calculations
of the hadronic matrix elements or complementary measurements this gives way to a map of the
b → s flavor structure at the weak scale; the b → d one is already at the horizon.
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19. F. Krüger and J. Matias, Phys. Rev. D 71, 094009 (2005) [hep-ph/0502060].
20. C. Bobeth, G. Hiller and G. Piranishvili, JHEP 0807, 106 (2008) [arXiv:0805.2525 [hep-

ph]].
21. U. Egede, T. Hurth, J. Matias, M. Ramon and W. Reece, JHEP 0811, 032 (2008)

[arXiv:0807.2589 [hep-ph]].
22. W. Altmannshofer et al., JHEP 0901, 019 (2009). [arXiv:0811.1214 [hep-ph]].
23. E. Lunghi and A. Soni, JHEP 1011, 121 (2010) [arXiv:1007.4015 [hep-ph]].
24. D. Becirevic and E. Schneider, Nucl. Phys. B 854, 321 (2012) [arXiv:1106.3283 [hep-ph]].
25. D. Das and R. Sinha, Phys. Rev. D 86, 056006 (2012) [arXiv:1205.1438 [hep-ph]].
26. S. Descotes-Genon, T. Hurth, J. Matias and J. Virto, arXiv:1303.5794 [hep-ph].
27. Talk by J. Virto, these proceedings; S. Descotes-Genon, T. Hurth, J. Matias and J. Virto,

arXiv:1305.4808 [hep-ph].
28. G. Hiller, M. Knecht, F. Legger and T. Schietinger, Phys. Lett. B 649, 152 (2007) [hep-

ph/0702191].
29. C. Hambrock and G. Hiller, Phys. Rev. Lett. 109, 091802 (2012) [arXiv:1204.4444 [hep-

ph]].
30. C. Hambrock, G. Hiller, S. Schacht and R. Zwicky, DO-TH 13/13, in preparation.
31. USQCD collaboration, Whitepaper ”Lattice QCD and High-Intensity Flavor Physics”,

November 11, 2011.
32. Z. Liu et al., arXiv:1101.2726 [hep-ph].
33. D. Becirevic, V. Lubicz and F. Mescia, Nucl. Phys. B 769, 31 (2007) [hep-ph/0611295].
34. P. Ball and R. Zwicky, Phys. Rev. D 71, 014029 (2005) [arXiv:hep-ph/0412079].
35. A. Khodjamirian, T. Mannel, A. Pivovarov and Y. Wang, JHEP 1009, 089 (2010)

[arXiv:1006.4945 [hep-ph]].
36. J. Charles et al., Phys. Rev. D 60, 014001 (1999) [hep-ph/9812358].
37. G. Burdman and G. Hiller, Phys. Rev. D 63, 113008 (2001) [hep-ph/0011266].



B → K∗``: The New Frontier of New Physics searches in Flavor

Sebastien Descotes-Genona, Tobias Hurthb, Joaquim Matiasc, Javier Virtoc,∗∗
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Abstract

The exclusive decay mode B → K∗`` has become one of the key players in the search for New Physics

in flavor. An increasing number of observables are being studied experimentally, and with increasing

precision. Its theoretical description is well under control, and an interesting set of clean observables

have been identified, reducing further the theoretical uncertainties. Model-independent analyses show

that in the near future this mode will either reveal NP through a pattern of correlated deviations from

the SM, or pose very stringent constraints on radiative and semileptonic operators.

1 Theoretical and Experimental status of B → K∗``

The exclusive B → K∗`` decay is today among the most promising b→ s penguin modes due to
recent theoretical and experimental developments. Pioneering experimental analyses have been
performed at the B-factories and the Tevatron 1,2,3, providing measurements of the branching
ratio and some rate asymmetries based on a few hundred events. However, it is LHCb that has
opened the door to precision measurements of the full angular distribution 4.

The decay is mediated by an effective hamiltonian that can be split in a “semileptonic”
and a “hadronic” part, Heff = Hsl

eff +Hhad
eff . The semileptonic hamiltonian is composed by the

electromagnetic operators O(′)
7γ and the semileptonic operators O(′)

9,10,S,P,T , all of which receive
potential New Physics (NP) contributions. The corresponding amplitude factorizes trivially in
the naive sense:

Asl = 〈K∗``|Hsl
eff |B〉 =

∑
i

fi(C7, C7′ , · · ·)FB→K
∗

i , (1)

where fi are short-distance functions and Fi(q
2) are (seven) B → K∗ form factors, with q2 the

momentum transfer to the lepton pair.
The hadronic hamiltonian is composed by four-quark (and chromomagnetic) operators and

contributes to the semileptonic amplitude through the matrix element of the non-local operator
T{jµem(x)Hhad

eff (0)}, where jµem is an electromagnetic quark current:

Ahad = i
e2

q2
〈`+`−|l̄γµl|0〉

∫
d4x eiq·x〈K∗|T{jµem(x)Hhad

eff (0)}|B〉. (2)

This amplitude is non-factorizable in part, and it is not expected to receive any significant New
Physics contributions due to the existing constraints from non-leptonic B decays.

The theoretical difficulty with this exclusive decay is therefore two-fold: 1) determination of
the hadronic form-factors, and 2) computation of the hadronic contributions.

∗∗ Speaker
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Figure 1: Tensor form factors T1 (left) and T2 (right) at low recoil, obtained from V and A1 in Ref. 10 after
imposing the HQET relations for R1 = T1/V , R2 = T2/A1, and including a 20% Λ/mb correction (green bands).

The three sets of lattice data points correspond to the three sets of lattice QCD results in Table 1 of Ref. 12.

A crucial step in the computation of the hadronic contributions consists in the identification
of appropriate effective expansions in different regions of phase space. In the region of large
recoil of the kaon (EK∗ � ΛQCD), an expansion in Λ/mb and Λ/EK∗ can be performed. Up
to perturbative and power corrections, all form factors can be expressed in terms of two “soft”
form factors ξ‖,⊥

5. One may also resort to QCDF/SCET to factorize the matrix elements 6. The
hadronic amplitude may then be written as

Ahad = Caξa + ΦB ⊗ Ta ⊗ ΦK∗ +O(Λ/mb) (3)

where Ca, Ta are perturbative quantities, ξa are form factors and ΦM are distribution amplitudes.
The first term is of the same form as Asl, while the second is not. This amplitude is known to
leading order in Λ/mb and NLO in αs.

In the region of low hadronic recoil, the momentum transfer q2 –which corresponds to the
invariant mass of the dilepton– is large:

√
q2 � EK∗ ,Λ, and one can perform an OPE for the

operator KµH(q) =
∫
d4x eiq·x T{jµem(x)Hhad

eff (0)} 7,8:

KµH(q) =
∑
i

Ci(q)Oµi . (4)

Counting q2 ∼ m2
b as same order in the power counting, the coefficients scale as Ci ∼ m3−d

b

where d is the dimension of the corresponding operator Oµi ; these operators start at dimension
3. The OPE might be performed within HQET 7 or using the full QCD b-quark fields 8, and
it is known up to operators of dimension 5 (of order (Λ/mb)

2). Within HQET several form
factor relations arise, similarly to the case of large recoil 7,9, which allows to build several “clean
observables” 9 in the low recoil region (see Section 2).

Both descriptions at low and large recoil are affected by potential corrections that are difficult
to estimate. At large recoil, non-factorizable power corrections are unknown and could give non-
negligible contributions to the amplitude as well as to the form factor relations. Long-distance
effects from charm or light-quark loops could also play a role. Charm-loop effects are assumed
to be more relevant since they are not suppressed by small CKM elements or small Wilson
coefficients. These contributions have been studied recently 10, and it has been argued that
their contribution to positive helicity amplitudes is suppressed and under control 11, with the
conclusion that several transverse asymmetries are genuine null tests of the SM. At low recoil,
power corrections to form factor relations could also be an issue, as well as duality violations
to the OPE. Model studies of duality violations suggest that these corrections should be small,
specially when considering observables integrated over sufficiently broad q2 bins 8.
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Figure 2: 〈P1〉, 〈S3〉, 〈PCP
3 〉 and 〈A9〉 in the SM (gray) and in the case of a NP scenario consistent with all

constraints from rare B decays (red and green). In the presence of NP, the uncertainties for non-clean observables
blow up, while clean observables remain clean. A 10% estimate of power corrections is included in the uncertainties.

Form factors have been studied in different contexts. Lattice QCD results are available for
T1 and T2 at low recoil 12. Light-cone sum rules have also been used to estimate the full set of
form factors at maximum recoil, either with light-meson 13 or B-meson distribution amplitudes
(DAs) 10, being the later method less precise due to our yet poor knowledge of the B-meson DA.
Other possibilities that have been explored are the use of Dyson-Schwinger equations 14, or a fit
to the data from short-distance-free asymmetries 15. The conclusion is that all determinations
are compatible among each other if one is willing to accept conservative uncertainties. In Fig. 1
we show the compatibility between: (1) lattice results 12, and (2) T1, T2 obtained from V and
A1 as given in Ref. 10, after extrapolating to the low recoil region and using the HQET form
factor relations with an arbitrary 20% Λ/mb correction.

2 Clean CP-averaged and CP-violating Observables

In order to minimize the theoretical error associated to form factor uncertainties, one may study
certain observables which have a reduced dependence on form factors. These observables are
known as “clean observables”. They have been constructed in the context of B → K∗`` for quite
some time, leading to a large set of interesting observables with varying properties. A rather

complete list of such observables is: A
(i)
T

16,17, A
(re,im)
T

18, Pi
19, M1,2, S1,2

19, P ′i
20 and P

(′)CP
i

21

at large recoil, and H
(i)
T , a

(i)
CP

9 at low recoil.

The rational behind the construction of clean observables in both kinematic regions is the
same. In both cases the form factor ratios R1 = T1/V , R2 = T2/A and R3 = T23/A12 are predic-
tions of the corresponding effective theories: Ri = 1 up to perturbative and power corrections21.
This means that, up to such corrections and up to non-factorizable hadronic contributions to
the amplitudes, the transversity amplitudes are proportional to a single form factor. Moreover,
this form factor is the same for L and R amplitudes:

AL,R⊥ = XL,R
⊥ V (q2) ; AL,R‖ = XL,R

‖ A1(q2) ; AL,R0 = XL,R
0 A12(q2) , (5)

where X⊥,‖,0 are short distance functions. Clean observables are then constructed as ratios of
amplitudes where the form factors cancel. All clean observables constructed in this way are

clean in both kinematic regions, as for example P4 = H
(1)
T or P5 = H

(2)
T . In addition, at large

recoil the ratio R4 = V/A1 is also predicted to be 1 (but not at low recoil). Therefore some

observables such as P1 = A
(2)
T or P3 are clean only at large recoil.

Not all observables built in this way can be obtained exclusively from the angular distri-
bution, as transversity amplitudes contain also information on lepton polarizations. This will
happen only if such observable can be written in terms of the coefficients of the distribution. In
terms of amplitudes, a necessary condition is that the observable respects certain symmetries,
defined as “transformations among the amplitudes that leave the angular distribution invari-
ant” 17. These symmetries are known explicitly in the massless case 17, as well as in the case
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Figure 3: Left: Constraints on the C7-C′7 plane from selected radiative and semileptonic decays (see the text).
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of massive leptons and in the presence of scalar operators 19. As a byproduct of the symme-
try formalism, the number of symmetries allows one to identify the number of experimental
degrees of freedom in each case, pointing to a number of dependencies among the angular co-
efficients in the distribution. Even if in the most general cases all dependencies are lifted and
all coefficients become formally independent (e.g. massive leptons plus scalar effects), it is clear
that, since such effects are generally small, very acute correlations between certain coefficients
will persist. These correlations should be handled with care. One possibility is to disentangle
symmetry-preserving and symmetry-breaking effects already at the level of the observables. A
set of observables that is always independent is composed by, for example, the following set of
8 observables: 19,20: Om`=0 = {dΓ/dq2, FL, P1, P2, P3, P

′
4, P

′
5, P

′
6}. One can then include four

additional clean observables 19: M1,2, S1,2. M1,2 are identically zero in the limit of massless
leptons. They measure the breaking of two dependencies that arise in the massless limit. In
the case of an experimental analysis that has not enough precision to resolve mass effects, these
observables should be put to zero. Analogously, S1,2 measure the breaking of two dependencies
that arise in the scalar-less limit, and should not be considered if scalar operators are much
strongly constrained from elsewhere.

Clean observables have nonetheless a residual dependence on form factors. Perturbative
symmetry-breaking corrections to form factor ratios constitute a (calculable) source of form
factor dependence, as do also (incalculable) power corrections. Another source of form factor
dependence comes from the fact that cancellations are achieved at each value of q2, while real
observables are measured in q2 bins, meaning that theoretically the numerator and the denomi-
nator are integrated separately in q2, and the leading-order cancellation is not exact. In practice,
however, clean observables are seen to be quite clean even after including such calculable correc-
tions and adding estimated power corrections. As an example, 〈P1〉 is noticeably independent
of a variation of the uncertainties of the form factors, while 〈FL〉 is not 22.

There are some examples of observables that are not clean according to the definition adopted
here, but that show very small uncertainties within the SM. For example, at large recoil, S3 and
A9

23 are very close to zero in the SM and with small uncertainties. One might therefore wonder
why to use the corresponding clean observables P1 and PCP

3 instead. The coefficients J3 and J9

of the angular distribution are proportional to the helicity amplitudes H+
V,A. In the SM (and

a large recoil) these helicity amplitudes are very suppressed because the helicity form factors
V+, T+ vanish, and the corresponding hadronic contribution is also suppressed. This is a very
robust statement 11. Since S3, P1 and A9, PCP

3 are respectively proportional to J3 and J9, they
are all genuine null tests of the SM. However this is no longer the case in the presence of nonzero
contributions to C ′7, C ′9 or C ′10. This is shown in Fig. 2, where one can see how the uncertainties



Figure 4: New Physics complementarity of the clean observables 〈P1〉, 〈P2〉, 〈P ′4〉, 〈P ′5〉, exemplified through the
NP benchmark points b2, b3 and b′ defined in Ref. 20, which are NP points compatible with all existing bounds.

in S3 and A9 blow up in the presence of NP, while P1 and PCP
3 are well behaved21. It is therefore

very important to focus on clean observables in NP studies.

3 Model-Independent Constraints and prospects for B → K∗µ+µ−

Rare B decays already constrain quite strongly the possible NP contributions to radiative

and semileptonic operators, being the magnetic operators C
(′)
7 the most constrained. In this

sense, the branching ratio BR(B → Xsγ), the CP asymmetry SK∗γ and the isospin asymmetry
AI(B → Xsγ) reduce very significantly the allowed space in the C7-C ′7 plane. The semileptonic
observables BR(B → Xsµ

+µ−), 〈AFB(B → K∗µ+µ−)〉 and 〈FL(B → K∗µ+µ−)〉 help in ex-
cluding isolated regions away from the SM point (e.g. the “flipped sign” solution for C7), but
only if we ban NP contributions to semileptonic operators (see Fig. 3). Within this scenario,
the prospects from clean observables in B → K∗µ+µ− are excellent, since a measurement of
P1,2 and P ′4,5 in the second experimental bin with a precision of σ ∼ 0.1 would alone already
provide a tighter constraint than the other radiative and semileptonic modes together 20 (see
Fig. 3). Constraints in more general scenarios when some or all semileptonic operators receive
NP contributions can be found in Ref. 20. In this cases, constraints from B → Kµ+µ− and
Bs → µ+µ− can also be relevant. The later has been extensively discussed after its first exper-
imental evidence 24, and the recent SM reevaluation 25, which takes into account the finite Bs
width difference relevant for branching ratio measurements at LHCb 26.

These constraints allow to identify different benchmark NP scenarios consistent with current
bounds that can be used to test the future opportunities of B → K∗µ+µ−. Complementarity
is a crucial feature in this context, since a NP discovery in flavor physics must be backed up by
a full set of correlated deviations from the SM in well theoretically controlled observables. An



Figure 5: Latest results from LHCb on the angular distribution of B → K∗µ+µ− (blue), compared to the
theoretical predictions (orange) from Ref. 21.

example of such New Physics complementarity is shown in Fig. 4. One can see that considering
different observables in different bins is key not only to discover NP, but also to identify it.

4 Conclusions

Among the large set of rare b→ s penguin modes, the exclusive decay B → K∗`` has attracted
a lot of attention recently. This attention is well justified. Experimental analyses are accessing
more and more angular observables, with increasing precision, and the prospects are bright.
On the theory side, complete sets of CP-averaged and CP-violating clean observables in both
kinematic regions of interest are known, and the understanding of the relevant uncertainties is
in good shape. Model-independent analyses show that in the near future B → K∗µ+µ− will
either reveal for the first time an important set of correlated deviations from the SM, or pose
the most restrictive set of constraints on radiative and semileptonic operators.

Latest experimental news are even more exciting. LHCb has reported a measurement of the
observables P1, P2, AFB, FL, S3, S9 and A9 obtained only from the first 1 fb−1 collected at the
detector 27. These results, although still with large uncertainties in some cases, already pose
interesting constraints on NP. In Fig. 5 we show the experimental results for the three bins in
the large recoil region, compared to our SM predictions21. Future analyses with the full data set
collected in the first run of the LHC are certainly much awaited and will have surely a significant
impact on flavor physics.
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Heavy Flavor physics at Tevatron
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The study of CP violation and measurements of rare Flavor Changing Neutral Current
(FCNC) processes play a key role in constraining CKM picture and nailing indirect con-
tributions from new physics beyond the Standard Model. We present here recent results from
CDF and D0 collaborations in this topics, including: direct CP violation studies in two-body
charmless decays of neutral B mesons and in B0

s mixing with semi-leptonic B decays, the
study of b → sµµ transitions properties and an updated measurements of B0

s → µµ search.
The full Tevatron integrated luminosity dataset, corresponding to 10fb−1, is used.

1 Introduction

In the electroweak interaction of the flavor sector, CP violation has been observed in the decay
and mixing of neutral mesons containing strange, charm and bottom quarks. In the standard
model, the flavour structure and quark flavor mixing is described by the Cabibbo-Kobayashi-
Maskawa (CKM) matrix 1, 2 which has a single source of CP violation. Currently all measure-
ments of CP violation, either in decay, mixing or in the interference between the two, have been
consistent with the presence of a single phase in the CKM matrix. An observation of anoma-
lously large CP violation in B mesons can indicate the existence of physics beyond the standard
model (SM) and would lead to a tension in CKM picture. The Tevatron pp̄ collider, exploits
collisions at 1.96 TeV center of mass energy. At the Tevatron b quarks are produced in pairs
with a sizable cross section 3 providing rich samples of bottom-flavored hadrons of all types and
offer the opportunity to explore new territory in the field of B0

s mesons and b-flavored baryons.
This provides privileged access to SM-suppressed processes such as FCNC rare transitions and
CP violation in B hadron decays. Additional information coming from different decays yields
further constraints on the possible explanations of previous findings, and may possibly reveal
new deviations from expectations.

In this paper we focus on a selection of studies on B hadron CP violation and rare decays,
performed or updated recently by CDF and D0 collaborations on the full Tevatron dataset.
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Figure 1: Left: CDF charmless hadronic B → hh′ decay candidates, mππ distribution. The global fit projection
is overlaid on data, different decay mode components are also shown. Right: Combination of D0 results for semi-
leptonic CP asymmetries in the assl, a

d
sl plane. Error bands are ±1σ uncertainties on individual measurement

while ellipses are the 2-dimensional combined CL regions corresponding to 1,2,3 and 4 σ.

2 CP violation in charm-less Bs,d decays at CDF

Direct CP violation is defined by the partial decay-width of a particle into a final state being
different from the width of the corresponding antiparticle into the CP-conjugate final state.
In recent times, the pattern of direct CP violation in charmless mesonic decays of B mesons
has shown some unanticipated discrepancies from expectations. Under standard assumptions of
isospin symmetry and smallness of contributions from higher-order processes, similar CP asym-
metries are predicted for B0 → K+π− and B+ → K+π0 decays refben. However, experimental
data show a significant discrepancy, which has prompted intense experimental and theoretical
activity. Several simple extensions of the standard model could accommodate the discrepancy,
but uncertainty on the contribution of higher-order SM amplitudes has prevented a firm con-
clusion yet. High precision measurements of the violation of CP symmetry in charmless modes
remains, therefore, a very interesting subject of study and may provide useful information to
our comprehension of this discrepancy. Non-leptonic two-body charmless decays of neutral B
mesons (B → hh′, where h is a charged pion or kaon) allow to measure and constrain the
parameters of the CKM matrix along with potential sensitivity to new physics. Asymmetries
up to about 10% are predicted for Λ0

b → pK and Λ0
b → pπ in the SM 5 6, and are accessible

with current CDF data set corresponding to an integrated luminosity of 9.3 fb?1. We select
pairs of oppositely-charged particles with pT > 2Gev/c and pT (1) + pT (2) > 5.5Gev/c, that
form B candidates. The CDF Silicon Vertex Trigger (SVT), directly selecting hadronic heavy
flavor decays, requires also a transverse opening angle 20o < ∆Φ < 135o between the two tracks
for background rejection. In addition, both charged particles were required to originate from a
displaced vertex with a large impact parameter (100µm < d0(1, 2) < 1mm), while the b-hadron
candidate was required to be produced in the primary pp̄ interaction (d0 < 140µm) and to have
travelled a transverse distance LT > 200µm. A Maximum Likelihood fit, including kinematics
and PID information, was performed in order to disentangle the different components of the
resulting mass peak Fig. 1 (left). The signal yields are calculated from the signal fractions
returned by the likelihood fit. To determine the physical asymmetries these yields are corrected
for detector-induced charge asymmetries extracted from control samples in data. The measure-
ment of ACP (B0 → K+π−) =?0.083 ± 0.013 ± 0.003 is consistent with current results from
asymmetric e+e colliders ? and LHCb 8. The ACP (B0

sK
−π+) = 0.22 ± 0.07 ± 0.02 result

confirms the LHCb evidence 8. An average value of the CDF and LHCb ACP (B0
s → K−π+)

results, < ACP (B0
s → K+π−) >= +0.242 ± 0.054, represents a strong evidence of CP vi-



olation in the B0
s mesons system with a 4.5σ significance. The observed asymmetry in the

Λ0
b → pK decays, ACP (Λ0

b → pπ−) = 0.07 ± 0.07 ± 0.03, and in the Λ0
b → pK− decays,

ACP (Λ0
b → pK−) = −0.09 ± 0.08 ± 0.04, are consistent with zero. However, the limited ex-

perimental precision does not allow a conclusive discrimination between the standard model
prediction (8%) and much suppressed values ( 0.3%) expected in R-parity violating supersym-
metric scenarios 6.

3 CP violation in Bs and Bd semi-leptonic decays at D0

An observation of anomalously large CP-violation in B0
s oscillations can indicate the existence

of physics beyond the standard model 9. Measurements of the like-sign di-muon asymmetry by
the D0 Collaboration 10 show evidence of large CP-violating effects using data corresponding to
∼ 9fb−1 of integrated luminosity. Assuming that this asymmetry originates from mixed neutral
B mesons, the measured value is Absl = Cda

d
sl + Csa

s
sl = [−0.787 ± 0.172(stat) ± 0.021(syst)]%

where a
s(d)
sl is the time integrated flavor-specic semi-leptonic charge asymmetry in B0

s (B0
d) decays

that have undergone flavor mixing and Cs(Cd) is the fraction of B0
s (B0

d) events. The SM predicts
a tiny value for assl = (1.9±0.3)×10−5, 9 that is negligible compared with current experimental
precision. However its value is extracted from the Absl measurement and found to be assl =
(−1.81 ± 1.06)% 10. D0 performed also an independent measurement of assl using the decay
B0
s → D−s µ

+X where D−s → φπ− and φ → K+K−. The flavor of the B0
s meson at the time

of decay is identified using the charge of the associated muon, and this analysis does not make
use of initial-state tagging. The fraction of mixed events integrated over time is extracted using
Monte Carlo simulations. We assume no production asymmetry between B0

s and B̄0
s mesons, and

that any CP violation only occurs in mixing. The analysis strategy is to extract assl by counting
the number of reconstructed B0

s → µ+D−s X decays, corrected for detector-related asymmetries
and by the fraction of reconstructed D−s → φπ− decays (F osc) that originate from the decay
of a B0

s meson after oscillation in its antiparticle, hence assl = (A − Adet)/F
osc. The data

are collected with a suite of single and di-muon triggers. The selection and reconstruction
of µ+D−s X decays requires tracks and muon with standard good quality requirements. In
addition, muons are required to match tracks reconstructed in the central tracking system,
with momentum p > 3GeV/c and 2 < pT < 25GeV/c. The φ → K+K−, coming form the
D−s → φπ− decay, is reconstructed if two tracks with pT > 0.7GeV/c, opposite charge, and a
mass M(KK) < 1.07GeV/c2 are reconstructed in the kaon hypothesis. A third track is required
with 0.5 < pT < 25GeV/c to be consistent with a charged pion and to have opposite charge
to the muons one. The three tracks are combined to create a common D−s decay vertex. This
vertex is required to be displaced in the transverse plane from the pp̄ interaction vertex, with
a significance (LT /σLT ) of at least 4 standard deviations. Kinematic requirements assure that
the trajectories of the muon and Ds candidates originate from a common vertex (assumed to be
the B0

s decay vertex). An effective mass consistent with B0
s semi-leptonic decays, is selected to

be 2.6 < M(µ+D−s ) < 5.4GeV/c2. A LT /σLT > 4 cut on the B0
s decay vertex is also applied.

A likelihood ratio combining several discriminating variables, improves the significance of the
B0
s selection. The number of events is extracted by fitting the M(KKπ) data distribution to an

appropriate model. The resulting time-integrated flavor-specific semi-leptonic charge asymmetry
is found to be assl = [−1.12±0.74(stat)±0.17(syst)]% superseeding the previous D0 measurement
10, and in agreement with the SM prediction. A combination with the measurements of adsl from
B factories and di-muon asymmetries results from D0 collaborations 10 leads to the results
in Fig. 1 (right). The results are assl = (−1.42 ± 0.57)% and adsl = (−0.21 ± 0.32)% with a
correlation of -0.53, which is a significant improvement on the previous measurement precision
10. These results have a probability of agreement with the SM of 0.28×10−2 , which corresponds
to 3.0 standard deviations from the SM prediction.



Figure 2: Signals of b→ sµ+µ− transitions for B0
s → φµ+µ− (Left) and for Λ0

b → Λ0µ+µ− (Right) modes after
selection, in 9.6 fb-1 of data collected by the CDF detector with di-muon trigger.

4 Studies on b→ sµ+µ− decays at CDF

In the SM framework, b → sµ+µ− transitions are dominated by FCNC processes that are
mediated by electroweak box and penguin type diagrams. A new physics process could enhance
the decay amplitude and it might be seen as an interference with the SM amplitude. Therefore
we measure various observables related to the magnitude or the complex phase, like branching
ratio, polarization or forward-backward asymmetry, the isospin asymmetry between neutral and
charged B mesons. CDF selects two oppositely charged muon candidates with a momentum
transverse to the beam-line, pT , greater than 1.5 or 2.0 GeV/c, depending on the trigger
selection. Hb → hµ+µ− events are reconstructed as signal candidates and HbrightarrowJ/Ψh
events as normalization channels, where Hb is a b-hadron (B0, B+, B0

s or Λ0
b) and h stands for

a K+,K∗0(+),K0
S , φ or Λ. For the K+,K∗0(+),K0

S , φ and Λ, K+π−,K0
Sπ

+,K+K− and pπ−

combination are used respectively. The K0
S meson is reconstructed in the π+π− decay mode.

To enhance separation of signal from background we employ an artificial neural network (NN)
technique. The signal yield is obtained by an un-binned maximum log-likelihood fit of the Hb

invariant mass distribution. With 9.6fb−1 of data 11, the signal yields are: 323 ± 24 (B+ →
K+µ+µ−), 228±20 (B0 → K?0µ+µ−), 32±8 (B0 → K0

Sµ
+µ−), 24±6 (B+ → K∗+µ+µ−), 62±9

(B0
s → φµ+µ−) and 51±8 (Λ0

b → Λ0µ+µ−), with respectively 15.6σ, 16.8σ, 4.6σ, 4.2σ, 8.9σ and
7.6σ statistical significances. This is the first observation for the Λ0

b → Λ0µ+µ− mode. In Fig.
2, signals for Bs (left) and Λ0

b (right) are shown. Obtained yields are consistent with theoretical
expectations. Along with the branching fractions of rare decays, CDF measured a number of
sensitive observables. We report here only the results of isospin asymmetry as example, see
Fig. 3 (left), between neutral and charged B mesons, AI(B → Kµ+µ−) = [−0.11± 0.13(stat)±
0.05(syst)] × 10−6 and AI(B → K∗µ+µ−) = [0.16 ± 0.14(stat) ± 0.06(syst)] × 10−6. Other
measurements are referenced in the original paper 11.

5 Search for Bs → µ+µ− decay at D0

The B0
s → µ+µ− rare decay is also dominated by FCNC process. The decay rate is further

suppressed by the helicity factor, (mµ/mB)2. The SM expectations for the branching fraction
is BR(B0

s → µ+µ−) = (3.42 ± 0.54) × 10−9 12. As many new physics models can enhance
the BR significantly, these decays provide sensitive probes for new physics. D0 selects two
high-quality muon candidates with opposite-charge and a di-muon invariant mass window of
4.0 < m(µ+µ−) < 7.0GeV/c2. The muon candidates are required to have a pT > 1.5GeV/c,
a pseudorapidity |η| < 2 and to form a good three-dimensional vertex well separated from the



Figure 3: Left: CDF analysis of b → sµ+µ− Isospin Asymmetry as a function of µ+µ− pair q2 for charged B
mesons. Right: D0 µ+µ− invariant mass distribution after un-blinding in the search for rare Bs → µ+µ− decay.

primary pp̄ interaction. These criteria are intended to be fairly loose to maintain high signal
efficiency, with further discrimination provided by multivariate technique (Boosted Decision
Tree, BDT). The event selection is checked with control samples of B±J/ → J/ΨK±. This
analysis was performed within the relevant di-muon mass region (between 4.9 and 5.8 GeV/c2)
kept blinded until all analysis procedures were finalized, see Fig. 3 (right). Expectation in that
region for a SM signal is of 1.23 ± 0.13 events and a background of 4.0 ± 1.5 events. After
unblinding 3 events were observed which is compatible with background hypothesis. An upper
limit on the branching fraction is set to BR(B0

s → µ+µ−) < 1.5× 10−8 at the 95% C.L. 13.

6 Summary and conclusions

This selection of results presented here, highlights the rich legacy in CP violation and search for
new physics in heavy flavor from the Tevatron experiments. They successfully opened the way to
experimental strategies now also in use at the LHC, to reach high precision in hadronic collision
environment, producing results which were complementary and competitive to B factories in the
last decade.
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HEAVY FLAVOR MEASUREMENTS AT LHC
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The measurements in the area of heavy flavor physics, produced by Winter 2013 by the ATLAS
and CMS experiments at LHC, are reviewed with focus on the most recent results.

1 Introduction

The majority of the results on heavy flavor physics produced so far by the ATLAS1 and CMS2

experiments are based on the limited statistics of about 40 pb−1 per experiment collected in
the 2010 LHC run at

√
s = 7 TeV. The relatively low luminosity and pileup allowed to select

interesting events with inclusive low transverse momentum single or di-muon triggers, exploit-
ing semileptonic decays of heavy flavors and J/ψ → µ+µ− decays. The measurements based
on the 2011 data set, consisting of about 5 fb−1 per experiment, with an average number of
interactions per crossing ranging from 6 to 12, have been performed thanks to dedicated J/ψ,
Υ and B → µ+µ− triggers, with invariant mass selection and common vertex fit for the two
muons. The main topics that have been investigated so far are inclusive and exclusive heavy
flavor production, properties of well known and new hadrons with beauty, studies of the cc̄ and
bb̄ bound states, precision measurements of the Bs system for CP violation studies and searches
for rare decays. The results, summarized in this report, anticipate more and better contributions
to the understanding of heavy flavor physics which will come with the analysis of the larger and
still unexploited 2012 data set.

2 Inclusive heavy flavor production

Several measurements of inclusive heavy flavor production were produced by ATLAS and CMS:
inclusive differential cross section of muons (µ) and electrons (e) from c- and b-quark decays3,
b-jet inclusive production via secondary vertex identification or semileptonic decays to muons4,5

and b-jet inclusive pair-production5,6. They have shown that QCD NLO matrix element calcu-
lation and next to leading logarithms resummation at high pT (as implemented, for example, in
the FONNL calculation7) are necessary in order to describe the data with good accuracy. Inclusive
b-pair production is well reproduced by all Monte Carlo (MC) generators. The double differen-
tial pT, y distribution of inclusive b-jets is well predicted by POWHEG8, based on a NLO matrix
element matched to the PYTHIA9 parton shower. On the other hand, MC@NLO10, implementing
the same fixed order pQCD approximation but interfaced to the HERWIG11 parton shower, fails
to predict the inclusive b-jet rate in some regions of the phase space. A few distributions from
these studies are shown in Fig.1 (left and center). The detailed modeling of events with heavy
quarks, which are often important backgrounds for searches of new phenomena and Higgs stud-
ies, requires in the generators the tuning of phenomena not described by perturbative QCD.
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Figure 1: Left: ATLAS inclusive differential production cross section for muons from heavy flavor decays3. Center:
CMS inclusive b-jet production cross section as a function of pT for several rapidity bins4. Right: differential B±

production cross section measured by ATLAS13, compared with theory predictions and with CMS results.

A variety of measurements12 hint to mis-modeling of specific aspects, like b-fragmentation and
relative relevance of heavy flavor production mechanisms, and they offer a valuable input for
MC tuning.

3 Exclusive B-hadron measurements and rare states

The production cross section for B+, B0 and Bs was measured14 with the 2010 data by CMS
and compared with the MC@NLO predictions, which are typically underestimating the measured
values, although in agreement with them within the theory uncertainties (currently larger than
the experimental errors). A recent high statistics measurement of the differential production
cross section of B+ has been produced with 2.4 fb−1 of data collected in 2011 by ATLAS13.
A large sample of B± has been reconstructed through the decay in J/ψ(µ+µ−)K±; fiducial
measurements of dσ/dpT (see Fig.1, right) and dσ/d|y| have been obtained after correcting
the event yield for detector efficiency and acceptance. The comparison with theory predictions
confirms the good agreement between data and the FONNL calculation as well as the POWHEG

generator interfaced with PYTHIA.

The large sample of 2011 has been exploited by the LHC experiments for measurements of
rarer b-hadrons, like Λb

15,16,17. Λb is reconstructed through the four particle final state µ+µ−pπ−

reached via the decay to ΛJ/ψ. The main background, coming fromB0
d → J/ψ(µ+µ−)Ks(π

+π−),
which has a similar event topology, is rejected via a direct veto on the Ks mass. The signal
yield is extracted from a fit to the Λb peak in the invariant mass distribution emerging over the
combinatorial background, dominated by J/ψ from B decays. CMS measured the differential
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Figure 2: Left: CMS measurement15 of dσ/dpT for Λb, exhibiting a steeper pT dependence than observed for
B-mesons. Center: ATLAS projection of the fit results on the proper decay time distribution of Λb candidates

selected for the measurement of the lifetime16. Right: CMS observation18 of Bc in the Jψπ+π−π+ decay.
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to ψ(2S). Right: CMS evidence22 for structures in the J/ψφ spectrum from B+ → J/ψφK+ decays.

production cross section15 of Λb times the branching fraction to ΛJ/ψ and the ratio σ(Λ̄b)/σ(Λb)
as a function of y. The pT spectrum is found to be softer than for B mesons (see Fig.2, left);
this observation suggests a dependency of the b-quark fragmentation fraction on pT which might
explain the apparent disagreement between the measurement of the fragmentation fraction to Λb
at LEP and at Tevatron, where the b-quarks have an average momentum lower than in jets from
Z decays. No baryon/anti-baryon asymmetry is observed within the statistical and systematic
errors. ATLAS performed a measurement16 of the mass and lifetime of Λb, with an unbinned
maximum likelihood fit to the candidate invariant mass and proper decay time. In Fig.2 (center)
the projection of the fit result in the proper decay time distribution and the data are shown. The
measurements are in agreement with the previous world average values and the lifetime from
ATLAS, τΛb

= 1.449± 0.036(stat)± 0.017(syst) ps, is currently the most precise determination
of this parameter. A preliminary measurement17 of τΛb by CMS is consistent with the ATLAS
result. ATLAS and CMS collected evidence18,19 for the rare and interesting Bc meson, consisting
of a b and a c quark. After selecting an opposite-sign muon pair and a π track originating from
a common secondary vertex and fitting the kinematics of the three particle vertex, a peak in the
J/ψπ± invariant mass distribution is observed with a significance of 5 and 10 σ in ATLAS and
CMS respectively. In addition, CMS18 has observed, with a significance of 6 σ, the signal in the
decay channel J/ψπππ as shown in Fig.2 (right).

A first observation of a new baryon of the Ξb family was performed by CMS. A decay chain
with three dispalced decay vertices, involving charged particles only, has been used to isolate
the signal corresponding to the strong decay to Ξ−

b π
+ of the Ξ?b candidate state, foreseen by

the quark model with quantum numbers JP = 3/2+. The Ξ−
b → Ξ−(Λπ−)J/ψ decay, with

Λ → πp and J/ψ → µµ is fully reconstructed with constraints on the mass of the decaying
particles at each vertex; the distribution of the variable Q = M(J/ψΞπ+)−M(J/ψΞ)−M(π+),
reported in Fig.3 (left), is well fitted with a Breit-Wigner with free mass and width which
are determined with values consistent with the predictions of Lattice QCD. In addition, the
state of unclear interpretation X(3872) has been studied through the decay in J/ψπ+π− with
the 2011 CMS data21. The production rate as a function of pT, normalized to the yield of
ψ(2S) in the same decay channel, and the ratio of non prompt to prompt production have
been measured. These measurements will hopefully help to clarify the nature of this particle
which doesn’t easily fit into the quark model. Finally, CMS has reported evidence for resonant
structures in the J/ψφ spectrum, when looking at decays of B± → J/ψφK±. The distribution
of Q = M(µ+µ−K+K−) − M(µ+µ−), reported in Fig.3 (right) can be fitted with two Breit-
Wigner, superimposed to the smooth 3-body phase-space, at mass values of 4148.2±2.0(stat)±
4.6(syst) MeV and 4316.7± 3.0(stat)± 7.3(syst) MeV. The first peak, which has a significance
exceeding 5 σ, is consistent with a preliminary claim by CDF not yet confirmed.
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Figure 4: Left: CMS measurement25 of the λθ polarization parameter for Υ(3S) superimposed to previous CDF
measurements and various NRQCD predictions. Center: ATLAS pT differential production cross secton for Υ(1S)
produced at central rapidity27; perturbative QCD predictions and expectations from phenomenological models
are superimposed to the data. Right: ratio of χc2 and χc1 production cross section measured by CMS30 and

compared to theory predictions.

4 Onia properties

The charmonium system was one of the first physics topics widely studied with the LHC collisions
at 7 TeV23. With increased statistics, the attention moved to the Υ system, triggered and
reconstructed through the clean µ+µ− signature. ATLAS observed a new state24, interpreted
as χb(3P ), at M = 10.530 ± 0.005(stat.) ± 0.009(syst.) GeV in radiative transitions to Υ(1S)
and Υ(2S). CMS measured the polarization of Υ(1S), Υ(2S) and Υ(3S) separating the data in
two intervals of Υ rapidity and five transverse momentum bins25. The polarization parameters26

λθ, λφ and λθφ are extracted from the angular distributions of the polar and azimuthal angles
of the µ+ with respect to the z axis of the chosen polarization frame. Following a recently
recommended strategy26, the polarization parameters are measured in three different polarization
frames along with the frame invariant combination λ = (λθ+3λφ)/(1−λφ). For all investigated Υ
states no sign of significant transverse or longitudinal polarization is observed, in agreement with
the findings of CDF, while the theory predictions are often predicting large and strongly model
dependent polarization effects. The comparison between CMS results, CDF measurements and
a couple of theoretical predictions from perturbative QCD is shown in Fig.4 (left) for Υ(3S).

ATLAS has recently produced a measurement27 of the differential production cross section
of Υ(nS) in the approximation of null polarization. It can be seen that the dependence of the
acceptance on the polarization can enhance or suppress the estimate of the production rate by
up to about a factor of two. The variation affects mainly the contribution to the total cross
section coming from the low pT(Υ) region, while it induces a minor uncertainty at high pT. The
importance of the ATLAS measurements lies on the extension of the pT range which reaches
the unprecedented value of 70 GeV. The measurements are in agreement with earlier results,
including an early CMS measurement. The comparison with theory, shown in Fig.3 (center), is
complicated by the contribution of radiative decays of higher mass charmonium states, which is
generally not included in the calculations. The improved NLO non relativistic QCD prediction28

is in rather good agreement with data in the intermediate pT region, although it is affected by
large uncertainties, arising from the incompete order of the calculation. The color evaporation
model29, which naturally accounts for phenomena like radiative feed-down, doesn’t reproduce
well the very low and high pT regimes.

Back to the cc̄ bound state, CMS has measured the ratio of production cross section times
branching fractions for the radiative decay of the χc2 and χc1 states to J/ψ30. The radiative
decays have been reconstructed using photon converted to e+e− in the material in order to



have good resolution at the very low energy of the photons involved in these transitions. After
correcting for the known branching fractions, the ratio is found to be in agreement with improved
NLO non relativistic QCD calculations.

5 Studies of the Bs system and searches for rare decays

Bs can be observed through the fully reconstructed weak decay to J/ψφ with J/ψ → µ+µ−

and φ → K+K−. This channel is very important because, being open to both B0
s and B̄0

s , the
interference between decay and oscillation amplitudes gives rise to CP violation via the phase φs.
In the Standard Model (SM) φs has a small value, 0.0368±0.001832, directly related to parameters
of the CKM matrix, but it is expected to receive extra contributions in several scenarios of new
physics. ATLAS produced an analysis31 of this decay based on the reconstructed mass, proper
decay time (τ) and the three angles, θT , φT and ψT , defined in the so-called transversity frame,
which uniquely define the full decay topology (with no attempt to tag the flavor of the B0

s meson).
While the mass allows signal/background discrimination, the proper decay time distribution is
sensitive to the lifetime difference between the two mass eigenstates and the angles are sensitive
to the CP violating parameter φs. The power of this ATLAS measurement lies on the high
statistics of the Bs sample extracted from the data. The results of the unbinned maximum
likelihood fit, projected onto the τ and the φT distributions in Fig.5, imply constraints on
the (φs,∆Γs) plane which are consistent with those provided by CDF, D0 and LHCb. The
Heavy Flavor Averaging Working Group produced a new combination33, including the ATLAS
constraints in Fall 2012, shown in Fig.5 (right) where the agreement between the measurements
and the SM prediction32 is clearly established, although more precision is still needed on φs. A
preliminary measurement of the lifetime difference was released by CMS34. The measured value,
in agreement with the ATLAS results, is derived under the simplyfing assumption φs = 0.

Suppressed flavor changing neutral current decays of hadrons with beauty or charm are
suggested as test processes for new physics radiative effects which might enhance the very low
rate predicted by the SM. Decays to muon pairs of B0

s and B0
d are particularly interesting

due to the clean experimental signature, which allows to trigger on such processes in the busy
LHC environment. The 2011 data set was used, partially by ATLAS and entirely by CMS, to
derive limits on the branching fractions for these decays. The measurement consists on a count
experiment in a narrow invariant mass region around the meson mass, after a selection carefully
optimized to maximize the single-event-sensitivity. The non-resonant background is estimated
through the interpolation of the events in the sidebands, while the resonant B → h+h− is
derived from simulation. Different techniques, typically data driven, are developed by the two
experiments to improve the signal sensitivity and the background rejection and, at the same time,
to avoid biases from the use of background data events as a training ground for the selection

Figure 5: The ATLAS study31 of the B0
s system: proper time (left) and φT (center) distributions for the selected

candidates; the fit projection is overlaid to the data. The Fall 2012 HFAG combination33, including the ATLAS
results, of the constraints in the ∆Γs and φs plane at 68% CL (right).



optimization. The results35,36, BR(Bs → µµ) < 7.7(22) × 10−9 at 95% CL from CMS(ATLAS)
and BR(B0 → µµ) < 18 × 10−10 from CMS, were combined37 in the Summer 2012 with the
LHCb limits and allowed to refine the more stringent constraints coming from the LHCb data.
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Lattice understanding of the Delta I=1/2 rule & some implications

AMARJIT SONI

Department of Physics, Brookhaven National Laboratory,
Upton, NY 11973, USA

After about three decades of intensive efforts, lattice methods finally revealed one clear source
of the large enhancement of the ratio ReA0/ReA2

1, which has been a puzzle in particle physics
for about sixty years. Lattice studies of direct K → ππ in the I = 2 channel show that in fact
this channel clearly suffers from a severe suppression due to a significant cancelation between
the two amplitudes for the original, charged current (tree) operator. One of these amplitudes
goes as N and the other one goes as N2, where N = 3 for QCD. For physical pion masses
the cancelation between the two contributions towards ReA2 is about 70%. This appreciable
cancelation suggests that expectations from large N for QCD may be amenable to receiving
significant corrections. The penguin operators seem to make a small contribution to ReA0 at
a scale >∼1.5GeV . Possible repercussions of the lattice observation for other decays are briefly
discussed.

1 Introduction

Quantitative understanding of the long-standing ∆I = 1/2 puzzle and more importantly a
reliable calculation of the important direct CP-violation parameter in K → ππ, ε′/ε were in fact
the primary motivation for my entry into lattice methods for calculating weak matrix elements,
about thirty years ago 2,3,4,5,6. Infact to tackle this difficult problem and bring it to our current
level of understanding and progress has so far taken five Ph D theses 7,8,9,10,11. Indeed, at
the time the experimental measurement of ε′ was a huge challenge and it took close to 20
years to completely nail it down experimentally. For the lattice there were numerous obstacles
that had to be overcome. First and foremost was lack of chiral symmetry of Wilson fermions
entailing mixing with lower dimensional operators 12,13. While this severe difficulty thwarted
early attempts for all application to kaon physics (even for kaon-mixing parameter, BK

14), it
motivated us to consider applications to heavy-light physics as it was felt that therein chiral
symmetry will be less of an issue 15,16,17,18. Many of the important applications to observables
relevant to the Unitarity Triangle are in fact off springs of these efforts.

While the primary focus of this article is on developments exclusively from the lattice per-
spective, we want to use the opportunity to mention some prominent studies of K → ππ, the
∆ I = 1/2 puzzle and ε′ using continuum techniques which offered interesting and very useful



insights 19.

In 1996-97 the first simulations with domain wall quarks (DWQ) demonstrated the feasibility
of using this 5-dimensional formulation 20; even with a modest extent of about 10 sites in
the 5th dimension, Domain Wall Quarks (DWQ) exhibited excellent chiral symmetry as the
first application to kaon matrix element, in the quenched approximation, showed 21,22. With
the formation of RIKEN-BNL-Columbia (RBC) Collaboration around 1999 first large scale
simulations, in the quenched approximations 23, with domain wall quarks to K → ππ, ∆I = 1/2
and ε′ began. These continued to use chiral perturbation theory (as was the case with the
previous attempts with Wilson fermions) to reduce the problem to a calculation of K → π
and K → vac following 5. The first results from this approach showed that for ε′, quenched
approximation is highly pathological 24. In particular, the QCD penguin operator Q6 which is
an (8,1) suffers from mixing with the (8,8) operators such as Q8 emphasizing to us the need for
full QCD in so far as the calculation of ε′ is concerned 25,26,27.

It took several years to finish the first calculation of K → ππ with DWQ in full (2 + 1)
flavor QCD again using ChPT only to discover that the kaon is simply too heavy for ChPT
to be reliable 28; the systematic errors for matrix elements of many of the key operators were
O(50%) or even more 29,10.

That brings us to the efforts of the past ≈ 6 years jointly by RBC and UKQCD collaborations
to go instead for direct calculations of K → ππ using finite volume correlation functions as
suggested by Lellouch-Luscher 30. The results reported in this talk 1 are primarily using three
different lattices (see Tab.1) accumulated over the past several years. The 163 and 323 lattices
only allow for threshold studies, whereas the 323 lattice of volume (4.5fm)3 is used to study
K → ππ with physical kinematics. While all three lattices have been used already for the
simpler I=2 final state, for the more challenging I=0 final state studies at physical kinematics
on the 323 lattice are still not complete. Fortunately, as will be explained, for the ∆I = 1/2
puzzle, it turns out that understanding the simpler I = 2 channel proves to be crucial.

1.1 The Puzzle

Let’s briefly recapitulate the so-called ∆I = 1/2 puzzle. The issue boils down to the huge (factor
of about 450) disparity in the life-times of neutral (i.e KS) and that of K±. Thus, basically
the spectator u-quark in K+ is changing to d-quark in KS resulting in this huge change in
their life-times. Their main decay mode is just to two pions. However, whereas π+π0 (resulting
from the decays of K+) is in a pure I = 2 final state, π+π− or π0π0 are mixtures of I = 0
and I = 2; thus the ratio of the two relevant amplitudes ReA0/ReA2 ≈ 22, for the I = 0 and
I = 2 is a lot bigger than unity. Since for the charged K the change in isospin, ∆I = 3/2
whereas for the neutral K its either 1/2 or 3/2, it implies that the ∆I = 1/2 amplitude is
significantly larger than the ∆I = 3/2 and this is the long-standing puzzle (see e.g. 31). While
its long been speculated that QCD corrections may be responsible for this huge enhancement,
at this scale highly non-perurbative effects are anticipated; of course, over the years there have
been numerous suggestions 19, including new physics (see e.g. 32) as the cause for this large
enhancement.

2 Weak Effective Hamiltonian and 4-quark operator

Using the OPE apparatus, one arrives at the effective Hamiltonian for ∆S = 1 weak de-
cays 33,34,24,

H∆S=1 =
GF√

2
V ∗udVus

10∑

i=1

[(zi(µ) + τyi(µ))]Qi. (1)



Here, Qi are the well-known 4-quark operators,

Q1 = (s̄αdα)V−A(ūβuβ)V−A, (2a)

Q2 = (s̄αdβ)V−A(ūβuα)V−A, (2b)

Q3 = (s̄αdα)V−A
∑

q=u,d,s

(q̄βqβ)V−A, (2c)

Q4 = (s̄αdβ)V−A
∑

q=u,d,s

(q̄βqα)V−A, (2d)

Q5 = (s̄αdα)V−A
∑

q=u,d,s

(q̄βqβ)V+A, (2e)

Q6 = (s̄αdβ)V−A
∑

q=u,d,s

(q̄βqα)V+A, (2f)

Q7 =
3

2
(s̄αdα)V−A

∑

q=u,d,s

eq(q̄βqβ)V+A, (2g)

Q8 =
3

2
(s̄αdβ)V−A

∑

q=u,d,s

eq(q̄βqα)V+A, (2h)

Q9 =
3

2
(s̄αdα)V−A

∑

q=u,d,s

eq(q̄βqβ)V−A, (2i)

Q10 =
3

2
(s̄αdβ)V−A

∑

q=u,d,s

eq(q̄βqα)V−A, (2j)

where α, β are color indices and (V - A) means γµ(1− γ5).

It is important to recognize that Q2 is the original 4-quark (tree) operator of the basic
charged current weak decay, [s̄α(γµ(1 − γ5)uα][ūβγµ(1 − γ5)dβ], conventionally written here in
the Fierz transformed basis. When you swich on QCD, Q2 is not multiplicatively renormalizable
and as was realized long ago 35,36, it mixes with another tree operator Q1. On the other hand,
Q3 to Q6 are the QCD penguin operators 37 and Q7 to Q10 are the electroweak (EW) penguin
operators 38,39.

On the lattice, in the absence of exact chiral symmetry, each of these dim-6, 4-quark operator
of the ∆S = 1 Hamiltonian can mix with lower dimensional operators, e.g s̄d, s̄γ5d, etc. The
efects of these mixings are purely unphysical and need to be subtracted away. As you make
the lattice spacing finer and move towards the continuum limit, these unphysial contributions
tend to become huge and it can become a very demanding and delicate subtraction, quite akin
to fine tuning. The chiral behavor of wilson fermions was so bad that original methods 5,40,41,
that were proposed to deal with such subtraction issues proved to be quite inadequate. Because
of the excellent chiral symmetry of DWQs, this became by and large a non-issue provided the
extent of the 5th dimension is not too small.

Matrix element 〈ππ|Qi|K0〉 for each operator entail an evaluation of 48 different Wick con-
tractions which can be grouped into four different types 14,42,11. Of these, type-4 involve dis-
connected diagrams and are therefore, computationally the most demanding. Type-3 contain
“eye” contracions, type-2 correspond to “figure-eight” diagrams, and type-1 correspond to orig-
inal weak interaction tree graphs; see fig 1. In particular, it is to be stressed that only type-1
contributes to the ∆I = 3/2 transitions and the corresponding I = 2 final state of the two pions
whereas the ∆I = 1/2 transtions for I = 0 final state receive contributions from all four types
and consequently are much more intricate and challenging to tackle than the ∆I = 3/2 case.



Figure 1: Four general type of quark flow diagrams contribution to K0 → π+π−; (a) corresponds to spectator
types in the continuum literature, (b) and (d) to annhilation and (c) to penguins; (d) though requires disconnected

contributions which on the lattice are extremely demanding. Taken from 14

3 ∆I = 3/2

As indicated already, ironically at the end of the day, it turned out that it is the simpler ∆I =
3/2, K → ππ that is very revealing in so far as the enhancement of the ratio is concerned. The
3/2 amplitude involves simply type-1 contractions 42. The Wick contractions for 〈ππ|Q1,2|K0〉,
for the dominant operators Q2 or Q1, entail two contributions, one goes as product of two traces
in color space (N ×N) and the other is a single trace in color space (N), where for QCD, N = 3.

As is well known, continuum folklore says that N2 term dominates and the two terms
add 35,43,44,45. Our data using three different lattices 1 collected over the past few years allows us
to study these contributions as a function of the pion mass (with mK ≈ 2mπ). In fact the relative
sign between the terms is negative and the cancelation between the two terms increases as the
pion masses is lowered. Indeed at physical kinematics with mπ = 142MeV and mK = 520MeV ,
the single trace contribution is around - 0.7 of the trace × trace term. So, the observed amplitude
is only around 2.7/12 ≈ 0.25 of naive expectations, assuming N = 3. In other words, out of the
observed enhancement in the ratio of the two amplitudes of a factor of around 22, as much as
a factor of 4 may simply be coming from the fact that there is this cancelation making the 3/2
amplitude only about 0.25 of naive expectations.

L
i

i

s j j

L

π

πK

L
i

j

s j i
L

π

πK

Figure 2: The two contractions contributing to ReA2; i and j denote color indices. s denotes the strange quark
and L that the currents are left-handed; taken from 1.



Another notable feature of the I = 2 channel is that its amplitude, ReA2, shows a significant
dependence on mπ. We attribute this largely to the cancelation mentioned above. From Tab.1
we see that as the pion mass decreases from about 420 MeV to 140 MeV, ReA2 decreases by
about a factor of 3.5 and with physical π, K masses it is in good agreement (within ≈ 15%)
with its measured value from experiments 46.

Moreover, recall that ReA2 is closely related to BK , the neutral Kaon mixing operator, as
has been long known since the famous work of 47, who obtained BLOChPT

K ≈ 0.3 by exploiting its
relationship with the experimentally measured value of ReA2 from the charged Kaon lifetime,
assuming SU(3) and lowest order chiral perturbation theory. Lattice studies for a long time of
course also have shown that BK changes from about 0.3 to 0.6 as you move from the chiral limit
to mK

48,49.

4 Implications for ReA0 and the ∆I = 1/2 Rule

What is even more striking is how this cancellation that is responsible for the suppression of
ReA2 actually also ends up enhancing ReA0. First let’s just look at the dominant operator, Q2.
Its contribution to ReA2 and to ReA0 is as follows 42:

ReA2,2 = i

√
2

3
(ST + TSQ), (3)

ReA0,2 = i

√
1

3
(−ST + 2TSQ) (4)

where A(i,j) notation means i = 0 or 2, (depending on the isospin of the pion final state) and
j = 1, 2 and j = 2, for example, means Q2 and ST means single trace over color indices and TSQ
means trace × trace. Thus, recalling that at physical kinematics, ST/TSQ ≈ −0.7, the ratio,
ReA0/ReA2 ≈ 6.4. So far we only looked at the contribution of the dominant tree operator
Q2. Let us next, also retain the next most important operator, which happens to be the tree
operator, Q1. One finds,

ReA2,1 = i

√
2

3
(ST + TSQ), (5)

ReA0,1 = i

√
1

3
(2ST − TSQ). (6)

Thus, incorporating the Wilson coefficients (Zj , with j = 1, 2) for these two operators 42,
Z1 = −0.30 and Z2 = 1.14, one gets,

ReAi = ZjAi,j (7)

for i = 0, 2 corresponding to I = 0, 2 for the two final states. Then given ST ≈ -0.7 × TSQ, we
get ReA0/ReA2 ≈ 10.8; thus accounting for almost half of the experimental number ≈ 22.5.

Note also that the cancelation between the single color trace and trace square term ends
up causing not only a further suppression of ReA2 because of the fact that the sign of Wilson
coefficient Z1 is negative to that of Z2, but in addition as an interesting coincidence, it ends up
enhancing ReA0. This is easily understood from the above simple eqns 4, 6 as the relative signs
between single trace and the squared trace switch from ReA2 to ReA0.

While our calculation of ReA0 at physical kinematics is not yet complete, there are several
interesting features of the existing calculations summarised in Tab. 1 that are noteworthy. One
item to note is the ratio ReA0/ReA2 resulting from our two completed calculations on the 163

and 243 lattices. It is 9 and 12 respectively. These numbers are for amplitudes calculated



at threshold. As commented before the corresponding ReA2 on these lattices are factors of
≈ 3.5 and ≈ 2 times the value of ReA2 at physical kinematics. This is mostly the result
of significant mass dependence of ReA2. In contrast, our numbers for ReA0 show much milder
mass dependence and infact the value we obtain on our 243 lattice (which represents a significant
improvement over our 163 one) at threshold is quite consistent with experiment; whether this
feature will remain true at physical kinematics or not remains to be seen.

Table 1: Reproduced from 1. Summary of simulation parameters and results obtained on three domain wall
fermion ensembles. The errors with the Iwasaki action are statistical only, the second error for ReA2 at phys-
ical kinematics from the IDSDR simulation is systematic and is dominated by an estimated 15% discretization

uncertainty as explained in 46.

a−1 mπ mK ReA2 ReA0
ReA0
ReA2

notes

[GeV] [MeV] [MeV] [10-8 GeV] [10-8 GeV]

163 Iwasaki 1.73(3) 422(7) 878(15) 4.911(31) 45(10) 9.1(2.1) threshold calculation
243 Iwasaki 1.73(3) 329(6) 662(11) 2.668(14) 32.1(4.6) 12.0(1.7) threshold calculation
IDSDR 1.36(1) 142.9(1.1) 511.3(3.9) 1.38(5)(26) - - physical kinematics

Experiment – 135 - 140 494 - 498 1.479(4) 33.2(2) 22.45(6)

In passing let us note that from SU(2) ChPT description of K → ππ one also finds a
significant dependence on pion mass of ReA2 than of ReA0

50 in qualitative agreement with the
lattice observations.
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4.1 The role of penguins in the ∆I = 1/2 Puzzle

From Tab. 2 we see that at a scale of ≈ 2.15 GeV, the tree operators Q2 and Q1 account for
almost 97% of ReA0 so the contribution of the remaining operators, in particular the QCD
penguins, contribute only a few % and the EW penguins around 0.1%. In fact roughly similar
conclusions were arrived previosuly when we used the chiral perturbation approach both in the
quenched approximation 24 as well as in dynamical 2+1 flavor QCD 29,10.

We stress again that these calculations Tab. 2 for ReA0 are not at physical kinematics so the
relative importance of the penguin to tree contributions may well change to some degree; how-
ever, the fact remains that the cancelation and suppression of ReA2 and enhancement of ReA0,
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in the tree contributions, which are the new aspects being reported here, impliy a diminished
role for the penguin contributions.

Table 2: Contributions from each operator to ReA0 for mK = 662 MeV and mπ = 329 MeV. The second column
contains the contributions from the 7 linearly independent lattice operators with 1/a = 1.73(3) GeV and the third
column those in the 10-operator basis in the MS-NDR scheme at µ = 2.15 GeV. Numbers in parentheses represent

the statistical errors.Taken from 1

i Qlat
i [GeV] QMS-NDR

i [GeV]

1 8.1(4.6) 10−8 6.6(3.1) 10−8

2 2.5(0.6) 10−7 2.6(0.5) 10−7

3 -0.6(1.0) 10−8 5.4(6.7) 10−10

4 – 2.3(2.1) 10−9

5 -1.2(0.5) 10−9 4.0(2.6) 10−10

6 4.7(1.7) 10−9 -7.0(2.4) 10−9

7 1.5(0.1) 10−10 6.3(0.5) 10−11

8 -4.7(0.2) 10−10 -3.9(0.1) 10−10

9 – 2.0(0.6) 10−14

10 – 1.6(0.5) 10−11

ReA0 3.2(0.5) 10−7 3.2(0.5) 10−7

4.2 The role of disconnected diagrams for ReA0

Our calculation of A0 being discussed here is not yet at physical kinematics. It is actually at
threshold and perhaps more importanty the (valence) pion masses ≈ are relatively heavy. As
the Tab. 1 shows we completed the threshold calculation of ReA0 with two different lattices (163

and 243) with pion mass around 420 MeV and 330 MeV attaining statistical accuracies around
25% and 15% respecitively. These calculations included fully the contribution from disonnected
diagrams as well. Within that accuracy, we do not seem to see any discernible contribution from
the disconnected diagrams in so far as ReA0 is concerned. Again we emphasize that this is with
pion mass around 330 MeV and not with physical pion masses.

Given that the dominant contribution to ReA0 seems to come from tree operators, which
do not receive contribution from any disconnected diagrams, it is understandable that the dis-



connected diagrams contribution to ReA0 is most likely rather small.

4.3 The role of disconnected diagrams for ImA0

Tree level operators cannot contribute to ImA0. Only eye-contractions and disconnected dia-
grams make contributions to ImA0. thus one expects an enhanced role for disconnected graphs
in ImA0. This is why our calculation of ImA0, even with mπ ≈ 330MeV has statistical errors
of around 50%.

4.4 Status of ε′

As is well known contributions to ε′ can be divided into two categories: QCD penguins and EW
penguins 51 originating respectively from Q3,Q4,Q5 and Q6 and Q7, Q8, Q9 and Q10. Amongst
these Q6 and Q8 are the dominant players.

RBC and UKQCD have already finished their computation of ImA2 as indicated in Tab. 1
at physical kinematics 46 with an estimated statistical error of ≈ 20% and roughly similar error
for systematics. This means the EWP contributions to ε′ has already been completed; indeed
improved calculations of ImA2 are well underway and are expected rather soon.

From a purely personal perspective, ε′ has always been the main focus of our K → ππ
effort from the very beginning. The calculation of ImA0 relevant to ε′ is even more challenging
than that of ReA0 relevant for the ∆I = 1/2 rule. This is because ImA0 does not receive any
contribution from the tree operators. This is understandable as in the SM all three generations
have to participate to make a non-vanishing contribution to any CP violation phenomena. Thus
penguin graphs and consequently eye contractions become essential on the lattice. While that
renders the calculation quite challenging, perhaps another order of magnitude in the complexity
is added by the fact that the I = 0 channel receives contributions from disconnected diagrams.
The error on our ε′ calculaion is around 100% at present.

4.5 Implications for charm decays

Our lattice studies of direct K → ππ show that for QCD i.e, N=3, large N approximation is
rather unreliable. Since its use as well as that of factorization is so pervasive in weak decays,
this lattice result should be a cause for concern. Since the cancelation discussed above results in
a significant fraction of the enhancement of ReA0/ReA2 and also since the penguin contribution
to ReA0 seems to be so small, it tells us that penguin contribution in D-decays (in the I=0
channel) is bound to be exceedingly small as

PD
TD
≈ λ× δUspin ×

PK
TK

(8)

where λ is the Cabibbo angle, subscript D or K means exclsuive D → PP or K → PP ,
respectively, with P=pseudoscalar and δUspin is indicative of Uspin violation.

5 Summary & Outlook for the near future

Summarizing, lattice studies of direct K → ππ show that in the simpler I = 2 channel, at
physical kinematics, the contributing amplitude from the original, tree, 4-quark ∆S = 1 weak
operators that goes asN2 cancels significantly with the one that goes as N, causing an appreciable
suppression of the ∆I = 3/2 transition. This seems to lead to a considerable fraction of the
enhancement in the ratio of ReA0/ReA2. These observations suggest that expectations from
large N, may receive significant corrections for QCD for weak decays.

Understanding K → ππ decays and calculation of ε′ remains a very important goal of the
RBC and UKQCD collaborations. I am hopeful that the first calculation of ReA0 and ε′ in full
QCD with physical kinematics would be completed in about two years.
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An overview of recent results on top quark properties and interactions is given, obtained using
data collected with the CMS and ATLAS experiments during the years 2011 and 2012 at 7 TeV
and 8 TeV centre-of-mass energies. Measurements of top quark pair production cross sections
in several top quark final states are reported. Moreover, cross sections for the electroweak
production of single top quarks in both t- and tW-channels are shown. The mass of the top
quark is extracted using several methods. Presented results also include measurements of
the W helicity in top decays, the top pair charge asymmetry, the top quark charge and the
search for anomalous couplings. Experimental outcomes are compared with standard model
predictions and a combination of measurements between the different LHC experiments is
reported when available.

1 Introduction

The top quark (t) is the heaviest of the known fundamental particles. Its huge mass, comparable
with the one of a Rhenium atom (Z = 75), implies that it decays before fragmenting into
hadrons. This offers the unique possibility to measure the properties of a ”bare” quark without
the necessity of disentangling hadronisation effects. The large value of mt also turns into a
Yukawa coupling to the Higgs boson close to unity. For this reason, it is often believed that the
t can play a special role in the electroweak symmetry breaking mechanism. The t quark is part
of many possible beyond the Standard Model (BSM) signatures, where it is decay mode of, yet
unknown, heavy particles. It is also foreseen that new particles can originate from top decays.

The Large Hadron Collider1 (LHC) has operated remarkably well in 2011 and 2012, providing
both the ATLAS2 and CMS3 experiments with over a million (around ten millions) of top quarks
produced at a centre-of-mass energy of 7 TeV (8 TeV). In the following, the status of the top
quark physics programme carried out by the two collaborations is reported. A wide overview
is given, covering measurements related to production of tops, generated in pairs and singly, as
well as analyses aimed at evaluating the characteristics of the quark itself (such as the mass)
and at understanding the properties of its decay. A complete report of the whole set of analyses
on top quark physics performed by ATLAS and CMS can not be fully condensed in such a short
article. Focus will therefore be given to most recent results, referring interested readers to 4 and
5 for a complete overview.

2 Inclusive production of top pairs

Production of top-antitop pairs (tt̄) happens mainly via gluon-gluon fusion and quark-antiquark
annihilation. At the LHC the former mechanism dominates, contributing for a factor ∼80%
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Figure 1: Summary of ATLAS (left) and CMS (right) results on inclusive σtt̄ measurements at 7 TeV computed
using different decay topologies.

to the generation process. Due to the fact that the Cabibbo-Kobayashi-Maskawa (CKM) |Vtb|
vertex is close to unity, tops almost uniquely decay via the t → Wb process. Therefore, tt̄
signatures can be classified according to the combinatorics of the W boson decay. Experimental
measurements of σtt̄ have been performed by both experiments using

√
s = 7 TeV LHC collisions

data and profiting of all possible tt̄ decay modes: the fully hadronic (46%) the lepton+jets (45%)
and the dileptonic (9%) channels.

For what concerns the lepton+jets channel, ATLAS reports a result of σtt̄ = 179.0 ±9.8
(stat.+syst.) ±6.6 (lumi.) pb 6 (precision 7%) based on 0.7 fb−1 of data. The fraction of
tt̄ events in the sample was extracted by means of a likelihood fit, applied on a discriminant
built by combining various kinematic variables and aimed at distinguishing the signal from the
dominant background (W+jets). The CMS measurement 7 refers to an integrated luminosity of
L = 2.3 fb−1. A result of σtt̄ = 158.1 ±2.1 (stat.) ±10.2 (syst.) ±3.5 (lumi.) pb (precision
7%), was obtained by extracting the signal contribution fitting, as discriminant variable, the
secondary vertex mass distribution. Both analyses have been performed in bins of jet (and
b-tag) multiplicities, in order to constrain the contamination of background processes that are
expected to have lower jet multiplicity (and heavy flavour content) than the signal. On top of
background normalisation effects, major systematics uncertainties were also accounted for into
the fits as nuisance parameters. The most precise LHC measurement of σtt̄ corresponds to the
CMS analysis described in 8. It was performed in the dilepton channel using a data sample of L
= 2.3 fb−1. In this analysis signal events are discriminated from background on the basis of the
multiplicity distribution of jets and b-tagged jets. The signal fraction is extracted using a fit,
where systematics are accounted as nuisance parameters into the likelihood and profiled. The
reported result of σtt̄ = 161.9 ±2.5 (stat.) +5.1

5.0 (syst.) ±3.6 (lumi.) pb, has relative uncertainty
of 4%. Other measurements, less precise, were performed by both experiments on the fully
hadronic channel9,10 and channels with τ decays11,12,13,14. Overall results are in agreement with
theoretical expectations 15. Figure 1 summarises the results obtained by the two collaborations,
comparison with approximate NNLO calculations is also performed.

The scaling of σtt̄ as a function of centre-of-mass energy was also measured profiting of 8
TeV data. CMS outcomes from analyses of L = 2.8 fb−1 performed both, in the lepton + jets 16

and dilepton 17 channels, were combined obtaining a result of σtt̄ = 228 ±9 (stat.) ±27 (syst.)
±10 (lumi.) pb. In the former case, a strategy similar to the one already described for lepton
+ jets at 7 TeV was adopted, while the result for the latter comes from a robust cut-and-count



analysis. ATLAS measurement is based on the study of L = 5.8 fb−1 of data in the lepton +
jets channel 18. Signal is discriminated from background using a multivariate technique. The
final result is σtt̄ = 241 ±2 (stat.) ±31 (syst.) ±9 (lumi.) pb. The various measurements from
ATLAS as a function of

√
s are shown in Figure 2 (left), where a comparison with approximate

NNLO theoretical calculation is also given.

3 Differential measurements

Besides inclusive measurement of σtt̄, the large sample of tops collected at the LHC allowed
to perform detailed differential studies. Normalised differential cross section, computed as a
function of relevant parameters, such as Mtt̄, ytt̄, p

tt̄
T , ptopT were compared with theoretical calcu-

lations, as well as with different MC models (e.g. MC@NLO, POWHEG, MadGraph, ALPGEN).
These measurements are very precise tests of perturbative QCD, moreover they are fundamental
for other Standard Model (SM) analyses (Higgs) and studies of BSM processes, where the top
quark is either a dominant background, or part of the signature of a new physics signal.

Experimentally observed quantities have been used to reconstruct the kinematics of the tt̄
system, that has been unfolded to the level of stable hadrons, or to parton level, and extrapolated
to the full phase space, in order to ease the comparison between experiments and with theoretical
predictions. Results from ATLAS are reported for the lepton + jets channel 19 on a sample of L
= 2.03 fb−1 of 7 TeV data. CMS has recently presented new results coming from the processing
of L = 12.1 fb−1 of 8 TeV data both in the lepton + jets 20 and dilepton 21 channels. In case
of lepton+jets analyses, the tt̄ kinematics can be fully reconstructed by means of kinematic fits
where b-tagging information can be used to improve the results. In the case of the dilepton
study, the presence of two neutrinos in the final state leads to an under-constrained kinematical
system. The adopted strategy was then to reconstruct the tt̄ kinematics by imposing mtop as
an additional constraint. A scan of the results of kinematical fitting obtained by fixing mtop

in a [100:300] GeV/c2 range was performed. Results for the neutrino kinematical parameters
obtained in this way were compared with expectations from simulation. The combination from
the scan with highest compatibility with Monte Carlo (MC), having the larger number of b-
tagged jets, was chosen as solution. The measurement of the normalised transverse momentum
distribution of the t quark performed by CMS in 20 is shown in Figure 2 (right). While data
exhibits a softer ptopT dependence compared to MadGraph, MC@NLO and POWHEG, results
are quite in agreement with estimation from approximate NNLO calculations from 22. All other
results (Mtt̄, ytt̄, p

tt̄
T ) have been found to be well compatible with current MC models.

Jet multiplicity in tt̄ production was also measured. Additional jets can be generated to-
gether with top anti-top pairs through higher order QCD diagrams and their presence affects
the pT spectra of the tt̄ system. A direct measurement of jet multiplicity provides thus impor-
tant information to asses how well this effect is described by initial state radiation models in
simulation. On top of that, tt̄+jets is an important background for ttH associated production
and for many BSM signals, thus its understanding is crucial for these kind of studies.

Results from both collaborations have been published profiting from the full 7 TeV data
sample 23,24,25. Figure 3 (left) compares jet multiplicity distributions from ATLAS (µ+jets
channel) with different MC models. Results indicate that, though uncertainties are still large,
MC@NLO underestimates large jet multiplicities, whereas ALPGEN and POWHEG reproduce
better the data. Similar conclusions 24,25 were obtained on the basis of measurements from the
CMS Collaboration.

4 Asymmetry in production of tt̄ pairs

One interesting leftover from the Tevatron top quark physics programme is the presence of
an excess, with respect to SM expectations, in the forward-backward asymmetry (AFB) of
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Figure 2: Summary of ATLAS results on σtt̄ showing the scaling as a function of
√
s and its comparison with

theoretical predictions (left). Differential measurement of normalised cross section as function of ptopT performed
by the CMS experiment in an 8 TeV data sample (right). Experimental results are compared with different MC

models as well as with an approximate NNLO calculation.

production of tt̄ pairs in pp̄ collisions at 1.96 TeV. This might be a hint for “new physics”.
At the LHC it is not possible to measure this effect directly due to the intrinsic symmetry
of pp initial states. However, the SM predicts correlation between the direction of motion of
(anti)tops and the (anti)quarks from which they origin. This arises, in case of top pair production
via qq̄ annihilation, from interference between the amplitudes of higher order processes (Born
and box diagrams) and between diagrams with initial/final state radiation (ISR/FSR). Taking
into account that valence quarks in protons carry, on average, more momentum than virtual
antiquarks, the two effects result into the fact that tops tend to be emitted more abundantly at
high values of |y| with respect to anti tops, that tend to be more “central”. It is thus possible
to measure an asymmetry in tt̄ production at LHC by defining the charge asymmetry as:

Ac =
N(∆|y|) > 0−N(∆|y|) < 0

N(∆|y|) > 0 +N(∆|y|) < 0
(1)

where ∆|y| = |yt| − |yt̄| is the rapidity difference between t and t̄. The SM NLO prediction
for this observable has ben computed (for LHC collisions at 7 TeV) to be 26 ASM

c = 0.0115 ±
0.0006.

ATLAS has measured Ac in both in the lepton+jets 27 and the dileptonic channel 27, using
respectively L = 1.04 fb−1 and L = 4.7 fb−1 of 7 TeV data. The same holds for CMS, that has
based its analyses 29,30 on a data sample of L = 5.0 fb−1, collected at 7 TeV. The asymmetry
was computed from ∆|y|, by means of kinematical reconstruction of the tt̄ system. The four
momentum of reconstructed top quarks was unfolded to account for detector effects and selection
biases. In the case of CMS, this was achieved by means of a regularised unfolding procedure,
based on generalised matrix inversion, where reconstruction and selection effects were accounted
for separately. Similarly ATLAS has performed unfolding, for the lepton+jets channel study, but
has used response matrices that accounted, at the same time, for reconstruction and selection
efficiency. The ATLAS dileptonic analysis, instead, has computed Ac at the reconstructed level
and, after background subtraction, has corrected it by a calibration curve. The latter was
estimated on tt̄ MC samples where Agen

c values were changed at generated level by means of a
reweighing technique. Inclusive measurement of Ac, which have been proved to be in agreement
with SM prediction, are summarised in Table 1. In the case of ATLAS, the outcome of a
combination of results from the lepton+jets and dileptonic analyses is also reported.

Results have been also computed differentially and have been compared with BSM models
(ATLAS) or effective field theories (CMS) that might account for the AFB effect seen at Teva-



Experiment Ac (lepton+jets) Ac (dileptonic)

CMS -0.004 ± 0.010 (stat.) ± 0.011 (syst.) 0.050 ± 0.043 (stat.) +0.010
+0.039 (syst.)

ATLAS -0.019 ± 0.028 (stat.) ± 0.028 (syst.) 0.057 ± 0.024 (stat.) ± 0.015 (syst.)

ATLAS (comb.) 0.029 ± 0.018 (stat.) ± 0.014 (syst.)

Table 1: Summary of experimental results on Ac from CMS (lepton+jets, dileptonic channel) and ATLAS (lep-
ton+jets, dileptonic channel and their combination).
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tron. As an example, Figure 3 (right) depicts the differential measurement of Ac from CMS as
a function of mtt̄ and compares experimental results with the SM and an effective field theory
that could explain the excess in AFB. The plot shows that better sensitivity needs to be reached
in order to distinguish between SM and the presented alternative model.

5 Single top production

Besides the dominant production mechanisms that generate top pairs via strong interactions,
top quarks are also produced singly through charge-current electroweak mechanisms. The SM
foresees the existence of three types of production channels that can generate single-tops: the
t- and s- channels, as well as the associated production of a t quark together with a W boson,
named tW-channel. At LHC, the dominant contribution from single top production comes from
the t-channel, the second largest one is the one from tW associated production, whereas the
one for s-channel is quite small (being 15 times smaller than t-channel). In all the production
mechanisms, the |Vtb| vertex is directly involved, therefore measurements that probe single-top
production cross section can be compared with theoretical predictions to provide information
on that specific CKM matrix element.

Table 2 reports the status of cross sections measurements at 7 and at 8 TeV performed by
the two collaborations, as well as the limits on |Vtb|. Good agreement is found between data and
theory 31,32. The description of the analyses whose results are reported in the table follows. For
what concern the measurement of the t-channel cross section at 7 TeV, CMS exploits up to L =
1.56 fb−1 of collected data 33. Three analysis strategies were carried out in parallel, checked for
compatibility, and combined to improve the final measurement. The simplest of them computes
σt−channel on the basis of a fit on the |ηj′ | distribution of the recoiled jet from a light quark,
which is expected to be boosted to high absolute values of rapidity in the signal signature and



Experiment cross section (pb) |Vtb| unconstrained |Vtb| constrained

t-channel (7 TeV)

ATLAS 83 ± 4 +20
−19 1.13 +0.14

−0.13 > 0.75 at 95% CL
CMS 67.2 ± 6.1 1.020 ± 0.046 ± 0.017 > 0.92 at 95% CL

t-channel (8 TeV)

ATLAS 95 ± 1 ± 18 1.04 +0.10
−0.11 > 0.80 at 95% CL

CMS 80.1 ± 5.7 ± 11.0 ± 4.0 0.96 ± 0.08 ± 0.02 > 0.81 at 95% CL

tW-channel (7 TeV)

ATLAS 16.8 ± 2.9 ± 4.9 1.03 +0.16
−0.19

CMS 16 +5
−4 1.01 +0.16

−0.13
+0.03
−0.04 > 0.79 at 90% CL

Table 2: Summary of experimental cross section values for single top production and corresponding limits on
|Vtb|.

ensures quite good discrimination with respect to background. On top of this very robust and
simple analysis, two more complex studies, based on fits of multivariate discriminators coming
from a neural network (NN) and a boosted decision tree (BDT), were performed. The same
analysis strategy was also used to measure σt−channel on L = 5.0 fb−1 of 8 TeV data 33. ATLAS
t-channel cross section measurements have been computed on the basis of L = 1.04 fb−1 and L
= 5.8 fb−1 of 7 and 8 TeV data respectively 35,36. In this case, the signal fraction was extracted
by means of a fit performed on a NN based discriminator. In the case of the 7 TeV analysis,
a robust cut-and-count analysis was performed in parallel and used to validate the NN output
but did not add much to the precision of the measurement itself.

One interesting observable, related to t-channel single top production in pp collisions, is
the ratio between the cross section for tops and anti-tops. At the LHC, in fact, single t(t̄) are
produced via exchange of a virtual W boson between an u(d) and a b quark. As the PDF
contribution of u and d quarks in protons is different, this turn into an asymmetry between
σtopt−channel and σanti−top

t−channel whose ratio, at 7 TeV, is predicted to be ∼1.84. This effect was
measured by ATLAS and (recently) by CMS on L = 4.7 fb−1 of 7 TeV 38 and on L = 12.2 fb−1

of 8 TeV 37 data respectively. Results are obtained by measuring σt−channel independently for
positive and negative charged tops, and making the ratio. Many systematics therefore cancel
out. The discriminating variables used for the fits are the |ηj′ | distribution for CMS and the
output of a NN for ATLAS. Results of 1.76 ± 0.27 and 1.81 +0.23

−0.22 are obtained respectively by
the two experiments. Good agreement with theory is observed but an increase in the precision
of the measurements is needed to constrain the contribution coming from different PDF sets
used in simulation.

Associated production of single tops and W bosons was also observed on 7 TeV data, firstly
by ATLAS40 (3.3σ significance on a L = 2.05 fb−1 sample), then by CMS39 (4.0σ significance on
a L = 4.9 fb−1 sample). Both analyses extract σtW−channel by fitting multivariate discriminators
built from BDTs. In CMS, results are also confirmed by means of a robust cut-based study.

6 Top quark mass

The mass of the t quark (mt) is a free parameter of the SM, therefore it must be experimentally
measured. It has large contribution to electroweak radiative corrections and, together with the
masses of the W and the Higgs bosons, can be used, for example, to probe the vacuum stability of
the SM at high energy scales41. The definition mt depends on the renormalisation scheme. With
few exceptions, the top mass is experimentally evaluated by computing the invariant mass of the
decay products of top decays and calibrating the response from kinematic reconstruction with
simulations. What is actually measured is, therefore, the value of mt encoded in MC generators.
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The latter is related with the one used in electroweak fits (mMS
top ) by mMC

top ' mMS
top + 10 GeV/c2.

Experimentally, ATLAS and CMS have kinematically measured the top mass using different
techniques and exploiting many of the tt̄ decay channels. As an example, measurements of mt

in the lepton+jets channel are reported. They were performed by ATLAS and CMS using,
respectively, up to L = 1.04 fb−1 42 and L = 5.0 fb−1 43 of 7 TeV data. In this channel, the
tt̄ system can be fully reconstructed by means of kinematic fits that constrain the mass of the
W bosons and imply equality of the masses of the two decaying tops. ATLAS measurement
was performed using a template method that extracts mt from a likelihood fit that compares
distribution from data with different MC templates generated at different values of mgen

t . It
reports a value of mt = 174.5 ± 0.6 (stat.) ± 2.3 (syst.) GeV/c2. In the case of CMS, the
ideogram method was used. This technique exploits the full event information and combines
the results of the kinematic fit coming from all possible jet combinations by weighting them on
the basis of a likelihood evaluated from analytic expressions from simulations. The response of
the method is calibrated using MC generated at different values of mgen

t . A final result of mt =
173.49 ± 0.43 (stat+JES) ± 0.98 (syst.) GeV/c2 was obtained. This is the most precise single
measurement of the top quark mass up to date. In both cases, the largest source of systematic
uncertainty comes from jet energy scale calibration. Its effect is accounted in situ by both
analyses by evaluating a scale factor (JSF) computed comparing the reconstructed value of mW

from the hadronic decay branch with its experimental known values. The final measurements
were performed using a fit that evaluated together mt and the JSF. Figure 4 (left) illustrates
the minimisation of the likelihood used to measure mt in the µ + jets channel of the ATLAS
measurement.

As the top has colour, non-perturbative effects (known as colour reconnection) that alter the
kinematics of the top decay, hence the mt measurement from invariant mass of the products,
exist. These effects may depend, among others, on the kinematics of final decay state and the
boost of the top quark. Moreover, the accuracy of the ISR/FSR modelling is a large source
of systematic uncertainty for the measurement. CMS has recently published a study aimed
at evaluating possible biases on the kinematical measurement of mt performed using tt̄ decay
products 44. The analysis is based on L = 5.0 fb−1 of 7 TeV data in the lepton+jets channel and
exploits the ideogram method described above. Effects such as ISR/FSR and colour reconnec-
tion were probed. Results show good agreement between data and MC generators (MadGraph,
POWHEG, MC@NLO) and demonstrate that better sensitivity needs to be reached to distin-
guish between different colour reconnection tunes. An example can be found in Fig. 4 (right),
that shows the differential measurement of mt as function of the pT of the b-quark (which is
colour connected with the top from which it originates).
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Other channels and methods were also used to measure mt. A combination of the various
measurements of the top mass was performed by using up to L = 4.9 fb−1 of ATLAS and
CMS 7 TeV data 45. CMS has subsequently performed a combination of its own measurements,
including more recent ones based on up to L = 5.0 fb−1 collected at 7 TeV 46. Results are,
respectively mt = 173.3 ± 0.5 (stat.) ± 1.3 (syst.) GeV/c2 and mt = 173.36 ± 0.38 (stat.) ±
0.91 (syst.) GeV/c2.

7 Top quark properties

The large statistics of top quarks produced at the LHC has allowed to study in detail the intrinsic
properties of the particle as well as and its decay mechanisms. Besides being a good benchmark
of the SM, these analyses are an essential tool to check for deviations from SM that might come,
for example, from anomalous couplings or from supersymmetric models (SUSY). A wide set of
measurements was performed, examples are the evaluation of the top charge, the study of top
polarisation and spin correlation in tt̄ decay and many more. In this article, focus will be given
to a subset of measurements favouring the ones that have been recently updated.

The first one investigates possible deviations from the expected branching ratio B(t→Wb)
that can be generically probed computing the ratio R = B(t → Wb)/B(t → Wq). The value
of |Vtb| can be measured, validating the SM, or probing anomalies that could be hint of BSM
physics (e.g. a 4th generation of quarks or the existence of a light charged Higgs boson). CMS has
recently published a measurement of R based on L = 16.7 fb−1 of 8 TeV data 47. The analysis,
using dileptonically decaying top pairs, exploits a model that relates the expected b-tagged jet
multiplicity with R. The latter is extracted from data, profiting from the model, by means of
a binned profile likelihood fit on the inclusive multiplicity of jets and the one of b-tagged jets.
Results of the fit are depicted in Figure 5 (left). The measured value of R = 1.023+0.0036

−0.0034 is
in good agreement with the SM and represent the most precise world estimation at present.
Assuming the unitarity of the CKM matrix, it is possible to extract |Vtb| = 1.011+0.0018

−0.0017 and
constrain to |Vtb| > 0.972 (95% C.L.).

The second topic covered is the measurement of fraction of left-handed (FL), right-handed
(FR) and longitudinally (F0) polarised W bosons coming from top decays. These quantities are
well known in the SM and deviation from theoretically expected values are of physical interest
as they can probe the V -A nature of the SM model and measure anomalous coupling of the
tWb vertex. The helicity fractions are experimentally measurable by computing the θ∗ angle,
defined as the angle between the direction of the leptonic charge decay product of the W boson



Experiment F0 FL FR

ATLAS 0.67 ± 0.03 ± 0.06 0.32 ± 0.02 ± 0.03 0.01 ± 0.01 ± 0.04
CMS(dilep.) 0.698 ± 0.057 ± 0.148 0.288 ± 0.035 ± 0.083 0.014 ± 0.027 ± 0.087

CMS(single t) 0.713 ± 0.114 ± 0.023 0.293 ± 0.069 ± 0.030 -0.006 ± 0.057 ± 0.027

SMNLO 0.687 ± 0.005 0.311 ± 0.005 0.0017 ± 0.0001

Table 3: Summary of results on computation of helicity fractions and SM predictions.

and the inverse direction of the b quark that arises from the t decay, computed in the W rest
frame. The latter is, in fact, related to the helicity fractions by:

1

Γ

dΓ

dcos(θ∗)
=

3

8
(1− cos(θ∗))2FL +

3

8
(1 + cos(θ∗))2FR +

3

4
sin2(θ∗)F0. (2)

The ATLAS collaboration has experimentally performed such a measurement using the
lepton+jets and dileptonic top decay channels on a sample of L = 1.04 fb−1 of 7 TeV data
48. In the study the helicity fractions are extracted from the cos(θ∗) distribution by means
of a binned likelihood fit that compares data with templates generated using different helicity
fractions in MC. The same quantities are also measured using angular asymmetries defined as
A± = (N(cosθ∗ > z) − N(cosθ∗ < z))/(N(cosθ∗ > z) − N(cosθ∗ < z)) with z = ±(1 − 22/3).
This method has the advantage of being less prone to some systematics. Results from the two
analyses are combined to get the final estimation of the helicity fractions. CMS has recently
performed a similar measurements in the dileptonic channel49 (L = 1.04 fb−1 collected at 7 TeV)
and in single-top topology events 50 (L = 1.14 fb−1 of 7 TeV and L = 5.3 fb−1 of 8 TeV data).
In both studies, the cos(θ∗) distribution at reconstructed level is used to extract the values of
FL/R/0 that are computed by means of a fit based on a reweighing technique. Results for all
the analyses are summarised in Table 3. Good agreement with SM predictions is observed. The
presence of new physics can be parametrized in terms of an effective lagrangian that can be
expressed as a function of anomalous couplings 51 corresponding, in the SM at tree level, to
VL=Vtb, VR=0, gR=0, gL=0. Their relation with W polarisation helicities is described in 52.
Figure 5 shows the limits imposed by the ATLAS helicity measurements on the real component
of gR, gL coupling at the 68% and 95% confidence level. Results are compatible with absence
of anomalous tWb couplings.

8 Conclusions

The LHC collider has operated remarkably well allowing the ATLAS and CMS collaborations to
quickly collect an impressive set of results on the study of the top quark. Many measurements
have already reached very good precision and, overall, excellent agreement with the standard
model has been encountered so far.

In this article an overview of the many aspects of this field was covered, going from produc-
tion of top pairs and single top, to the study of the particle’s characteristics and of its decay
properties. The large statistics of collected tops allowed to perform refined differential measure-
ments and has implied that systematical uncertainties often dominate the incertitude of present
results. The challenge for the future is thus to decrease systematics. More precise measurement
on the top sector are in fact crucial for new physics searches, where the top constitutes an
important background or is part of the signal signature.
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Single top quark results from the Tevatron

Arán Garćıa-Bellido
Department of Physics and Astronomy, University of Rochester, 500 Wilson Blvd., Rochester, NY 14627

The CDF and D0 collaborations have performed several measurements of the electroweak
production of top quarks: the t-channel production mode has been established independently
from the s-channel and measured to be 2.90 ± 0.59 pb by the D0 collaboration, and the
combined s + t production has been measured by the CDF collaboration to be 3.04+0.57

−0.53 pb.
The current best upper limit on |Vtb| is greater than 0.79 at 95% CL, with no assumption
on the number of generations of quarks. The top width has also been indirectly measured as
2.00+0.47

−0.43 GeV by its effect on the t-channel production. Additionally, limits on anomalous
couplings of the Wtb vertex haven been set by studying electroweak production and combining
it with the W helicity measurements from the top decays in tt̄ events.

1 Introduction

The production of top quarks at the Tevatron occurs mainly in tt̄ pairs through the strong
interaction with a cross section of 7.6± 0.4 pb1, but top quarks can also be produced singly via
the electroweak interaction with a predicted cross section of 3.30±0.14 pb2 for mt = 172.5 GeV.
Two production modes are dominant at the Tevatron and are categorized by how the W boson
is exchanged for these “single top” final states: the s-channel pp̄ → tb + X, and the t-channel
pp̄→ tqb+X 3. This report describes the latest analyses from CDF and D0 in the measurement
of the cross sections of the separate channels, and the resulting measurements of the CKM
matrix element |Vtb|. After the joint observation of the s+ t channels in 2009 4, the new results
include a new measurement from CDF with almost the full Tevatron luminosity, and the first
observation of the t-channel production independently from the s-channel by D0. In addition,
the D0 collaboration has updated the determination of the top quark width from the single top
quark cross section, and has combined the studies of the top quark decay from tt̄ pair events
and the production looking for anomalous couplings of the Wtb vertex.

The single top quark final state consists of one high pT lepton (electron or muon), missing
energy, and at least two jets, one or two of them originating from b-quarks. Loose selections are
employed by both CDF and D0 to select events with this final state. The main background is
W+jets, specially Wbb̄, Wcc̄ and Wcj, which are normalized to data before b-tagging. Good
agreement is achieved after b-tagging between the data and the predicted backgrounds. Since
there is no single variable that differentiates the signal from the large backgrounds, several



multivariate techniques are employed and then combined by each experiment, separately for
each channel: electron or muon, two, three (or four) jets, and one or two b-tagged jets.

2 CDF Neural Network measurement with 7.5 fb−1

This analysis has improved the trigger selection by including an isolated track trigger, which has
raised the acceptance by 15% with respect to previous CDF measurements. The CDF selection
expects a total of 9196 events, including around 560 single top signal events, and observes 8655
data events in 7.5 fb−1 5. The W+jets and multijet components are normalized independently
to data using a fit to the 6ET variable before b-tagging, and the fraction of W+heavy flavor to
W+light jets is estimated from the b-tag rates in a control data sample. With this method the
kinematics are set by the simulation but the relative fractions of W+jets and multijet events
are obtained from data. The data-background agreement is checked in a zero b-tagged sample
and is found to be well modeled.

In order to extract such a small signal from the large backgrounds, the analysis trains a
neural network (NN) with 11 to 14 well modeled input variables, depending on the channel.
The NN is trained using the t-channel signal simulation in all channels except in the two-jet
two-b-tags channel, where only the s-channel simulation is used as signal, given that it is expected
to dominate over the t-channel. As a novel use to improve the sensitivity of the machine learning
process, this analysis uses an admixture of simulated samples with nominal and systematics-
shifted yields to make the NN more robust.

As a result, CDF measures: σ(s + t) = 3.04+0.57
−0.53 pb assuming the standard model ratio

between s- and t-channels, and independently, with no assumptions on the other channel: σ(s) =
1.81+0.63

−0.58 pb, and σ(t) = 1.49+0.47
−0.42 pb, for a top mass of mt = 172.5 GeV. This is currently the

single most precise measurement of the s + t cross section at the Tevatron with a 19% relative
uncertainty. The lower limit on |Vtb| from this analysis is 0.78 at 95% CL, which does not
assume three generations of quarks or the unitarity of the CKM matrix. Figure 1 shows one of
the discriminant variables used in the NN for discrimination, the output discriminant from the
NN, and the two dimensional likelihood for the independent s- and t-channel cross sections.
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Figure 1: (Left) The output of the multivariate discriminant that separates b-jets from c and light jets, which is
used as input to the NN. (Center) The output of the NN discriminant and inset of the high discriminant region,
with the signal scaled to the measured cross section. (Right) The two-dimensional posterior probability contours
as a function of s- and t-channel cross sections, with the observed peak of the posterior compared to the standard

model prediction.

3 D0 multivariate measurement with 5.4 fb−1: t-channel observation

The D0 analysis 6 starts from an inclusive trigger that is fully efficient for signal events that pass
the offline selection, designed to be as loose as possible and to include forward jets up to |η| < 3.4
to increase the t-channel acceptance. The W+jets and multijets backgrounds are normalized
to data before b-tagging by scaling the backgrounds to the data recursively in three variables:
the lepton pT, the 6ET , and the W boson transverse mass. The relative heavy flavor component



Wbb̄/cc̄ of the total W+jets is set by NLO calculations and cross checked on the zero-tagged
sample. Further checks with independent control samples and fits to the multivariate b-tag
output discriminant yield similar results, and the uncertainty on this background component is
determined from the spread in those measurements.

The D0 selection on 5.4 fb−1 yields 8471 observed events, with 8492 expected events from
the standard model, out of which 399 are expected from single top (s + t channels). D0 uses
three machine learning techniques: Boosted Decision Trees (BDT), Bayesian Neural Networks
(BNN), and Neuro Evolution of Augmented Topologies (NEAT), each trained separately on
s- and t-channel signals in all analysis channels. These different multivariate analyses are run
over the same data sample and since they are 60-90% correlated, their combination through
a final BNN improves the sensitivity of any single discriminant. By combining the individual
multivariate methods, D0 has established separately the presence of t-channel production with
5.5 standard deviations significance without any assumption on the s-channel cross section. This
is the first time the t-channel production is observed in a collider.

The resulting cross section are: σ(s) = 0.98 ± 0.63 pb and σ(t) = 2.90 ± 0.59 pb, for a
top mass of mt = 172.5 GeV, which are in good agreement with the standard model. The
combined s + t channel cross section is measured to be σ(s + t) = 3.4 ± 0.7 pb, assuming the
standard model s:t ratio and mt = 172.5 GeV 7. This result has a precision of 21% relative
uncertainty, similar to the resolution of the previous combination of CDF and D0 results with
3.2 and 2.3 fb−1, respectively 8. The lower limit on |Vtb| derived from the D0 combined cross
section is 0.79 at 95% CL. Figure 2 shows the discriminant output for the t-channel observation,
the two dimensional likelihood for the independent s- and t-channel cross sections, and the
unconstrained measurement of |Vtb|.
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Figure 2: (Left) High discriminant region of the combination BNN trained for t-channel. The hatched bands show
the ±1σ statistical and systematic error on the background. The t-channel signal is scaled to the observed cross
section. (Center) The two-dimensional posterior probability density contours as a function of s- and t-channel
cross sections, showing some beyond the standard model theories that would change the single top quark cross
sections. (Right) The one-dimensional posterior probability density for s + t channel (assuming the s:t ratio)

when the Wtb coupling is allowed to float unconstrained. The preferred value is: |Vtbf
L
V | = 1.02+0.10

−0.11.

4 Top width from single top quarks

Direct measurements of the top quark width from the invariant mass distribution are limited by
the experimental resolution and statistics. D0 has performed an indirect measurement9, utilizing
the t-channel single top cross section measurement 6 to extract the partial width Γ(t → Wb),
and using the measurement of the ratio of branching fractions R = B(t → Wb)/B(t → Wq)
in tt̄ decays to extract the branching fraction B(t → Wb) 10. The total width is then derived
from the two separate measurements: Γt = Γ(t → Wb)/B(t → Wb) 11. This method yields the
most precise determination of the total width: Γt = 2.0+0.5

−0.4 GeV, corresponding to a lifetime of
τt = (3.3+0.9

−0.6)10−25 s, for mt = 172.5 GeV. This result can be used to exclude some models of



non-SM helicity amplitudes of the top quark, and constrain the coupling of a fourth generation
heavy b′ quark with the W boson and the top quark.

5 Search for anomalous Wtb couplings in single top quark production and W he-
licity in tt̄ decays

A powerful way to probe theWtb coupling is to combine the measurement of Vtb in the production
of single top quarks (which is sensitive to anomalous couplings in both the production and decays
of top quarks) with the measurement of the W helicity in top quark decays from tt̄ events (which
searches for an anomalous positive helicity of the W boson from the top quark decay, with no
assumptions about the production). Apart from the different approaches, the datasets are also
orthogonal so the sensitivity is largely improved by the combination. D0 has performed this
combination 12 based on 5.4 fb−1 of data from the search for anomalous couplings in single top
final states 13, and the W helicity measurement 14. Four different coupling strengths of Wtb are
possible15: from left-handed vector (fLV ), right-handed vector (fRV ), left-handed tensor (fLT ), and
right-handed tensor (fRT ) couplings. The standard model is fLV = 1 with the others zero. The
data is still statistics limited and does not allow to fit all four couplings simultaneously, thus
three separate fits are performed in two-dimensions where one of the axis is always the standard
model fLV coupling. The results are shown in Fig. 3, and show no significant deviation from the
standard model in all cases.

+f

-0.2 0 0.2 0.4 0.6 0.8 1 1.2

0f

-0.2

0

0.2

0.4

0.6

0.8

1

1.2
Best-fit value
SM value
68% C.L.
95% C.L.

 0≠ R
Vf

 0≠ L
Tf

 0≠ R
Tf

-1D0, 5.4 fb

2|
V

L|f
0 1 2 3 4

2 |
X

|f

0

0.1

0.2

0.3

0.4

0.5

V

R = f
X

f

T

R = f
X

f

T

L = f
X

f

SM

 1
DØ, 5.4 fb 95% C.L.

Figure 3: (Left) Likelihood contours at the 68% CL and the 95% CL as a function of W boson helicity fractions.
The squares, triangles and upside-down triangles show fR
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T varying in fifty equal-size steps such that
their ratio to fL

V goes from zero to ten-to-one. The dashed triangle denotes the physically allowed region. (Right)
Posterior density distributions for the combination of W boson helicity and single top quark measurements.

6 Conclusions

The CDF and D0 collaborations have performed a rich program of studies in single top quark
production, searches, and properties. After the flagship joint observation in 2009 of the s + t
channel production, D0 has observed the t-channel on its own, and CDF has updated the mea-
surement with a highly precise measurement (19% relative uncertainty) of the s+ t production
cross section. Moreover, several searches and measurements of top quark properties have been
performed using this final state, all of which can be found in the top group webpages from
CDF and D0 16. Finally, both collaborations are working on the analysis of the full Tevatron
dataset of close to 10 fb−1, to try to isolate the s-channel production and provide a more precise
measurement of |Vtb| at

√
s = 1.96 TeV.
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Abstract

Can we learn about New Physics with astronomical and astro-particle data? Since its
launch in 2008, the Large Area Telescope, onboard of the Fermi Gamma-ray Space Telescope,
has detected the largest amount of gamma rays in the 20 MeV - 300 GeV energy range and
electrons + positrons in the 7 GeV- 1 TeV range. These impressive statistics allow one to
perform a very sensitive indirect experimental search for dark matter. We will present the
latest results on these searches and the comparison with LHC searches.

1 Introduction

The Fermi Observatory carries two instruments on-board: the Gamma-ray Burst Monitor
(GBM)1 and the Large Area Telescope (LAT)2. The LAT is a pair conversion telescope for pho-
tons above 20 MeV up to a few hundreds of GeV. The field of view is ∼2.4 sr and LAT observes
the entire sky every ∼ 3 hours (2 orbits). These features make the LAT a great instrument for
dark matter (DM) searches. The operation of the instrument through the first three years of
the mission was smooth at a level which is probably beyond the more optimistic pre- launch
expectations. The LAT has been collecting science data for more than 99% of the time spent
outside the South Atlantic Anomaly (SAA). The remaining tiny fractional down-time accounts
for both hardware issues and detector calibrations 3,4.

More than 650 million gamma-ray candidates (i.e. events passing the background rejec-
tion selection) were made public and distributed to the Community through the Fermi Science
Support Center (FSSC) b.

Over the first three years of mission the LAT collaboration has put a considerable effort
toward a better understanding of the instrument and of the environment in which it operates.
In addition to that a continuous effort was made to in order to make the advances public as
soon as possible. In August 2011 the first new event classification (Pass 7) since launch was
released, along with the corresponding Instrument Response Functions ( and a release of a new
event class ’Pass 7 reprocessed’ is planned for the near future). Compared with the pre-launch
(Pass 6 ) classification, it features a greater and more uniform exposure, with a significance
enhancement in acceptance below 100 MeV.

aSpeaker
bThe FSSC is available at http://fermi.gsfc.nasa.gov/ssc
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Figure 1: Sky map of the energy flux derived from 24 months of observation. The image shows γ-ray energy flux
for energies between 100 MeV and 10 GeV, in units of 10−7 erg cm−2 s−1 sr−1.

2 The Second Fermi-LAT catalog

The high-energy gamma-ray sky is dominated by diffuse emission: more than 70% of the photons
detected by the LAT are produced in the interstellar space of our Galaxy by interactions of
high-energy cosmic rays with matter and low-energy radiation fields. An additional diffuse
component with an almost-isotropic distribution (and therefore thought to be extragalactic in
origin) accounts for another significant fraction of the LAT photon sample. The rest consists
of various different types of point-like or extended sources: Active Galactic Nuclei (AGN) and
normal galaxies, pulsars and their relativistic wind nebulae, globular clusters, binary systems,
shock-waves remaining from supernova explosions and nearby solar-system bodies like the Sun
and the Moon.

The Second Fermi-LAT catalog (2FGL) 5 is the deepest catalog ever produced in the energy
band between 100 MeV and 100 GeV. Compared to the First Fermi-LAT (1FGL) 6 , it features
several significant improvements: it is based on data from 24 (vs. 11) months of observation
and makes use of the new Pass 7 event selection. The energy flux map is shown in figure 1 . It
is interesting to note that 127 sources are firmly identified, based either on periodic variability
(e.g. pulsars) or on spatial morphology or on correlated variability. In addition to that 1170 are
reliably associated with sources known at other wavelengths, while 576 (i.e. 31% of the total
number of entries in the catalog) are still unassociated. In addition, the first catalog of high
energy sources 7 as well as the first SNR catalog are in preparation 8.

3 Indirect Dark Matter searches

One of the major open issues in our understanding of the Universe is the existence of an
extremely-weakly interacting form of matter, the Dark Matter (DM), supported by a wide
range of observations including large scale structures, the cosmic microwave background and
the isotopic abundances resulting from the primordial nucleosynthesis. Complementary to di-
rect searches being carried out in underground facilities and at accelerators, the indirect search
for DM is one of the main items in the broad Fermi Science menu. The word indirect denotes
here the search for signatures of Weakly Interactive Massive Particle (WIMP) annihilation or
decay processes through the final products (gamma-rays, electrons and positrons, antiprotons) of
such processes. Among many other ground-based and space-borne instruments, the LAT plays
a prominent role in this search through a variety of distinct search targets: gamma-ray lines,



Figure 2: Derived 95% C.L. upper limits on WIMP annihilation cross sections in the Milky Way halo, for the
muon (left) and tau (right) annihilation channels.

Galactic and isotropic diffuse gamma-ray emission, dwarf satellites, CR electrons and positrons.

3.1 Galactic center

The Galactic center (GC) is expected to be the strongest source of γ-rays from DM annihilation,
due to its coincidence with the cusped part of the DM halo density profile 9,10,11. A preliminary
analysis of the data, taken during the first 11 months of the Fermi satellite operations is presented
in 12,13.

The diffuse gamma-ray backgrounds and discrete sources, as we know them today, can ac-
count for the large majority of the detected gamma-ray emission from the Galactic Center.
Nevertheless a residual emission is left, not accounted for by the above models 12,13. Improved
modeling of the Galactic diffuse model as well as the potential contribution from other astro-
physical sources (for instance unresolved point sources) could provide a better description of the
data. Analyses are underway to investigate these possibilities.

3.2 Galactic halo

In order to minimize uncertainties connected with the region of the Galactic Center, analysis
14 considered a region of interest consisting of two off-plane rectangles (50 ≤ |b| ≤ 150 and
|l| ≤ 800) and searched for continuum emission from dark matter annihilation or decay in the
smooth Galactic dark matter halo. They considered two approaches: a more conservative one
in which limits were set on DM models assuming that all gamma ray emission in that region
might come from dark matter (i.e. no astrophysical signal is modeled and subtracted). In a
second approach, dark matter source and astrophysical emission was fit simultaneously to the
data, marginalizing over several relevant parameters of the astrophysical emission. As no robust
signal of DM emission is found, DM limits are set.

These limits are particularly strong on leptonic DM channels, which are hard to constrain
in most other probes (notably in the analysis of the dwarf Galaxies, described below). This
analysis strongly challenges DM interpretation 15 of the positron rise, observed by PAMELA 16

and Fermi LAT 17,18 (see figure 2).

3.3 Dwarf galaxies

Dwarf satellites of the Milky Way are among the cleanest targets for indirect dark matter
searches in gamma-rays. They are systems with a very large mass/luminosity ratio (i.e. systems
which are largely DM dominated). The LAT detected no significant emission from any of such
systems and the upper limits on the γ-ray flux allowed us to put very stringent constraints on
the parameter space of well motivated WIMP models 19.



Figure 3: Left: Derived 95% C.L. upper limits on WIMP annihilation cross sections for different channels. Right:
Predicted 95% C.L. upper limits on WIMP annihilation cross sections in 10 years for bbar channel.

A combined likelihood analysis of the 10 most promising dwarf galaxies, based on 24 months
of data and pushing the limits below the thermal WIMP cross section for low DM masses
(below a few tens of GeV), has been recently performed20. The main advantages of the combined
likelihood are that the analysis can be individually optimized and that combined limits are more
robust under individual background fluctuations and under individual astrophysical modelling
uncertainties than individual limits. The derived 95% C.L. upper limits on WIMP annihilation
cross sections for different channels are shown in figure 3 (left). The most generic cross section
(∼ 3 · 10−26cm3s−1 for a purely s-wave cross section) is plotted as a reference. These results
are obtained for NFW profiles 21 but for cored dark matter profile the J-factors for most of the
dSphs would either increase or not change much so these results includes J-factor uncertainties
20.

With the present data we are able to rule out large parts of the parameter space where the
thermal relic density is below the observed cosmological dark matter density and WIMPs are
dominantly produced non-thermally, e.g. in models where supersymmetry breaking occurs via
anomaly mediation for the MSSM model, updated from 19).

Future improvements (apart from increased amount of data) will include an improved event
selection with a larger effective area and photon energy range, and the inclusion of more satellite
galaxies. In figure 3 (right) are shown the predicted upper limits in the hypothesis of 10 years
of data instead of 2; 30 dSphs instead of ten (supposing that the new optical surveys will
find new dSph); spatial extension analysis (source extension increases the signal region at high
energyE ≥ 10 GeV,M ≥ 200 GeV ).

Other complementary limits were obtained with the search of possible anisotropies generated
by the DM halo substructures 22, the search for Dark Matter Satellites 23 and a search for high-
energy cosmic-ray electrons from the Sun 24.

3.4 Gamma-ray lines

A line at the WIMP mass, due to the 2γ production channel, could be observed as a feature in
the astrophysical source spectrum 11. Such an observation would be a “smoking gun” for WIMP
DM as it is difficult to explain by a process other than WIMP annihilation or decay and the
presence of a feature due to annihilation into γZ in addition would be even more convincing.
No significant evidence of gamma-ray line(s) has been found in the first two years of data from
7 to 200 GeV 25 (see also 26).

Recently, the claim of an indication of line emission in Fermi-LAT data 27,28 has drawn
considerable attention. Using an analysis technique similar to 26, but doubling the amount of



Figure 4: Dark matter annihilation 95% CL cross section upper limits into γγ for the Einasto profile for a circular
region of interest (ROI) with a radius RGC = 16◦ centered on the GC with |b| < 5◦ and |l| > 6◦ masked.

data as well as optimizing the region of interest for signal over square-root of background, 27

found a (trial corrected) 3.2 σ significant excess at a mass of ∼ 130 GeV that, if interpreted as
a signal would amount to a cross-section of about < σv >∼ 10−27cm3s−1.

The signal is found to be concentrated on the Galactic Centre with a spatial distribution
consistent with an Einasto profile 29. This is marginally compatible with the upper limit pre-
sented in 25. In the analysis of the 4 year data the Fermi LAT team has improved over the two
year paper in three important aspects: i) the search was performed in five regions of interest
optimized for DM search under five different assumptions on the morphology of the DM signal,
ii) new improved data set (pass 7 reprocessed) was used, as it corrects for loss in calorimeter
light yield due to radiation damage during the four years of the Fermi mission and iii) point
spread function (PDF) was improved by adding a 2nd dimension to the previously used triple
Gaussian PDF model, leading to a so called ’2D’ PDF (such procedure is shown to increase the
sensitivity to a line detection by 15%).. In that analysis 30 no globally significant lines have been
fond and new limits to this DM annihilation channel were set (see figure 4). In a close inspection
of the 130 GeV feature it was found that indeed there exist a 135 GeV signal at 4.01σ local
significance, when a ’1D’ PSF and old data sets were used (consistently with what 27,28 have
found). However, the significance drops to 3.35σ (local, or ≤ 2σ global significance once trials
factors are taken into account). In addition, a weaker signal is found at the same energy in the
control sample (in the Earth limb), which might point to a systematics effectpresent in this data
set. In order to examine this possibility weekly observations of the Limb are scheduled, and a
better understanding of a nature of the excess in the control sample should be available soon.

A new version of the event-level reconstruction and analysis framework (called Pass 8 ) is
foreseen soon from the Fermi LAT collaboration. With this new analysis software we should
increase the efficiency of the instrument at high energy and have a data set based on independent
event analysis thus gaining a better control of the systematic effects.

3.5 The Cosmic Ray Electron spectrum

The experimental information available on the Cosmic Ray Electron (CRE) spectrum has been
dramatically expanded with a high precision measurement of the electron spectrum from 7 GeV
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to 1 TeV by the Fermi LAT 17,18. The spectrum shows no prominent spectral features and it is
significantly harder than that inferred from several previous experiments.

Recently the Fermi-LAT collaboration performed a direct measurement of the absolute e+

and e− spectra, and of their fraction 33. As the Fermi-LAT does not carry a magnet, analysis
took advantage of the fact that due to its magnetic field, the Earth casts a shadow in electron
or positron fluxes in precisely determined regions. As a result, this measurement confirmed a
rise of the positron fraction observed by PAMELA, between 20 and 100 GeV and determine for
the first time that it continues to rise between 100 and 200 GeV (see figure 5).

These measurements show that a new component of e+ and e− are needed with a peak at
∼ 1 TeV. The temptation to claim the discovery of dark matter from detection of electrons
and positrons from annihilation of dark matter particles is strong but there are competing
astrophysical sources, such as pulsars, that can give a strong flux of primary positrons and
electrons (see 15 and references therein). At energies between 100 GeV and 1 TeV the electron
flux reaching the Earth may be the sum of an almost homogeneous and isotropic component
produced by Galactic supernova remnants and the local contribution of a few pulsars with the
latter expected to contribute more and more significantly as the energy increases. If a single
nearby pulsar give the dominant contribution to the extra component a large anisotropy and
a small bumpiness should be expected; if several pulsars contribute the opposite scenario is
expected.

So far no positive detection of CRE anisotropy was reported by the Fermi-LAT collaboration,
but some stringent upper limits were published 34 the pulsar scenario is still compatible with
these upper limits.

After the conference the AMS-02 collaboration presented the result on the positron fraction
35 that confim the positron ratio rise observed by PAMELA and Fermi and extend it up to 350
GeV.

Forthcoming measurements from AMS-02 and CALET are expected to reduce drastically the
uncertainties on the propagation parameters by providing more accurate measurements of the
spectra of the nuclear components of CR. Fermi-LAT and those experiments are also expected to
provide more accurate measurements of the CRE spectrum and anisotropy looking for features
which may give a clue of the nature of the extra component.



4 Conclusions

Fermi turned four years in orbit on June, 2012, and it is definitely living up to its expectations
in terms of scientific results delivered to the community. The mission is planned to continue at
least four more years (likely more) with many remaining opportunities for discoveries.
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FERMI-LAT LIMITS ON MASS DEGENERATE DARK MATTER SCENARIOS

A. IBARRA

Physik-Department T30d, Technische Universität München

James-Franck-Straße, 85748 Garching, Germany

We analyze scenarios where the dark matter is constituted by Majorana fermions which in-
teract via a Yukawa coupling with a Standard Model fermion and a scalar. In this class
of scenarios, the higher order annihilation process into a fermion-antifermion pair with the
associated emission of a photon can have a sizable cross section and even be the dominant
annihilation channel. Futhermore, the energy spectrum of photons presents a sharp feature
towards the endpoint of the spectrum that resembles a distorted line. We have searched in the
Fermi-LAT data for the gamma-ray produced in this process and we have set stringent limits
on the annihilation cross section which are a factor of a few above the expected value for a
thermal relic. In fact, we already find a weak indication, with a significance of 3.1σ (4.3σ)
when (not) taking into account the look-elsewhere effect, for a signal that would correspond
to a dark matter mass of ∼ 150 GeV. We also discuss the constraints on this class of scenarios
from antiproton limits and direct search experiments.

1 Introduction

The search for gamma-rays produced in dark matter (DM) annihilations is hindered by the
existence of large astrophysical backgrounds, which usually overwhelm the faint signal expected
from exotic processes. A promising strategy to indirectly search for dark matter annihilations
is then to search for spectral features, which might stand out over the featureless diffuse back-
ground even for moderate values of the annihilation cross section. An interesting scenario which
generates a prominent gamma-ray spectral feature consists in Majorana fermions as dark matter
particles which interact via a Yukawa coupling with a Standard Model fermion and a scalar.
We will describe in section 2 the main characteristics of the model and we will argue that
when the dark matter particle and the scalar are degenerate in mass a sharp spectral feature
appears through a process dubbed “internal Bremsstrahlung” and which originates from the
three Feynman diagrams shown in Fig. 1. Then, in section 3 we will describe a search of this
spectral feature in the Fermi-LAT data. This model offers a rich phenomenology and could give
signatures in other dark matter search strategies, such as indirect detection with antiprotons or
direct detection. We will briefly review in section 4 the limits that these experiments impose
on the parameter space of mass degenerate scenarios. Lastly, in section 5 we will present our
conclusions.

2 Simplified models with internal Bremsstrahlung

We consider a toy model where the dark matter of the Universe is constituted by Majorana
fermions, denoted by χ, singlets under the Standard Model gauge group, which couple to the
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Figure 1: Feynman diagrams contributing in leading order to the three-body annihilation cross-section and
producing an internal Bremsstrahlung signal.

Standard Model via a Yukawa interaction with a scalar η. The Lagrangian of the model can
then be cast as L = LSM + Lχ + Lη + Lint, where LSM is the Standard Model Lagrangian, Lχ

and Lη are the parts of the Lagrangian containing the kinetic and mass terms of the Majorana
fermion χ and the scalar particle η, respectively, and Lint denotes the interaction terms of the
new particles with Standard Model fields. The latter term explicitely reads Lint = −yχ̄fRη+h.c.,
where we consider for concreteness that the dark matter particle only couples to the right-handed
fermions, although the analysis for left-handed fermions is analogous.

In this class of scenarios, the velocity weighted annihilation cross section for the lowest order
process χχ → fRf̄R turns out to be very suppressed in the non-relativistic limit. The reason
is that in the limit v → 0, which is a good appoximation in the Galactic center where dark
matter particles move with a velocity v/c ∼ O(10−3), the initial state in the annihilation has
zero total angular momentum. On the other hand, the final state fRf̄R has angular momentum
equal to one. Therefore, it is necessary a helicity flip in one of the final fermionic legs in order
to generate a final state with total angular momentum equal to zero, thus giving a suppression
in the annihilation cross section ∝ (mf/mχ)2. If one considers the corrections due to the dark
matter velocity, one finds that the term in the expansion ∝ v2 is not helicity suppressed, but is
nonetheless suppressed by the small velocity of the dark matter particles.

The higher order annihilation process with the associated emission of a vector boson χχ →
fRf̄Rγ is not helicity suppressed, even in the limit v → 0, due to the angular momentum carried
by the vector boson1,2. There is, however, an additional suppresion by (mχ/mη)

8 compared to
the 2 → 2 process, therefore the 2 → 3 annihilation process is enhanced in the limit where the
dark matter mass is degenerate compared to the intermediate scalar mass. Furthermore, there
is a suppression of the 2 → 3 channel by the 3-body phase space and by the extra coupling
constant, nevertheless in the degenerate limit this channel can have a sizable annihilation cross
section and, in some cases, even dominate over the 2 → 2 process, as shown in Fig. 2, left plot.

In the degenerate limit the annihilation process χχ → fRf̄Rγ not only has a sizable cross
section but the emitted photon has a spectrum sharply peaked at an energy close to the dark
matter mass3, due to an enhancement in the t-channel propagator when the energy of the fermion
is close to zero (and which corresponds to a photon energy close to the dark matter mass). This is
shown in Fig. 2, right plot, where we also show for comparison the featureless spectrum produced
in the corresponding 2 → 2 annihilation processes. The spectrum from internal Bremsstrahlung
has a very characteristic shape that resembles a “distorted” line and can be searched for in the
Fermi-LAT data using techniques similar to those employed to search for gamma-ray lines. In
the next section we will describe our search strategy and the results of the search.

3 Search for signatures on internal Bremsstrahlung with the Fermi-LAT

The gamma-ray flux from DM annihilation in the galactic DM halo is given by:

dJγ

dEdΩ
(b, l) =

〈σv〉
8π m2

χ

dN

dE

∫

los

ds ρ2
χ(r) . (1)
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Figure 2: Left plot: Ratio of the 2 → 3 over the 2 → 2 annihilation cross sections for annihilations into muons
(black line), taus (red line) or bottom quarks (blue line). Right plot: Gamma-ray spectrum predicted by our toy
model for different final-state fermions, assuming mχ = 200 GeV and a mass-splitting of µ = 1.1. The solid lines
show the full contribution from three-body final states, including the VIB photons close to x = 1, while the dotted
lines show contributions from the helicity-suppressed two-body final states including the final state radiation and

the quark/gluon fragmentation.

Here, mχ is the DM mass, 〈σv〉 the total DM annihilation cross-section averaged along the line
of sight, dN/dE the energy spectrum of produced gamma rays, and b and l denote the galactic
latitude and longitude, respectively. The coordinate s ≥ 0 runs along the line of sight, and

the distance to the Galactic center r is given by r(s, b, l) =
√

r2
⊙ + s2 − 2sr⊙ cos b cos l, where

r⊙ = 8.5 kpc denotes the distance between Sun and the Galactic center. For the distribution of
dark matter particles in the halo we will consider the following generalized Navarro-Frenk-White4

(NFW) profile

ρχ(r) ∝ 1

(r/rs)α (1 + r/rs)
3−α

, (2)

normalized to the fiducial value ρχ = 0.4 GeV cm−3 at the Sun’s position6 and with a scaling
radius of rs = 20 kpc. In the case of an inner slope of α = 1 this reproduces the standard NFW
profile. The possible impact of adiabatic contraction 5 can be studied in an effective way by
allowing for larger inner slopes of the profile.

The gamma-ray data measured by the Fermi LAT is publicly available 7. The events that
enter our main analysis are taken from the P7CLEAN V6 event class. We consider 43 months of
data (from 4 Aug 2008 to 6 Feb 2012), and select front- and back-converted events with energies
in the range 1–300 GeV. We apply a zenith angle cut of θ < 100◦ in order to avoid contamination
with photons from the earth albedo, as well as the quality cut filter DATA QUAL==1 (all event
selection is done using the 06/10/2011 version of ScienceTools v9r23p1). In contrast to previous
analyses, which consider a geometrically simple target region, we use for our spectral analysis a
data-driven adaptive procedure with the aim of maximizing the expected signal-to-noise ratio8.
This approach is extremely important when looking for spectral features at the statistical limit
of the detector, since an inefficiently chosen target region can easily wash out or hide a potential
signal. Our choice of the optimal target region depends on the adopted dark matter profile;
in order to select it, we estimate the expected spatial distribution of background noise in our
search for spectral features above 40 GeV by considering the actually measured events below
40 GeV. The spatial distribution of signal photons, on the other hand, just follows from Eq. 1.
Our target regions for α = 1 and α = 1.1 are shown in Fig.3, together with the expected
signal-to-background ratio, normalized in each case to 1 for the central pixel.

No signal from internal Bremsstrahlung was found in the Fermi-LAT data with a significance
larger than 5σ. We then show in Fig. 4 the upper limits on the three-body annihilation cross
section of the processes χχ → µ+µ−γ and χχ → bb̄γ for the NFW dark matter halo profile
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Figure 3: Two of the target regions used in our spectral analysis (solid black lines). The left and right plots
correspond, respectively, to Reg1, Reg2 optimized for DM profiles with inner slopes of α = (1.0, 1.1).

(α = 1). Besides, we show the expected value of the 2 → 3 annihilation cross section for a
thermal relic, which depends on the mass degeneracy and approximately reads:

〈σv〉2→3
G.C. ∼

α

0.3π
〈σv〉2→2

f.o. ∼ 10−28 cm3 s−1 , (3)

where 〈σv〉2→2
f.o. ∼ 3 × 10−26 cm3 s−1 is the annihilation cross section at the time of freeze-

out. Lastly, we also show in the plot the upper bound on the annihilation cross section that
follows from the flux limits from gamma-ray observations of dwarf galaxies 9, namely 〈σv〉 <
8π m2

χ/N tot
γ × 5.0 × 10−30 cm3 s−1 GeV−2, where N tot

γ denotes the number of photons that
are produced per annihilation in the energy range 1–100 GeV 8. As can be seen from the plot,
the dwarf limits are weaker than the limits from the search for spectral features for the case of
dark matter particles coupling to muons, while they are very stringent for dark matter particles
coupling to b-quarks.

Inerestingly, the limits from the searches for an internal Bremsstrahlung signal become fairly
weak when the dark matter mass is ∼ 150 GeV. This is due to an intriguing gamma-ray excess
at Eγ ∼ 130 GeV, shown in Fig. 5, which can be interpreted as a signal for annihilations of
dark matter particles with mass mχ = 149± 4+8

−15 GeV and rate 〈σv〉χχ→f̄fγ = (6.2± 1.5 +0.9
−1.4)×

10−27 cm3 s−1, with a significance in Reg.2 (α = 1.1) of 3.1σ (4.3σ) when (not) taking into
account the look-elsewhere effect8.

4 Other limits on mass degenerate scenarios

The signal of internal Bremsstrahlung discussed in the previous section is induced by the ex-
change in t-channel of a scalar particle carrying hypercharge, as well as color charge if the
final fermions are quarks. Therefore, the processes χχ → fRf̄RZ and χχ → qq̄g will occur
through diagrams analogous to those Fig. 1, upon substitution of the photon by a Z boson or a
gluon10,11. The annihilations producing weak gauge bosons, quarks and gluons can generate an
exotic component in the cosmic antiproton flux, which is severely constrained by the PAMELA
measurements of the antiproton-to-proton fraction12. We show in the left panel of Fig.6 as a
yellow band the limits on the total dark matter annihilation cross section that follow from the
PAMELA data, assuming that the dark matter particle couples only to the up quarks and that
mη/mχ = 1.1 13; the band brackets the uncertainties in the prediction due to the propagation
of the antiprotons in the tangled magnetic field of our Galaxy.

When the dark matter particle couples to quarks, mass degenerate scenarios are also con-
strained by direct detection experiments. The limits on the interaction cross section with protons
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Figure 4: 95% CL upper limits on the three-body annihilation cross-section of χχ → µ+µ−γ (left plot) and
χχ → bb̄γ (right plot) from our search for ther internal Bremsstrahlung signal (black lines) for three reference
values of the mass splitting µ. We also show the limits from dwarf galaxy observations (green lines), as well as
the limits on the annihilation cross-section that follow from requiring that the relic density predicted by our toy

model does not undershoot the observed value (blue lines).
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Figure 5: Fits to data in Reg2 for the best signal candidate at mχ = 149 GeV. The red bars represent the
background-only fit without DM signal, the green bars the background plus DM signal fit and the blue line the

corresponding internal Bremsstrahlung signal flux.

inferred from the XENON 100 experiment14 are shown in the right panel of Fig. 6 as a red band,
again for couplings to the up-quark and mη/mχ = 1.1 13. In this case, the width of the band
brackets the astrophysical and nuclear uncertainties involved in the calculation of the scattering
rate with nuclei.

In this toy model, the only free parameters are the dark matter mass, the intermediate scalar
mass and the Yukawa coupling y. Therefore, for a given mχ and a given mη/mχ the antiproton
limits set an upper bound on the Yukawa coupling which can then be translated into limits
on the scattering cross section with nuclei. These are shown in the right-panel of Fig. 6 as a
yellow band. Conversely, the limits on the scattering rate can be translated into limits on the
annihilation cross section, shown as a red band in the left panel of Fig. 6. As apparent from
the plot, the limits from direct detection are more stringent than the limits from antiprotons
unless the dark matter particle is very heavy. Nevertheles, in this regime the coupling becomes
non-perturbative and the calculation is no longer reliable.



Figure 6: Upper limits on the total annihilation cross section (left panel) and the interaction cross section with
protons (right panel) in mass degenerate scenarios where the dark matter particle couples to the up quark,
assuming mη/mχ = 1.1. The red band shows the limits from XENON100 and the yellow band the limits from

PAMELA. The width of the bands bracket the various sources of uncertainty in the calculation.

5 Conclusions

In scenarios with Majorana dark matter particles coupling with light fermions, the higher order
annihilation process χχ → f f̄γ can have a sizable cross section and even be the dominant anni-
hilation channel. We have searched in the Fermi-LAT data for the gamma-ray signal generated
in the annihilation χχ → f f̄γ. The limits are fairly stringent and are only one-two orders of
magnitude above the cross sections expected from thermal production. In fact, we already find
an intriguing hint for a signal at mχ ≃ 149 GeV. We have also discussed the interesting interplay
in this class of models between direct and indirect dark matter searches.
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Dark Matter Direct Detection With Low Temperature Detectors
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Low Temperature Detectors (LTDs) offer the best signal-to-noise performance and thus, lowest
energy threshold among other particle detection technologies available today. The excellent
background rejection provided by these detectors is essential to search for very rare and very
low energy recoils expected from dark matter interactions. Furthermore, due to their very good
event-by-event background rejection capabilities, LTDs do not heavily rely on self-shielding in
order to mitigate radioactive backgrounds (in contrast with the monolithic liquid Noble Gas
detectors) thus they can be more easily prototyped and tested for basic detector performance.
A review of the status and prospects of the major Dark Matter search experiments using LTD
technologies is presented here.

1 Dark Matter and WIMPs

A broad range of cosmological observations, including those of the distribution of large-scale
structure, of the apparent brightness of distant supernovae, and of the anisotropies in the cosmic
microwave background, tells us that about 85% of the matter in the universe is not made of
ordinary particles, but exists in some dark form 1.

Weakly Interacting Massive Particles (WIMPs) are a generic class of candidates for dark
matter2,3. As Big Bang relic particles, WIMPs are particularly interesting because their existence
would represent a convergence of independent arguments from cosmology and particle physics.
They constitute a class of particles produced in the hot early universe in thermal equilibrium
that decoupled when they were non-relativistic. In order for them to have a density equal to that
of dark matter, they should interact with a cross section similar to that of the Weak Interaction
(hence their name). Therefore, cosmology hints at the possibility that physics at the scale of
the W and Z bosons may be responsible for dark matter. In particle physics, new physics also
appears to be needed at the W and Z scale in order to solve the famous “hierarchy” problem:
We need to understand why mH ∼125 GeV/c2 in spite of the radiative corrections that tend
to drive its mass to high values. Supersymmetry is the primary example of how such radiative
corrections can be controlled, and (if R-parity is conserved) the lightest supersymmetric partner
(LSP) is stable and may interact at roughly the weak interaction rate. Accordingly, such models
predict a relic density of the LSP very near the universe’s inferred dark matter density.



Figure 1: Recent upper limits (90% C.L.) on the WIMP-nucleon spin-independent cross section versus WIMP
mass are shown from top to bottom for CDMS II Soudan4, 7 (Red solid), EDELWEISS II 6 (Orange solid) and
XENON100 8 (green solid). The magenta filled region indicates the region where CRESST II reports a signal 9.
68% and 90 % C.L. contours for a possible signal from CDMS II recent silicon analysis 13 are shown in light blue.
The blue dot shows the maximum likelihood point at (8.6 GeV/c2, 1.9×10−41 cm2) The colored regions show the
current SUSY regions (with recent LHC and Higgs constraints). Also shown are projected sensitivities for the
SuperCDMS Soudan experiment (dot-dashed red) and the proposed SuperCDMS SNOLAB experiment with a
200 kg payload for four years running (dot-dashed red); these assume no background subtraction. Low-threshold

SuperCDMS Soudan (dashed red) and SuperCDMS SNOLAB (dashed red) projections are also shown.

Fig. 1 shows the present experimental situation together with a range of supersymmetric
models, for “spin-independent” scattering, where the quantum number that adds in the coherent
scattering matrix element is assumed to be the atomic number of the nucleus.

There are two regions of current interest: the mass region above 50 GeV/c2 favored by most
WIMP models, and the low-mass region around 7 GeV/c2. In the higher mass region, the best
upper limits are given by three experiments, XENON100 8, CDMS II 7, and EDELWEISS 6

These limits exclude parts of the supersymmetry parameter space allowed by the recent LHC
results11. Although the cMSSM/mSUGRA 5-parameter space is severely restricted by the LHC,
more general supersymmetric models are fully compatible with the current data. Generally
speaking, the absence of missing energy events at LHC tends to push the mass scales higher.
It is important to note that direct detection has no sharp high-mass cutoff as does the LHC;
instead the sensitivity merely degrades as the inverse of the WIMP mass.

The low-mass WIMP region shown in Figure 1 is interesting in part due to the experimental
claims by DAMA 10 (based on modulation assuming Na scattering), CoGeNT 12 (based on
differential rate and modulation) and CRESST 9 and more recently the unexpected excess in
the CDMS II silicon analysis 13. This mass region is also interesting from the purely theoretical
point-of-view because it is natural in asymmetric dark matter models, with a dark-matter anti-
dark-matter asymmetry of the same order of magnitude as in the baryonic sector 14. If the
annihilation rate is large enough for the pairs of particles and antiparticles to disappear, then
the amount of dark matter would be readily explained by the ratio of masses, and a relatively
high elastic cross section could be natural.

2 Direct detection of WIMPs challenges: LTD advantages

If WIMPs are indeed the main components of dark matter and form a halo around our galaxy,
then they can interact with a terrestrial detector leaving a detectable elastic scattering off the



Figure 2: The total event rate above detections threshold in various substrates for a WIMP mass= 100GeV/c2

(left) and WIMP mass= 10GeV/c2 (right) for a cross-section of interaction= 1× 10−45cm2.

target nuclei 15. The rate of such interaction depends on the local halo density and velocity
distribution in the Milky Way, the WIMP mass, and the cross section on the target nuclei. The
last of these parameters has the largest uncertainty. Generally, the recoil energy spectrum is
given by

dN

dR
=

σ0ρχ
2µ2mχ

F 2(q)
∫ υescape

υmin

f(υ)
υ
dυ, (1)

where ρχ is the local WIMP density,µ is the WIMP-nucleus reduced mass mχmN/(mχ+mN )
(assuming a target nucleus mass mN ), and the integral takes account of the velocity distribution
f(υ) of WIMPs in the halo. The term vmin is the minimum WIMP velocity able to generate
a recoil energy of Er , and vesc is the maximum WIMP velocity set by the escape velocity in
the halo model. F 2(q) is the nuclear form factor and σ0 the WIMP nucleus interaction cross
section.

Fig. 2, shows the expected interaction rates for various detector material and WIMP masses
of: 100 GeV/c2 (left) and 10 GeV/c2 (right). These plots also reveal the challenging aspects of
WIMP direct detection notably:

• Low energy recoils require low detection thresholds and high resolution detectors.

• The expected recoil spectrum is a featureless, simple falling exponential.

• Very rare interactions requires background mitigation.

Detectors operating below a temperature of 1 K, also as known as Low Temperature De-
tectors (LTDs) 16,17, use <meV quanta phonons to provide better energy resolution than is
typically available from conventional technologies. Additionally the fact that all the quantum
excitation induced by particle interaction will decay to the lowest excited states (phonons), the
measurement of phonons provides a simple parameter to estimate the energy of interaction i.e.
absolute calorimetry. The low energy threshold offered by LTDs is particularly important for
low threshold searches for light WIMP detection.

The most basic kind of LTD employs a dielectric absorber coupled to a thermal bath via
weak link. A thermistor monitors the energy of the absorber. The energy E deposited by
a particle interaction causes calorimetric temperature change by increasing the population of
thermal phonons. The fundamental sensitivity is

σ2
E = ξ2kT (TC(T ) + βE) (2)

where C is the heat capacity of the detector and T is the temperature of operation, k is
Boltzmann’s constant, ξ and β are parameters that depend on the nature of thermal link and
other noise sources in the readout and are both of the order of unity. The first term represents
phonon number fluctuations in the absorber due to thermal exchange with the bath, while the
second term represents fluctuations in the number of phonons excited by particle interaction.



Eq. 2 suggests the use of crystalline dielectric absorbers at very low temperatures particularly
because the heat capacity of the dielectrics drops as T3 for the temperatures well below the
Debye temperature. (ΘD, typically hundreds of K). A σE = 5.2eV is in principle achievable for
1 kg of germanium operated at T=10 mK. In practice, a number of factors (e.g. readout noise)
degrade the energy resolution by about an order of magnitude, but the fundamental energy
resolution for such a large mass remains attractive. There are some commonly used sensors
for LTDs. For example, Neutron-Transmutation-Doped (NTD) sensors have an exponentially
decreasing resistance with temperature, while Transition Edge Sensors (TES) have a strong
resistance change at their critical temperature, Tc.

In the absence of backgrounds, the sensitivity of an experiment to WIMP interaction in-
creases linearly with the mass of the detector, which is an incentive for the desire to have more
massive detectors. However, the thermal phonon measurement resolution degrades with the mass
(or heat capacity) of the absorber as

√
M . This motivates the use of athermal phonons, i.e.

phonons which have not reached thermal equilibrium. Through successive anharmonic decays,
the high energy phonons from the recoil rapidly decay into lower energy phonons. Since these
lower energy phonons have a mean free path comparable to the physical size of the detector,
they travel ballistically from the interaction point to the surface of the detector and the phonon
sensors therein. Assuming that the sensor area coverage on the surfaces of the detector increases
commensurate to the detector mass, one can maintain the same energy resolution independent
of the mass of the absorber. Furthermore, since the athermal phonons carry the information
about the transient in the absorber, one can also use phonon signals to reconstruct location of
the events.

Measurement of a single parameter per interaction (e.g. phonon amplitude) does not provide
any background discrimination capability. For an event-by-event discrimination one needs at
least two simultaneous measurements. Ionization or scintillation, which are among the other
standard nuclear and particle detection methods at higher temperatures, can also be measured
at very low temperatures. They can be combined with a phonon measurement technique to
discriminate WIMP producing Nuclear Recoils (NR) from most of the backgrounds producing
Electron Recoils (ER). In particular, it has been shown that the ionization or scintillation yield
of an interaction can vary significantly between a NR and an ER 7, 9. A brief summary of the
leading WIMP search experiments using various LTD technologies is presented in Table 1 and
more details are discussed in the following section.

3 Status and prospects of direct detection experiment using LTDs

Scintillation-The CRESST II experiment (Cryogenic Rare Event Search using Superconducting
Thermometers) uses crystals of CaWO4 as dark matter detectors 9. Each detector module is
300 g and can simultaneously detect scintillation and phonons for each event. This enables
the experiment to discriminate WIMPs from radioactive backgrounds using the scintillation
yield as shown on table. 1. The detectors are operating at Tbase ∼10 mK. The total recoil
energy of the interaction is measured thermally with a Superconducting Phase Transition (SPT)
thermometer attached to the detector. The photons are measured by a separate light detector
placed immediately above the CaWO4 crystal. Photons absorbed by the light detector lead to
a temperature change that is measured by a second SPT. Using this technique the CRESST
II experiment has established a background rejection efficiency of >99.7% above 15 keV. As a
multi-nucleus target, CaWO4 crystals produce a scintillation yield that varies according to the
type of recoiling nucleus. This allows CRESST II to probe different WIMP mass scenarios in
the same target. However, this requires well defined band definition down to the recoil energy
of the interest below 20 keV. After accumulating 730 kg.day of data the CRESST II experiment
observed 67 events within the WIMP signal region of which roughly half could be interpreted as
WIMPs of the mass 12 to 30 GeV/c2. No strong claim is made of a WIMP discovery due to the



Table 1: Summary of the major dark matter search experiments using LTDs. The third column shows results
from neutron source calibration (to mimic WIMPs) from corresponding experiments. The Nuclear Recoils (NR)
events centered at the lower scintillation or ionization yields and Electron recoil (ER) events centered around the

yield of 1 are well separated resulting in excellent ER background discrimination.

Experiment Detector Example of Calibration Status and Perspective

CRESST
Scintillation and
Phonon in 300 g
CaWO4 modules

• Observed 67 candidates in 730
kg.day data.

• More than half are from back-
grounds.

• CRESST II running: 5 kg de-
tectors.

• Will confirm or constrain re-
sults from the previous run.

EDELWEISS
Ionization and
thermal Phonon
in 400 or 800 g
Ge IDs or FIDs

• EDELWEISSII exposure: 384
kg.day [20-100 keV] and 113
kg.day [5-20] keV

• EDELWEISS II sensitiv-
ity: σSI < 4.4 × 10−44cm2

(σSI < 1 × 10−41cm2 ) For 85
Gev/c2 (10 Gev/c2 ) WIMPs.

• EDELWEISS III will soon run
with 40 kg FIDs

CDMS
Ionization and
athermal Phonon
in 0.6 or 1.5 kg
Ge iZIPs

• CDMSII sensitivity with 4.5 kg
Ge: σSI < 4.4 × 10−44cm2 for
85 Gev/c2 WIMPs

• CDMSII Observed 3 can-
didates in 142 kg.day Si
data. with sensitivity:
σSI = 2.4 × 10−41cm2 for
10 Gev/c2 WIMPs

• SuperCDMS Soudan currently
running with ∼ 9 kg iZIPs

• SuperCDMS SNOLAB R&D
for 200 kg of large 1.5 kg iZIPs



unaccounted systematics associated with the known backgrounds. The experiment is currently
running with ∼ 5 kg of crystals and with improved background environment to either confirm
the low mass WIMPs detection in the previous run or produce competitive limits over a wide
range of WIMPs masses.

Ioniozation in semiconductors in the form of electron-hole excitations can be measured
at low temperatures. As shown in table. 1, the ionization yield varies strongly between an
electron recoil and a nuclear recoil event. This provides a powerful handle to discriminate WIMP
interactions from the radioactive background. Both CDMS (Cryogenic Dark Matter Search)
and EDELWEISS (Experience pour DEtecter Les Wimps En Site Souterrain) use simultaneous
measurement of Ionization and phonons for background discrimination.

The phonon signals have two components: Phonons produced immediately after the recoils
and those produced during the drift of scattering carriers through the crystal. The latter com-
ponent produces what are known as Neganov-Luke phonons 18, which are proportional to both
the collection voltage applied across the detector and the number of electron-hole excitations
produced (i.e. the ionization signal). In order to keep the ionization and phonon measurements
independent, one is limited to apply very low collection voltages across the detector (∼Volts)
compared to the standard semiconductor detectors operating at 77 K (∼1000 Volts). Although
charge can be fully collected at such low fields for the events well within the bulk of the detector,
for the events very close to the ionization electrodes a fraction of the carriers can back diffuse
toward a wrong electrode (or to be trapped on the surface states).This results in an incomplete
collection of charge. The ionization signal can be suppressed to the extent that, for an event
occurring very close to the surface of the detector (e.g. for a beta interaction), an ER can appear
in the NR region and mimic a WIMP interaction. The solution incorporated by CDMS II was
to utilize the timing information of athermal phonons to reconstruct the location of events in
the detector. Thus, CDMS II was able to identify and reject with > 99.8% efficiency those near
surface events. Both CDMS and EDELWEISS are currently using a new technique based on a
new interleaved ionization electrode geometry and a nonuniform tangential field at the surfaces
of the detector to discriminate the near surface events by the ionization collection asymmetry
between electrodes with excellent rejection efficiencies 19, 20.

Running with 10×400 g Interdigitated germanium Detectors (ID) and accumulating an expo-
sure of 427 kg.d at the Modane underground laboratory (1800 m deep), EDELWEISS II observed
5 candidate events in the range of [20-200 keV] consistent with an expected background of 3 6.
EDELWEISS III will deploy 40 kg of larger Fully Interdigitated Detectors (FID 800 g) with
improved ionization collection geometry to also cover the cylindrical surfaces of the detectors
with the expected sensitivity of σSI ∼ 1× 10−45cm2.

The CDMS II setup at the Soudan underground laboratory in Minnesota, US (713 m deep),
consisted of 4.5 kg (1.3 kg) of Ge (Si) Z-sensitive Ionization and athermal Phonon (ZIPs) detec-
tors 250 g(106 g) each. The final results from CDMS II Ge exposure for energy interval [10-100
keV] and low threshold (2 keV) is shown in Fig. 1 and described in detail elsewhere 7, 4. Both
CDMS II and EDELWEISS use Ge as their target absorber and performed a combined analysis
of the two collaborations’ WIMP exclusion region which resulted in slightly lower limit at the
high mass but incurred a penalty at lower mass due to un-rejected backgrounds 21. CDMS II
recently published results of the 142 kg.d exposure from operation of 11 Si ZIPs 13. After all
the analysis cuts, 3 events have been observed inconsistent with the expected background of
0.7 event. A likelihood analysis with the CDMS known backgrounds was performed and the
highest likelihood occurs for WIMP mass of 8.6 GeV/c2 and a cross section of 1.9× 10−41cm2.
The results are consistent with CDMS previous low threshold and EDELWEISS II low threshold
analysis but in strong tension with XENON10 and XENON100 results 8. Recent studies show
that those inconsistencies can be softened with different assumption for the relative scintillation
yield in XENON 100 22. The LUX experiment 23 (currently running) with a significantly higher
light yield than XENON 100 and SuperCDMS Soudan can confirm or further constrain the



WIMP hypothesis in this mass region.
SuperCDMS Soudan is currently running with 9 kg of recently designed ∼600 g interleaved

ZIP (iZIP) Ge detectors19 to reach WIMP-nucleon sensitivity of σSI ∼ 3×10−45cm2 for WIMPs
mass of ∼60 GeV/c2. The background rejection performance of the CDMS new iZIP design was
studied and shown to be far better than what is required for SuperCDMS Soudan sensitivity
goals. The same design is adapted as the baseline for future generation of the experiment:
SuperCDMS SNOLAB 24. SuperCDMS SNOLAB is currently under R&D to deploy 200 kg of
1.5 kg iZIP detector modules in SNOLAB underground laboratory in Ontario, Canada (2070 m
deep). The goal of the experiment is to achieve 1 background leakage over 4 years of operations
and to reach WIMP-nucleon sensitivity of σSI ∼ 1× 10−46cm2.

Figure 3: WIMP-nucleon cross section exclusion limits as a function of WIMP mass for Xenon 100 (green) and
CDMS II Ge (red) as well as the 90 % CL signal contours for the low energy event excesses found in CDMS II
Si (cyan), CRESST(brown), CoGENT (pink), and DAMA (yellow). 5 (solid blue) and 10 year (dashed blue)
sensitivity projections for the proposed 200kg SuperCDMS experiment at SNOLAB and a 1 ton upgrade with
improved performance (dash-dot blue left curves) are also shown. In each case, CDMS detectors operating with a
100V bias for significant Luke-Neganov gain have the greatest reach at low masses. The 8B solar neutrino coherent
interaction in SuperCDMS Ge detectors can produce very similar spectrum as WIMPs of mass ∼7 GeV/c2 and

cross-section∼10−45 cm2 is also shown on this plot (black dot)

Next generation light mass dark matter searches are strongly motivated by both the near
threshold signal excesses found in DAMA 10 , CRESST 9, and CoGENT 12 and a large number
of natural theoretical models. Unfortunately, the energy resolution requirements of potential
next generation dark matter experiments are over an order of magnitude lower than found in
the current generation of massive detector cryogenic experiments. Thus, a focused research and
development effort focused on substantially improving energy thresholds is required. CDMSlite
is a CDMS chid project that uses the Neganov-Luke phonon amplification by operating detectors
at very large ionization bias (∼ 70 Volts) to effectively measure the ionization via phonons with
an excellent S/N ∼15 eVee. The analyses of the data form CDMSlite with very low energy
threshold is being finalized and will soon be available to public. In the absence of large current
leakage the Signal-to-Noise (S/N) and thus the detection threshold can further be improved to
∼1 eV by applying even larger biases. This goal should be achievable since the standard Ge
gamma detectors at 77 K are regularly operated at biases ∼1000 Volts.

Another approach would be to optimize the phonon sensors for better resolution by operating
the detectors at lower base temperatures using superconducting Transition Edge Sensors (TES)
with lower Tc’s. It can be shown 25 that the energy sensitivity in CDMS detectors scales as T−3

c .
CDMS intends to experimentally validate this scaling law and to achieve the ∼eV resolution
needed for an ultimate light mass dark matter detection. Fig. 3 shows the possible sensitivity



reach for SuperCDMS SNOLAB experiment at the low mass region of WIMP parameter space
using a combination of methods described above.

4 Conclusion

The direct detection of dark matter is a challenging goal, requiring detectors with both excellent
background rejection and a very low energy threshold. Low temperature detectors are unique
in that they offer a low threshold as well as event-by-event background rejection. This enables
the exploration of a wide range of hypothetical WIMP masses down to <GeV/c2. The ongoing
experiments described here all plan to increase their background rejection efficiencies commen-
surate to their increased WIMP exposure. This insures a linear increase in WIMP detection
sensitivity with the accrued exposure (MT ) rather than

√
MT of the experiments limited by

background. Regarding future experiments, SuperCDMS, SNOLAB, and EURECA (a joint
effort by both EDELWEISS and CRESST) are aiming to reach WIMP-nucleon sensitivity of
∼10−46 cm2.
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Status of a Scalar Portal to Dark Matter
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In these proceedings, I discuss the current status of a specific scalar portal, the so-called Inert
Doublet Model, with a focus on the issue of dark matter. I will particularly emphasize some
of the most recent developments caused by the discovery of the Standard Model Scalar around
125 GeV at the LHC, the possible interplay between the electroweak phase transition and the
properties of the dark matter candidate, and the prospects for its direct detection.

1 Introduction

The Inert Doublet Model (IDM) is one among the very simplest extensions of the Standard
Model that may accommodate a dark matter candidate. First discussed in 1977 as a particular
symmetry breaking pattern in Two Higgs Doublets models 1, it has been revamped in 2006 2

in an attempt to give weight to the Standard Model Scalar (SMS, aka the Higgs) and almost
simultaneously 3 as a way to give radiative masses to the light neutrinos. The latter work
also illustrates the versatility of the IDM, which is clearly more a phenomenological framework
for ’Beyond the Standard Model physics at the TeV scale’ than a model. For instance the
discrete symmetry that is required to enforce the stability of dark matter is put by hand, and
has no obvious connection with other issues of the SM (a notable exception is 4). Despite such
limitations, the IDM has a very rich and interesting phenomenology, as is witnessed by the many
works that have been devoted to exploring its implications, in particular regarding the existence
of dark matter.

In these proceedings I will quickly review the status of the model, in light of the recent
discovery, not of dark matter unfortunately, but of the SMS around 125 GeV at the LHC. I
will also focus on some very interesting recent developments regarding the electroweak phase
transition and direct detection.

2 The dark matter candidates

In the IDM and its siblings, the dark matter candidate is taken to be the lightest neutral
component doublet scalar H2, which is taken to be odd under a discrete symmetry that is



assumed to be unbroken in vacuum. In absence of other extra particles, the scalar doublet has
no couplings to quarks and leptons (hence the name inert doublet), and so its only interactions
are through the SMS, noted here h (the SMS is otherwise just like in the SM) and electroweak
gauge bosons. In particular, the relevant new parameters that determine the relic abundance of
the dark matter candidate, which we will call H0 (it is a WIMP, so we assume a standard freeze-
out scenario), are: its mass, mH0 , its trilinear coupling with h, and, in case of co-annihilation,
the mass of the other odd scalars. The possible mass splittings within the inert doublet are
constrained by electroweak precision measurements, in particular of the ∆T parameter 2. Also
the mass of the other neutral, A0, and charged, H± partners are constrained by LEP searches
to mH±,A0

& 70− 90 GeV 5,6.

Back in 2006, there existed three possibilities that were compatible with all observational
and experimental constraints, including WMAP 7. There was a light WIMP, in the few GeV
range, a middle or vanilla WIMP, with a mass around, but below the threshold for W+W− pair
production, and a heavy WIMP, with a mass above about 500 GeV. The latter is reminiscent of
Minimal Dark Matter 8, a framework in which dark matter is supposed to have only electroweak
interactions. Thanks to interactions in the scalar sector, the allowed mass range for a heavy H0

extends to up to 58 TeV, a limit which is set by the requirement of unitarity 7,9. As of today,
the first option is excluded, while the middle one is challenged by direct detection (with the
exception of some fine-tuned cases), so that it is fair to say that only remains the possibility of
a heavy, TeV-scale candidate. Let me briefly explain these points.

A light H0, mH0 ∼ few GeV has some interest, in particular with regards to the puzzling
measurements reported by some direct detection experiments (the most recent one is from
CDMS-Si 10). It is effectively like a singlet scalar, since the other components of the inert
doublet are constrained by LEP to be much heaviera. For these candidates, the cosmic abundance
requires a large coupling λH0 = O(1) of H0 to the SMS (the lightest candidate has mH0 & mτ

corresponding to λH0 ∼ 4π). Such large couplings have two immediate implications. First
the spin-independent H0-nucleon cross-section, which is in one-to-one correspondence with the
annihilation cross-section, is so large that all the light candidates heavier than about 5 GeV
are excluded by direct detection experiments, baring the usual assumption regarding the energy
density of dark matter in the vicinity of the Sun. Second, and more dramatically, they imply
that the SMS would be essentially invisible: for mH0 = 7 GeV, one has BR(h→ H0H0) = 99.5%.
Clearly this possibility has been definitively ruled out by the discovery of the SMS. Of course
this conclusion is not specific to the IDM or singlet scalar scenarios, as any light WIMP that
interacts dominantly through the so-called Higgs portal is excluded, but regarding the IDM,
constraints from invisible SMS decay essentially exclude any candidate lighter than mh/2

13.

In the middle mass range, things are a bit more complex, as a number of processes may be
relevant to determine the relic abundance of the H0. The most significant features are 1/ the
abundance is essentially suppressed above the threshold for production of W -pairs. Essentially
because there used to be a tiny, yet viable corner of parameter space for which destructive
interference between different channels allowed for mH0 & mW± 12. This possibility is now
excluded by the latest limit set by Xenon-100 14, as is shown in Fig.1, which I have borrowed
from 15, except for the Xenon100, 225 kg-day exposure limit, which I have included for the sake
of this review. Also shown in the Fig.1 are the many candidates that reach the observed relic
abundance either through co-annihilation or resonant annihilation through the SMS (the vertical
band in the figure between 50 and 70 GeV), hence with small coupling λH0 . Although perfectly
viable, one should acknowledge the fact that these candidates live on the edge of parameter
space and are not as “natural” as one would like them to be. To put in in other words, it seems
to me that most of the “natural” candidates are now excluded. Perhaps it is worth reminding

aNotice that, although the mass splittings are limited by perturbativity, ∆m2 ∼ λv2 (rem: they are also
constrained by stability of the potential), decoupling is protected by the existence of a custodial symmetry, see
e.g. 20.



that just a few years ago the strongest exclusion limits (by then set by CDMS) were about 2
orders of magnitude weaker than there are now...

Figure 1: Scattered plot of H0 candidates taken from Gustafsson et al. Notice that many candidate actually
correspond to mh � 125 GeV and so are now excluded, but the figure nevertheless reveals the gross features of

the IDM candidates in the middle mass range.

The third and last possibility corresponds to heavy dark matter candidates, typically with
a mass in the TeV range. Although for sure potentially a bad news direct production of dark
matter and thus for the LHC, there are a few generic features that make such candidates quite
appealing, both theoretically and experimentally. First, for what it is worth, in it is phase with
the hope that new physics should lurk around the TeV scale. Then, as neatly illustrated by
Minimal Dark Matter, TeV is actually the natural mass scale of WIMPs, i.e. weakly interacting
particles b Indeed, for mDM � MW,Z , one expects σv ∝ αW /m

2
DM , which, depending on the

quantum number of the candidates, leads to mDM around 1 TeV (mH0 ≈ 500 GeV for the
H0). In practice, other couplings are relevant, either simply because there are other channels,
or because of the production of longitudinal gauge boson modes, which is typically dominant at
high energies (see for instance 12). Ultimately one reaches the limit sets by unitarity, which in
the case of the H0 corresponds to mH0 ≈ 58 TeV.c

3 Some new developments

There are three interesting recent developments that I would like to address briefly. The first one
has to do with the branching ratio of the SMS at 125 GeV in diphotons within the framework
of the IDM. As this topic is covered in the talk by Bogumila Swiezewska at the same meeting,
I will be very brief 17 (see also 18). This is of course motivated by the hints of a possible
enhancement in this channel compared to the expectation for the SM. The latest results of
the experiments are a bit contradictory, so for the time being it is probably an interesting

bAn extreme version is provided by charged dark matter, or CHAMPS 16.
cAnother interesting feature of TeV WIMPs, which however does not apply to the H0 is stability. If instead of

a discrete symmetry, one envisions a global continuous symmetry, breaking of this symmetry by particles around
the GUT scale leads automatically to a lifetime of the order of 1026 seconds.



possibility to explore. Alternatively one may use the LHC measurements to constrain the IDM.
The extra contribution to h → γγ is solely from the charged H± partner of the H0 (notice
that h production is unaffected). Both constructive and destructive interference with the SM
amplitude may occur. There is also the possibility of a modification of the branching’s due to
invisible decay h→ H0H0 but this is fine tuned, as at best mH0 ≈ mh/2 = 62.5 GeV is allowed.
Regarding the possible constraint on H±, from 17 one reads that, provided

R(h→ γγ) ≤ 1.2,

then MH± ≥ 154 GeV, which would about a factor of two better than the limit sets by LEP.
The current limit is weaker, at least if we combine the CMS and ATLAS measurements, but
one gets the idea. The lesson to be drawn regarding the abundance of dark matter is not as
direct. Taking for granted the above lower bound, the EW precision tests imply that the A0 is
about as heavy as the H±, which leaves only annihilation through the h to determine the relic
abundance if the H0 is in the middle mass range, which actually is no problem.

Another interesting recent development is the calculation of the radiative corrections to σSI
in the IDM 19. That this may be relevant may be appreciated from the fact that, in the IDM,
elastic scattering is through the SMS channel, a process that is determined by the coupling
λH0 , which may actually be small for many candidates, for instance near the h pole or if co-
annihilations is important. In 19 it is found that the pure one-loop contribution to σSI is in the
range 10−11−10−10 pb, depending on the mass splittings and the mass of the H0, which is within
the expected reach of Xenon-1T. It turns out that, once the constraint mH0 ≈ mh/2 = 62.5 GeV
is taken into account, the radiative correction to σSI may or may not be important for viable
candidates in the middle mass range. As a rule of thumb, the 1-loop corrections are dominant
(a factor of enhancement of up to 100 is possible for some candidates) whenever λH0 is small,
which is either near the pole and/or when co-annihilation play a dominant role in determining
the abundance of H0 (see figure 7 in19). The important conclusion is that 1-loop corrections put
the middle mass range within reach of Xenon 1T, contrary to what is apparent is Fig.1 (which
is based on tree-level σSI). Similar conclusions are reached for the case of heavy candidates.
In brief, this implies that almost all the parameter space of the IDM will be probed by direct
detection experiments, at least up to 1 TeV, a quite interesting prospect.

The last point I would like to discuss is the possible interplay between dark matter in the
IDM and the electroweak phase transition (EWPT) at finite temperature. Before going on, let
me briefly recall an idea which at the end of the day does not quite work for the IDM but which
I think has still some appeal and is related to the electroweak at finite T. The idea was to study
the impact of IDM fields on the breaking of electroweak symmetry in vacuum. In particular
we considered an extreme regime (this is what does not work at the end of the day) in which
the electroweak scale and the mass of dark matter are related through the Coleman-Weinberg
mechanism 20. The relevance of the inert doublet for such considerations is of course the fact
that scalar fields give at 1-loop a correction to the effective potential which is opposite to that
of the top quark. One issue of importance was the fact that the relevant couplings were quite
large, which pointed to the existence of Landau poles are rather low scale. In other words, in
our setup the IDM was only an effective theory valid below, say, the TeV scale. Regardless,
the concrete realization of this scenario is now rule-out by direct detection experiments, because
large quartic couplings were required, but the spirit stays and, furthermore, the finite T works
face the same issue. Coming to this, regarding the finite temperature phase transition, there
has been quite a few recent works, see for instance 21 and 22. In the latter, the issue of large
quartic couplings vs direct detection constraints are evaded by considering that the H0 is a
sub-dominant component of dark matter. To get a strongly first order phase transition, indeed
couplings of order 1 are required, but unlike in other approaches, in which the focus is on DM
candidates around mh/2, both to have a dominant form of dark matter and to have significant
contributions to the EWPT, the dominant effect comes from mH0 ∼ 200 GeV. Although the



abundance is suppressed and the H0 is not the dominant form of DM, the rather large couplings
should lead to potentially observable signals by direct detection experiments. The need for an
extra, dominant form of dark matter concur with the fact that in such scenarios, the IDM is
only a low energy effective theory, which need to be completed by extra degrees of freedom in
the UV (actually not far from the TeV scale) 22. One last comment is that the main interest of
a strongly first order phase transition is electroweak baryogenesis, which of course also requires
CP violation on top of departure from thermal equilibrium. This feature is however absent from
the scalar sector of the IDM, hence the picture is so far incomplete.

4 Conclusions

Despite its simplicity, it is amazing how much phenomenology has been extracted from the
Inert Doublet Model. Here I have only scratched the surface, but one lesson to take home I
believe is that simple models are interesting for their own sake. Another more concrete lesson
is that it seems that most of the parameter space of the IDM will be soon tested by direct
detection experiments, in particular Xenon-1T, in parts because loop corrections may play a
dominant role in the elastic scattering of H0. Interestingly there is very little freedom here,
as the relevant couplings are actually gauge couplings so that the only relevant parameters are
essentially the mass spectrum of the inert doublet, so there is no way out here. We notice that
radiative corrections are also central to the two other aspects we have briefly reviewed, that is
the contribution of the inert doublet to the decay of the SMS into diphotons (which may probe
the charged component of the inert doublet) and the order of the electroweak phase transition.
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Flavored dark matter versus scalar portal
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In my talk, I have considered dark matter candidates corresponding to new scalar degrees of
freedom coupling to quarks in a way consistent with minimal flavor violation hypothesis. I
have discussed the experimental constraints on the viable parameter space of these models
and explain how their phenomenology can differ from the scalar dark matter models with a
coupling to quarks through Standard Model Scalar portal only.

1 Introduction

Within the Standard Model (SM), the Standard Model Scalar or Brout-Englert-Higgs (“Higgs”
for short) boson enjoys a special status since it can allow for a direct coupling to the dark sector
at renormalisable level. It is already well known that the so-called “Higgs portal” provides a
quite simple and attractive framework for Dark Matter (DM) phenomenology. Interestingly,
Higgs searches offer complementary bounds to direct and indirect DM detection searches on the
viable parameter space of such DM models, especially in the low mass region 1.

The DM stability requirement is usually ensured by imposing by hand a discrete Z2 sym-
metry, under which the DM candidate is odd while the SM fields are even. Several works have
however been investigating which models of New Physics (NP) could provide a more fundamen-
tal origin for its stability 2. Recently the typical features of DM candidates coupling to quarks
in a way that is consistent with the Minimal Flavour Violation (MFV) ansatz 3,4 have been pro-
posed5. In the latter case, the MFV, originally motivated to suppress dangerous flavour changing
neutral current (FCNC) processes in NP contexts, can have a dual purpose guaranteeing the
stability of the DM.

MFV is a working context that has been codified 6 as a general framework built upon the
flavour symmetry of the kinetic terms of the SM Lagrangian. Focusing on the quark sector only,
the latter presents a global flavour symmetry whose non-Abelian part is given by

Gf = SU(3)QL
× SU(3)UR

× SU(3)DR
. (1)

Gf is only broken by the Yukawa interactions, unless the Yukawa matrices are promoted to be
auxiliary fields, called spurions, transforming non-trivially under Gf .

Stable DM candidates can arise within the MFV context when the DM is assumed to carry
flavour quantum numbers and the DM field representation under Gf is chosen in order to prevent
DM decay into SM particles. Following the approach of Ref. 5, we assume that the DM fields
are neutral under the SM gauge group, but transforms under Gf . For simplicity, we consider
new scalar degrees of freedom as DM candidates with the lowest representation under Gf that
guarantees their stability. By construction, the DM flavour-multiplets do not couple at the
renormalisable level to quarks. Their interactions with SM particles result from the interplay
between Higgs portal interactions and effective dimensions-six operators coupling DM to quarks.



It has been shown5 that the lowest representation under Gf providing a stable DM candidate
is a triplet under one of the SU(3)i composing Gf . The DM stability is then insured for any
Lorentz representation of the DM candidate. For definiteness, we consider scalar DM S, neutral
under the SM gauge group, and focus on the representation

S ∼ (3,1,1) (2)

under Gf .
The low-energy effective Lagrangian describing our setup is given by

L ⊃ LSM + ∂µS†∂µS − V (S,H) + LDMeff , (3)

where LSM is the SM Lagrangian, V is the scalar potential involving the DM field S and the
Higgs doublet H. LDMeff contains d = 6 DM-flavour operators suppressed by Λ2

DM . ΛDM is the
characteristic mass scale of the messengers of DM-flavour interactions. In the MFV context, the
new contributions to the scalar potential V read 5

V ⊃m2
SS
∗
i (a1ij + b (YuY

†
u )ij + . . . )Sj+

+ λS∗i (a′1ij + b′(YuY
†
u )ij + . . . )Sj H

†H,
(4)

where i, j are flavour indices, a, b, a′, b′ are dimensionlessO(1) parameters and the ellipsis denotes
further negligiblea Yd spurion insertions. After flavour and electroweak symmetry breaking
(EWSB), 〈H〉 = v/

√
2 with v = 246 GeV, the S mass-squared matrix is diagonal and given by

Lm ⊃ −S∗i
[
m2
A +m2

B y2
ui

]
Si , (5)

where we have defined m2
A = m2

Sa + 1
2λv2a′ and m2

B = m2
Sb + 1

2λv2b′ Of phenomenological
importance are the trilinear couplings of the DM particles to the physical Higgs h, which in the
mass eigenbasis read: L ⊃ −1

2λi v hS∗i Si where λi ≡ λ(a′ + b′y2
ui).

S transforming as a triplet of Gf as in Eq. (2) prevents the construction of any operator
containing a single DM field and quarks. A coupling between pairs of DM multiplets and quarks
is still allowed through non-renormalisable interactions suppressed by Λ2

DM . Here we focus on
the following d = 6 operators:

LDMeff =
1

Λ2
DM

5∑
α=1

cαijk` (Oα)ijk` , (6)

with

(O1)ijk` = (Q̄Liγ
µQLj )(S

∗
k

←→
∂µS`) , (7)

(O4)ijk` = (Q̄LiuRj )(S
∗
kS`)H̃ + h.c. , (8)

(O5)ijk` = (Q̄LidRj )(S
∗
kS`)H + h.c. , (9)

where i, j, k, ` are flavour indices. The operators above correspond to an effective theory de-
scription of the NP sector giving rise to an additional sources of quark-DM coupling besides the
Higgs portal interactions. The coefficients cαijk` are a combination of order one real numbers and
Yukawa coupling (in order to insure the invariance of (6) under Gf ). The scale ΛDM in Eq. (6)
corresponds to a function of couplings and mediator masses whose exact combination depends
on the UV completion of the effective theory under study. In principle, different operators or
flavour contractions can depend on different type of messengers. O1 would for instance be the
result of a vector boson exchange, while O4,5 would be due to the exchange of scalar or fermionic
mediators. Notice that operators similar to O1 involving uR or dR instead of QL give equivalent
results than in the O1 case.

aHere we follow the common practice considering all interactions up to the first power in YuY
†
u . See e.g. Ref. 7

for an analysis studying the impact of resuming over the Yukawa coupling expansion in the context of MFV in
the absence of DM.



2 The viable parameter space

We consider that λi < π in order to preserve a perturbative regime. We take λi > −
√
πλh, where

λh is the Higgs self coupling, to ensure that the scalar potential is bounded from below, assuming
that the DM scalar self-couplings are up to ∼ O(π). We also impose that ΛDM > mS1 ,mS2 ,mS3

to avoid breaking down of the effective field theory description. In addition, from DM and flavour
physics, we have to take into account the following points:

1. Relic abundance ΩDM : The total DM abundance deduced from cosmological observations
constrains the thermally averaged effective annihilation cross-section 〈σv〉. The constraint
ΩDMh

2 ∼ 0.1 8 translates then into 〈σv〉 ∼ 3×10−26 cm3/s. In our numerical analysis, we
use the code MicrOMEGAs 9,10 that integrates the full set of Boltzmann evolution equations
for DM and we impose 0.09 < ΩDMh

2 < 0.13.

2. Direct and indirect detection: Direct detection searches are among the best test of Weakly
Interacting Massive Particle (WIMP) DM scenarios. This is especially the case of spin
independent DM-proton scattering and for masses around 50 GeV. The associated cross-
section σDM p should be below the bounds of experiments such as PICASSO 11 and Xenon
100 12 for mDM in the GeV-TeV range. Indirect detection searches are also digging into
the viable WIMP mass range. The annihilation cross-section times center of mass velocity
σv, can be tested by FERMI experiment 13. The Cosmic Microwave Background (CMB)
observation experiments provide complementary constraints on σv. Here we use the results
of 14.

3. Colliders: Assuming that the particle resonance with a mass of about 125 GeV observed
by the ATLAS and CMS collaborations at the LHC corresponds to the Higgs boson, one
can constrain the invisible branching ratio to be Br(h→ inv) < 0.15 at 2σ level 15. Latest
constraints from monojet events observed by the CMS and ATLAS collaborations can give
rise to stringent bounds on σDM p complementary to direct detection searches for WIMP
masses in the GeV range 16. Let us emphasise that the limits were derived for fermionic
DM and in the case of scalar DM these bounds are not always that constraining. In the
following, we use the results presented in 17.

4. Meson decays: The bounds on meson decays into invisible final state 18 strongly limit the
direct couplings of quarks, apart from the top to the DM. In order to pass these constraints,
one has to impose that ΛDM is larger than hundreds of GeV for low mass DM. Dimension-6
operators with such a large scale of NP can not guarantee the right DM relic abundance.
Combining such bounds with the necessary small couplings λ to avoid large Higgs invisible
decay width, a DM particle coupling mainly to u−type and d−type quarks through O1,..,5

with mass mDM < mD/2 and mDM < mB/2, respectively, is then excluded.

Notice that the constraints on meson oscillation only threatens a few DM models of O5 with the
lowest values of ΛDM .

At this point, it is instructive to analyse the scale of NP ΛDM that would a priori be necessary
in order to give rise to the right relic abundance assuming a negligible contribution from Higgs
portal. This is particularly relevant for DM masses below the Higgs resonance, where the bounds
on the decay width of Higgs into invisible final state strongly constrains the DM-Higgs couplings
λi. In the limit of low center of mass velocity, v → 0, the annihilation cross-sections associated
to the processes S∗i Si → q̄jqj for a fixed value of i and j become at leading order in v:

σv|O1,2,3
' Nc c

2v2

48πΛ4
DM

m4
q − 5m2

qm
2
DM + 4m4

DM

m2
DM

(
1−m2

q/m
2
DM

)1/2
σv|O4,5

'
Nc c

′2m2
q

4πΛ4
DM

(
1−m2

q/m
2
DM

)3/2
(10)



Figure 1: Scale of NP as a function of the DM mass. In these figures, the red points are excluded by the
constraint on the Higgs invisible decay branching ratio, while blue (green) points (do not) pass the direct and

indirect detection searches bounds.

where Nc is the number of colors of the final state quark, c, c′ are a combination of O(1)
coefficients and mDM and mq are the masses of Si and qj respectively.

The first cross-section is p-wave suppressed while the second one corresponds to a s-wave
driven process. The relic abundance constraint implies that for e.g. mDM = 50 GeV, ΛDM
should be ∼ 450 GeV for O1 (five families of quarks are involved) and ∼ 200 GeV for O5 (mainly
b quarks involved) when the annihilation processes driven by the dimension-6 operators. Let us
emphasise though that given the velocity dependence of the σv’s above, it is clear that prospects
for indirect detection, involving velocities v ∼ 10−3, will a priori be more constraining for O4,5

than O1. In practice, the coannihilations and Higgs portal interactions complicate the relic
density analysis. The latter processes are fully taken into account in our numerical treatment
of the DM models with the MicrOMEGAs code that we have also used for the calculation of the
cross-sections relevant for direct and indirect detection searches.

In Figs. 1 and 2, we present the results of random scans for the operators O1 and O4,5 in the
planes mDM −ΛDM and mDM − σDM p respectively superimposing the constraints from direct,
indirect and colliders searches respectively. The red points are excluded by constraints on the
invisible decay branching ratio of 125 GeV Higgs, while the blue (green) points (do not) pass
the constraints from the combined PICASSO, Xenon 100, FERMI and CMB experiments. In
the legend of the plots, the “viable” reference should be interpreted as “passes direct, indirect
detection and CMB constraints”. In the mDM − σDM p plane, we also present the reach of the
future Xenon 1T experiment 19 that will test most of the large mass regime of O1,..,5 operators.

The candidates that pass direct and indirect detection searches constraints (dark blue points)
appear in two distinct mass ranges: below 10 GeV, where the direct detection bounds are weak,
and above mh/2 as in the case of Higgs portal models 1:

• For masses below 10 GeV, the scale of new physics is below ∼ 200 GeV and the processes
driving the relic abundance are typically related to the dimension-6 operators O1,..,5.

• Around 60 GeV, near the Higgs resonance, the scale of new physics is typically above 1
TeV and the coupling to the Higgs particle is small (λ < 0.01).

• Above 60 GeV, the scale of new physics is of several hundreds of GeV and the coupling to
the Higgs particle is O(0.1− π).

Some blue points do not pass monojet searches constraints from Tevatron or are within the
reach of LHC at

√
s = 14 TeV. In Fig. 1, we represent with dotted lines the continuation of the

limits from Ref. 17 to masses mDM < 5 GeV. Notice however that in Ref. 17 slightly different
assumptions were made on the coupling of DM to quarks compared to the present analysis. The
lines in the mDM−ΛDM associated to Tevatron and LHC constraints are thus mainly a guide for
the eye. We thrust though that O1 low mass candidates are already excluded by such analysis
(see Fig 1), while for O4,5 only a few models are within the reach of LHC.



We concentrate now on O4,5 in order to understand what make the low DM mass regime
viable. As it can be seen in the plots of Fig. 1, monojets searches 17 are not very limiting in the
case of scalar type DM-quarks interactions. The low mass regime appears to pass all constraints
in contrast to the case of simple Higgs portal scenarios or to the case of Higgs portal + O1.

Figure 2: DM proton scattering cross-section as a function of the DM mass for operators O4 (left) and O5 (right).
In these figures, the red points are excluded by the constraint on the Higgs decay invisible branching ratio, while

blue (green) points (do not) pass the direct and indirect detection searches bounds.

Actually it is thanks to coannihilation channels S1S
∗
2 → uc̄ for O4 and S1S

∗
3 → b̄d and

S2S
∗
3 → b̄s for O5 that wet get a viable DM parameter space in the GeV range. This is due to

the flavour-DM interactions and this feature is absent in standard Higgs portal models. Notice
though that the GeV mass range will be tested in the next future by direct detection searches
experiment like SuperCDMS. Moreover, in the higher mass regime mDM > mt, O4 can give
rise to rather suppressed DM-nucleon cross-sections that could even evade future Xenon 1T
constraints.

3 Conclusions

When DM is embedded in the MFV framework, the DM stability is granted for certain represen-
tations of the DM fields under Gf . In this work, we systematically analysed the rich interplay
between flavour and DM physics when considering vector and scalar type DM-quark interactions
invariant under the original Gf symmetry. Compared with minimal Higgs portal models, DM
candidates with mDM ∼ GeV range are viable in these scenarios. Furthermore, DM particles
with mDM > mt could even be beyond the reach of future experiments such as Xenon 1T.
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Direct Dark Matter search with the XENON program

P. Beltrame (on behalf of the XENON Collaboration)

Dept. of Particle Physics & Astrophysics, Weizmann Institute of Science,
Herzl Str. 234, 76100 Rehovot, Israel

We present the most recent results from XENON100, the current phase of the XENON dark
matter search program. XENON100 is a dual phase time-projection chamber operated at the
Laboratori Nazionali del Gran Sasso (LNGS) whose ultra-low electromagnetic background,
about 5 × 10−3 events/(kg × day × keV), allowed to set the most stringent limit to date,
excluding WIMP-nucleon spin-independent interaction down to cross-sections of 2 × 10−45

cm2 for a 55 GeV/c2 mass at 90% confidence level and 3.5 × 10−40 for 45 GeV/c2 in the
spin-dependent interaction with neutrons. We also introduce the status and physics goal of
XENON1T, the next phase of the program, which will be able to achieve sensitivity down to
2× 10−47 cm2 for a WIMP of 50 GeV/c2.

1 Dark Matter direct detection by XENON

Astronomical and cosmological observations indicate that a large amount of the energy content
of the Universe is made of dark matter. Particle candidates, under the generic name of Weakly
Interacting Massive Particles (WIMPs), arise naturally in many theories beyond the Standard
Model of particle physics.1 On Fig.1 left it is shown the expected signal, in events/(kg×day×keV
(DRU) of a WIMP in different target material. The extremely low rate and the recoil spectrum
which falls exponentially with energy and extends to a few tens of keV only requires large de-
tectors built from radio-pure materials and low energy threshold.
The XENON100 experiment aims to detect galactic dark matter through the elastic nuclear
scattering of WIMPs from Xe target nuclei in a cylindrical (30 cm height x 30 cm diameter)
dual phase time-projection chamber (TPC), operated at the Laboratori Nazionali del Gran Sasso
(LNGS).2 A liquid Xe (LXe) target mass of 62 kg, is optically separated from an additional 99 kg,
instrumented as an active scintillator veto. Both TPC and veto are mounted in a double-walled
stainless-steel cryostat, enclosed by a passive shield. The detector is equipped of 242 radio pure
photomultiplier tubes (PMTs) placed on top and on the bottom of the TPC.
A particle interaction in the LXe target creates both excited and ionized atoms. De-excitation
leads to a prompt scintillation signal (S1). Due to the presence of an electric drift field of 530
V/cm, a large fraction of the ionization electrons is drifted away from the interaction site and
extracted from the liquid into the gas phase by a strong extraction field of ∼12 kV/cm, gen-
erating a light signal (S2) by proportional scintillation in the gas. 3-dimensional event vertex
reconstruction is achieved using the drift time of the electrons to reconstruct the z position and
the hit pattern on the PMTs in the gas phase to reconstruct the (x, y) position. See schematic
drawing on Fig.1 right.
The ratio S2/S1 is different for electronic recoil events from interactions with the atomic elec-
trons (ERs, from γ and β backgrounds), and for interactions with the nucleus itself (NRs, nuclear
recoils from WIMPs or neutrons), and is used to discriminate the signal against background.



Figure 1: Left: Rate in events/(kg × day × keV) for a 100 GeV/c2 WIMP assuming a cross section σ = 10−45

cm2. Right: Schematic of the particle interaction inside a double phase Xe TPC.

The NR energy scale, measured in keVnr (nuclear recoil equivalent), depends on a quenching
factors called Leff and Qy, for S1 and S2 respectively. The energy scale calibration for ER
interactions in LXe TPCs in general is referred as the electron-equivalent energy scale (keVee)
and it is determined by employing γ-ray emission lines from standard calibration sources, 60Co
and 232Th.

2 2011/2012 science run and σχ−N physics analysis

The latest XENON100 dark matter data was taken over a period of 13 months between Febru-
ary, 2011 and March, 2012, and, besides 3 interruptions due to equipment maintenance, was
only interrupted by regular calibrations using blue LED light (for the PMT response), 137Cs
source (for monitoring of the LXe purity), and 60Co and 232Th sources (for ER background
calibration). To calibrate the response to NRs, data from an 241AmBe neutron source were
taken just before the start and right after the end of the run. This results in final dark matter
dataset of 224.6 live days. In order to avoid analysis bias, the dark matter data was blinded
from 2− 100 photoelectrons (PE) in S1.
Compared to the previous data set,3 the new dark matter search is characterized by a consid-
erably larger exposure and a substantial reduction of the intrinsic background from 85Kr (the
natKr concentration was lowered down to (19± 4) ppt). In addition to that, an improved elec-
tronic noise conditions and a new hardware trigger allowed for a reduced S2 threshold leading
to > 99% for S2 signals above 150 (PE), see red dashed line of Fig.2 left.

All the analysis cuts efficiencies have been estimated on NR calibration data - with the ex-
ception of quality cuts which might have a time dependence due to changing detector conditions
- and have been tested on the non-blind part of the science data or on the ER calibration data.
The first class of cuts are basic data quality cuts. Since only single-scatter events are expected
from WIMP interactions, the second class of cuts identifies such events using the number of S1
and S2 peaks in the waveform and the information from the active veto. Conditions on the size
of the S2 and the requirement that at least two PMTs must observe an S1 peak ensure that
only data above the threshold and well above the noise level are considered. The acceptances
are shown in Fig.2 left. Both the signal and the background-only hypothesis are tested by means
of a Profile Likelihood (PL) statistical approach,4 while a maximum gap counting method with
a predefined signal region - 6.6− 30.5 keVnr (3− 20 PE) energy range and an upper 99.75% ER
rejection line (horizontal dashed green line on Fig.2 left) - is used as a cross check. The fiducial
volume used in this analysis contains 34 kg of LXe.
The NR background is determined from Monte Carlo simulations, with the input from precise
measurements of all the detector components radioactivity and from muon-induced neutrons



Figure 2: Left: Combined cut acceptance (solid blue). The S2 threshold cut S2 > 150 PE (dashed red). The
acceptance is conservatively set to zero below 1 PE. NR acceptance is shown by the dotted green line. The lower
analysis threshold is 6.6 keVnr (3 PE) and extends to 43.3 keVnr. Right: Event distribution in the discrimination
parameter space log10(S2b/S1) as observed after unblinding using all analysis cuts and a 34 kg fiducial volume
(black points). An hard S2b/S1 discrimination cut at 99.75% ER rejection defines the benchmark WIMP search
region from above (dotted green) only used as cross check. The histogram in red indicates the NR band from the

neutron calibration.

contamination. The total expectation from neutron background is (0.17 + 0.12 − 0.07) events
for the given exposure and NR acceptance in the benchmark region. ER background events
originate from radioactivity of the detector components and from and activity of intrinsic ra-
dioactivity in the LXe target, such as 222Rn and 85Kr. To estimate the total ER background
from all sources, the 60Co and 232Th calibration data are used, with > 35 times more statistics
in the relevant energy range than in the dark matter data, leading to a total ER background
expectation of (0.79± 0.16) in the benchmark region.
After unblinding, two events were observed in the benchmark WIMP search region, see Fig.2
right, with energies of 7.1 keVnr (3.3 PE) and 7.8 keVnr (3.8 PE). The waveforms for both events
are of high quality and their S2/S1 value is at the lower edge of the NR band from neutron
calibration. There are no leakage events below 3 PE. The PL analysis yields a p−value of 5% for
all WIMP masses for the background-only hypothesis indicating that there is no excess due to a
dark matter signal. The probability of the expected background to fluctuate in the benchmark
to 2 events is 26.4% and confirms this conclusion.

2.1 Spin-independent cross section limit

A 90% confidence level exclusion limit for spin-independent WIMP-nucleon cross sections σχ is
calculated. Standard assumptions on isothermal WIMP halo with a local density of ρχ = 0.3
GeV/cm3, a local circular velocity of v0 = 220 km/s and a Galactic escape velocity of vesc =
544 km/s have been made. Systematic uncertainties in the energy scale as described by the
Leff parametrization and in the background expectation are profiled out. Poisson fluctuations
in the number of PEs dominate the S1 energy resolution and are also taken into account. The
expected sensitivity of this dataset in absence of any signal is shown by the green/yellow (1σ/2σ)
band in Fig.3. The new limit is represented by the thick blue line, setting the best limit to date,
excluding spin-independent WIMP-N cross-sections down to 2 × 10−45 cm2 for a 55 GeV/c2

mass at 90% confidence level.5

2.2 Spin-dependent cross section limits

WIMPs in the halo of our Galaxy can interact in terms of scalar (or spin-independent, shown in
Sec.2.1) and axial-vector (or spin-dependent) couplings. If the WIMP is a spin-1/2 or a spin-1
field, the contributions to the WIMP-nucleus scattering cross section arise from couplings of the



Figure 3: New result on spin-independent WIMP-nucleon scattering from XENON100.

Figure 4: XENON100 90% CL upper limits on the WIMP spin-dependent cross section on neutrons (left) and
protons (right).

WIMP field to the quark axial current and will couple to the total angular momentum of a nu-
cleus and only from nuclei with an odd number of protons or/and neutrons: in XENON100, the
isotopic abundances of 129Xe (spin-1/2) and 131Xe (spin-3/2) are 26.2% and 21.8%, respectively.
The spin dependent differential WIMP-nucleus cross section is a proportional of the axial-vector
structure function SA(q),6 which we took from the large-scale shell-model calculations by Menen-
dez et al.,7 that uses state-of-the-art valence shell interactions and less severe truncations of the
valence space. For the first time chiral effective field theory (EFT) currents to determine the
couplings of WIMPs to nucleons is also included in the calculation.8 This yield a far superior
agreement between calculated and measured spectra of the Xe nuclei, both in energy and in the
ordering of the nuclear levels, compared to older results.9,10

Constraints on the spin-dependent WIMP-nucleon cross sections are calculated using the Profile
Likelihood approach described and the same analysis selection of the spin-independent analysis.5

XENON100 was able to exclude WIMP-neutron cross section down to 3.5×10−40 cm2 at a WIMP
mass of 45 GeV/c2 and set the most stringent limits to date on spin-dependent WIMP-neutron
couplings for WIMP masses above 6 GeV/c2, see Fig.4.11



3 Nuclear recoil detector response

Commonly in double phase TCP data analysis the prompt scintillation (S1) and the proportional
scintillation (S2) signals are treated independently. However, exploiting both channels together
in allows considerably more robust constraints and better understanding of the detector response
once data-MC matching is achieved, and both Leff and Qy can be extracted simultaneously.
We modeled the XENON100 detector response to 241AmBe calibration data by means of a MC
that includes the signal generation in both the S1 and S2 channels. Agreement in the ionization
channel is achieved through the adoption of a Qy that is largely consistent with previous direct
and indirect measurements and phenomenological estimations but shows no indication of a low-
energy increase as reported by the direct measurement, Fig.5 left. Additionally, an optimized
Leff is determined using a similar method and is used to match data and MC signal distributions
in the scintillation channel, Fig.5 right. Once the ionization and scintillation channels are
combined in two-dimensional spaces it is possible to reproduce the data on the discrimination
phase space which shows an excellent agreement (within 2%) both means and widths of energy
distributions with the data.12

Using the same Leff employed in the spin-independent analysis and the Qy of Fig.5 left, we
predicted the distribution of WIMP recoil events in the discrimination parameter space under the
same configuration of the analysis described in Sec.2.1. The excess of predicted WIMP recoil rate
above only 2 event candidates observed in the 224.6 live-days XENON100 dark matter search is
consistent with the reported exclusion limit, supporting the tension between these results and
signal claims by other experiments.13,14,15

Figure 5: Left: Result on Qy obtained from fitting the MC generated S2 spectrum to data. Right: Leff obtained
after optimization of the absolute S1 matching.

4 XENON1T

The next generation of the XENON project is represented by XENON1T, which will be a dual-
phase TPC containing 3 tons of pure LXe with an cylindrical active volume of 1 m diameter
and 1 m height. The site for the experiment has already been secured in Hall B at LNGS and
the project has been fully funded. Technical designs for the water shield, service building, com-
missioning plan, and safety assessment are approved by the laboratory and the whole detector
design is about finalized. We project the start of science data taking in 2015. Extensive material
screening and state of the art LXe purification technology will enable a factor of 100 lower back-
ground with respect to XEONON100, reaching the level 5 × 10−5 DRU which corresponds to
less than one background event in two years of data taking in the energy range between 8 and 45
keVnr. XENON1T will be able to probe WIMP interaction with spin-independent cross sections
down to 2× 10−7 cm2 for a mass of 50 GeV/c2, Fig.6, testing a wide range of Supersymmetric
Extension of the Standard Model,16 or will detect on the order of 100 dark matter events, for
10−45 cm2 spin-independent cross section at 100 GeV/c2.



Figure 6: Achieved and projected limits on spin independent WIMP-nucleon cross-sections from the XENON100
and XENON1T detectors. For comparison, results from a selection of other experiments are shown along with the
most likely parameter space for a detection as predicted by the Constrained Minimal Supersymmetric Extension

of the Standard Model.
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RECENT RESULTS FROM ICECUBE
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High-energy neutrinos provide a new window onto many processes. Locally, high-rate detec-
tion of atmospheric neutrinos allows probes of cosmic ray air shower physics and neutrino
oscillations. Neutrinos may also be produced at the acceleration sites of the highest energy
cosmic rays and in other astrophysical processes, such as WIMP annihilation, and the detec-
tion of such particles would allow unique probes of these processes. Here we review recent
results on these subjects obtained with the recently-completed IceCube neutrino detector,
with emphasis on the recent observation of neutrinos at PeV energies.

1 IceCube

The IceCube neutrino detector (Fig. 1), located at the geographic south pole, was designed
primarily for detection of astrophysical sources of TeV-PeV neutrinos. These are expected to
be produced in the sites of high energy cosmic ray acceleration 1, for example by one of the
processes:

p+ γ → π+ +X → νµ + µ+ +X (1)

p+ p→ π+ +X → νµ + µ+ +X (2)

Although this paper focuses on astrophysical searches, process (2) is also responsible for high
rates of neutrino production in cosmic ray interactions in the Earth’s atmosphere, to which we
will return later on. To detect the expected low rate of such astrophysical events, IceCube 2

instruments a km3 of antarctic glacial ice. It detects neutrinos by observing Cherenkov light from
secondary charged particles produced in neutrino-nucleon interactions in the ice. This light is
detected by an array of 5160 digital optical modules (DOMs), each containing a photomultiplier
and readout electronics housed in a glass pressure sphere. These are arranged into an array of
86 vertical strings, each containing 60 DOMs at depths between 1450 m and 2450 m. Outside
of the Deep Core low-energy subarray, these DOMs are vertically spaced at 17 meter intervals
and the strings are on average 125 m apart horizontally. This sparse instrumentation allows a
very large volume to be observed but results in an energy threshold of around 100 GeV. The
Deep Core subarray fills in the center of the detector with a denser array of photomultipliers
and provides a lower energy threshold of 10 GeV in a region of the array. Deployment of the
IceCube array was completed in December 2010, with data-taking on the completed detector
beginning May 2011.

aFull author list at http://icecube.wisc.edu/collaboration/authors/2013/03

http://icecube.wisc.edu/collaboration/authors/2013/03
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Figure 1: The IceCube neutrino detector. Colors at the surface indicate the year of deployment. The IceTop
surface array is a cosmic-ray air shower detector located above IceCube which can be used for direct studies of

cosmic rays or as an air-shower veto for the in-ice detector.

2 Detector Performance

Although IceCube is sensitive to all neutrino flavors from all directions, best sensitivity to
different processes may prefer certain flavors and directions. As a result of their long track
lengths (� 1 km at TeV energies), muons produced in νµ charged-current interactions both
provide good angular resolution (∼ 1◦, < 0.5◦ at high energies) and allow the detection of
neutrinos with interaction vertices outside the detector volume. Because of the large backgrounds
from cosmic ray muons, muon neutrino analyses are usually limited to tracks coming up into the
detector from below (the northern sky) where air showers are filtered out by the Earth. Energy
resolution is also reduced for uncontained muon neutrino events as the vertex is unobserved and
so the muon energy in the detector sets only a lower limit on the energy of the original neutrino.
Other neutrino interactions (νe, ντ , and neutral-current) create electromagnetic and hadronic
showers in IceCube with typical lengths of on order 10 meters. On the scale of IceCube’s
instrumentation, these are well-approximated as point sources of light. Because the event is
contained within the detector, much better energy resolution is achievable (10% in deposited
energy above 10 TeV) but the lack of extension results in poor angular resolution of typically 15◦

that is a strong function of energy, improving at high energies where the events emit more light.
The topologies of these events and direct observation of the neutrino vertex in contained events
generally allows much better rejection of cosmic ray muons, improving sensitivity to downgoing
events. Major backgrounds for IceCube are cosmic ray muons in the downgoing region (the
south) and, for astrophysical neutrino searches, atmospheric neutrinos from all directions.

3 Results

IceCube has the ability to probe a large variety of physics topics through the measurement of
the properties of neutrinos and cosmic rays over six orders of magnitude in energy from the 10
GeV threshold of Deep Core to the highest energy neutrinos at energies above 1 PeV. Described
below is a partial list of recent IceCube neutrino results.

3.1 Atmospheric Neutrinos

Atmospheric neutrinos are produced in interactions of cosmic rays with the Earth’s atmosphere
primarily as a result of the decays of π and K mesons. At very high energies (100 TeV), a
component from decays of charmed mesons has been predicted but not yet observed. These are
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Figure 2: Atmospheric spectral measurements from IceCube and other experiments. Figure taken from Ref. 6.
νµ measurements shown were taken using the 59-string IceCube array from 2009-2010. νe measurements were

taken using the Deep Core subarray during 2010-2011.

detected in IceCube at the rate of 100,000 per year, giving the largest sample of atmospheric
neutrinos ever obtained. Spectral measurements (Fig. 2) with muon neutrinos4 have shown good
agreement with predictions and with extrapolations from other experiments and are nearing the
level required to test models of neutrino production from charmed mesons5, although no evidence
for a charm component has so far been observed.

With the completion of the IceCube array and the Deep Core subarray, it is now possible
as well to measure the atmospheric νe flux. At TeV energies, the very high π → µ branching
fraction results in a suppression of νe relative to νµ, but subtraction of the νµ neutral-current rate
inferred from νµ CC measurements from the measured in-ice shower rate allows a measurement
of the νe component 6 (Fig. 2).

3.2 Neutrino Oscillations

The very high rate of atmospheric neutrinos in IceCube makes possible measurement of θ23 and
∆m2

23 through measurement of muon neutrino disappearance. This probes a variety of oscillation
baselines as a function of the width of the Earth, and so distance to the northern atmosphere,
at various angles. Although IceCube is designed to be most sensitive at TeV energies, where the
entire width of the Earth is less than one oscillation length, the 10-20 GeV threshold of the Deep
Core subarray allows observation of oscillations. Initial results 3 show preliminary sensitivity to
neutrino oscillations (Fig. 3). Forthcoming improvements to the analysis and future IceCube
extensions such as PINGU will provide more precise measurements of mixing parameters in this
high-statistics sample.

3.3 WIMP Annihilation

As the sun moves through the Galaxy, WIMP scattering on solar protons will cause dark matter
to accumulate in the sun’s core. When the density becomes sufficiently high, the WIMPs
will begin to annihilate until an equilibrium is reached between the scattering-cross-section-set
accumulation rate and the annihilation rate. Dark matter annihilation to final state leptons
(e.g. τ) would be accompanied by production of neutrinos with energies characteristic of the
WIMP mass. For masses above 10 GeV, these neutrino events could be detected in IceCube.



Figure 3: Preliminary Neutrino Oscillation Results in IceCube using 2010-2011 data. Using a preliminary analysis
with the IceCube Deep Core subarray, clear evidence for oscillations is visible in the angular distribution of the
events, which corresponds to the oscillation baseline. Future measurements will constrain the atmospheric mixing

parameters.
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Table 1: Properties of the two PeV events. Uncertainties on the reconstructed energies include both statistical
and systematic components and are dominated by systematic uncertainties in light propagation in the natural ice.
The energies at which these events were observed were very close to the energy threshold for this analysis, at which

it had sensitivity only to shower (rather than muon) events, typical of neutral-current, νe, or ντ interactions.

Date Energy Topology

Aug. 8, 2011 1040± 160 TeV Shower
Jan. 3, 2012 1140± 170 TeV Shower

Recent limits on this process 7 have begun to be competitive with other techniques (Fig. 4),
especially for the spin-dependent cross-section. Neutrino observations will also provide impor-
tant constraints on the properties of any otherwise-detected dark matter candidate particle by
allowing direct probes of its annihilation properties if the scattering cross-section and mass of
the candidate are known.

3.4 Gamma-Ray Bursts

Gamma-ray bursts offer one of the most promising candidates for resolution of the origin of
ultra-high-energy cosmic rays with IceCube. If they are responsible for the highest-energy cosmic
rays, interactions of protons during acceleration with the gamma-rich environment of the burst
will inevitably cause the production of charged pions at some level. These will then decay to
neutrinos at typical energies of 100 TeV - 1 PeV which will be visible to IceCube. Efforts to
detect such neutrinos in coincidence with satellite-detected bursts have so far found no evidence
for neutrinos produced in these bursts 8. As IceCube has reached its design sensitivity at the
levels of many predicted astrophysical neutrino fluxes, the limits set by these analyses (Fig. 5) are
becoming increasing stringent and have begun to rule out some cosmic-ray interaction models.

3.5 High-Energy Analysis

A search for neutrinos produced by the GZK mechanism 9 recently observed two shower-type
events (Tab. 1) with deposited energies of 1 PeV, approximately the analysis threshold. Al-
though these events are much too low in energy to be produced by the GZK mechanism, they
also are higher in energy than expected from the atmospheric neutrino spectrum, which should
end in IceCube at around 100 TeV.

The major potential background for this type of high-energy neutrino is atmospheric decay
of charmed mesons. The observed event rate is inconsistent with standard models 5 of charmed



meson decay at 2.8σ, adding to a growing body of hints from other IceCube analyses for a hard
spectral component at high energies 10,4,11. However, the cross-section for very forward charm
production is poorly constrained at present and lower-energy observations below 1 PeV will be
required to better understand the nature of the neutrino population from which these two events
arose. In particular, the flavor composition, energy spectrum, and angular distribution of the
high-energy neutrino population will allow us to separate a potential astrophysical flux from the
well-understand characteristics of a spectrum from charm decay. The angular spectrum is of
particular interest, as downgoing atmospheric neutrinos should be accompanied into IceCube by
muons from their parent air showers. The observation of muon-less downgoing neutrino events
would then provide a strong suggestion that the events are astrophysical in origin. Answering
all of these questions, especially given the 15◦ angular resolution on the two events, requires
more statistics.

An in-progress follow-up analysis on the same 2-year dataset (2010-2012) uses neutrinos of
all flavors with vertices contained within IceCube at energies above 50 TeV, approximately the
point at which conventional atmospheric neutrinos (from π and K decay) are expected to cross
over with any additional high-energy component. Performing an unbiased search for all flavors of
neutrinos from all directions in this energy range will allow characterization of whatever neutrino
population is responsible for these two PeV events and should clarify their origin.

4 Conclusions

With the completion of the IceCube neutrino detector, its sensitivity has begun to reach the
level required to probe many models of astrophysical neutrino production, both from particle
physics processes such as WIMP annihilation and cosmic ray acceleration, and to probe non-
standard atmospheric neutrino physics such as charmed meson production. Preliminary results
from the Deep Core subarray have shown the first evidence for neutrino oscillation measurement
capabilities in IceCube and the first direct evidence for neutrino oscillations in the 20-50 GeV
energy range. As IceCube has reached the sensitivity to probe astrophysical neutrino production,
increasingly stringent limits have been set in some channels such as GRBs, ruling out some
models, and the first hints of a neutrino population beyond conventional atmospheric neutrinos
have begun to appear. With the observation of two neutrinos at energies above a PeV in 2012,
these hints have become stronger although still not conclusive. Additional data from a follow-up
analysis to this observation should soon begin to answer many of the questions about the nature
and origins of this apparent high-energy component of the neutrino spectrum.
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Recent results from the T2K experiment
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The T2K experiment is a long baseline neutrino oscillation experiment in Japan. Using a
high intensity νµ beam generated at the J-PARC accelerator, precise measurements of νµ
disappearance and νµ → νe oscillation can be made. In this presentation, we report re-
sults using data recorded until June 2012. The total number of delivered protons on the
target for this run period is 3.01 × 1020. The number of νµ candidates is 58 events while
the expectation with a null oscillation hypothesis is 196.2 events. The reconstructed en-
ergy distribution of the candidates shows a clear disappearance pattern, as expected assum-
ing neutrino oscillation. By fitting the data, the oscillation parameters are measured as
(sin2 2θ23, |∆m2

32|) = (1.00−0.068, 2.45± 0.30× 10−3eV 2) at the 90% C.L. The number of elec-
tron neutrino candidate events is 11, with a background expectation of 3.22 ± 0.43. This
is the first evidence of electron neutrino appearance via a non-zero θ13, with a 3.2σ signifi-
cance. The obtained constraint on θ13 is sin2 2θ13 = 0.094+0.053

−0.040(0.116+0.063
−0.049) for the normal

(inverted) mass hierarchy case.

1 Introduction: neutrino oscillations

Neutrino oscillation is a phenomena in which neutrinos change flavor during propagation due to
the mixing of massive neutrinos. Neutrino mixing can be described using the Pontecorvo-Maki-
Nagawa-Sakata matrix: νeνµ

ντ

 =

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3

×
ν1ν2
ν3

,

where νe, νµ, and ντ are flavor eigenstates and ν1, ν2, and ν3 are mass eigenstates with mass
eigenvalues m1, m2, and m3. The mixing matrix can be written using a set of 4 parameters – 3
mixing angles (θ12, θ13, and θ23) and a complex CP violating phase (δCP ):

U=

1 0 0
0 c23 s23
0 −s23 c23

×
 c13 0 s13e

−iδCP

0 1 0
−s13e−iδCP 0 c13

×
 c12 s12 0
−s12 c12 0

0 0 1

,

where cij ≡ cos(θij) and sij ≡ sin(θij). A review of neutrino oscillation parameter measurements
can be found in Ref. 1. The current experimental results for the oscillation parameters are:
θ12 = 33.6± 1.0◦, as measured by the solar neutrino and KamLAND experiments; θ23 = 45± 6◦

as measured by atmospheric and accelerator neutrino experiments; and, in 2012, the last mixing
angle θ13 = 9.1± 0.6◦ was finally measured by T2K and the reactor experiments.

Long baseline experiments like T2K are sensitive to the mixing angles θ13 and θ23, the mass
splitting ∆m2

32, and potentially have some sensitivity to the CP phase δCP .



2 Overview of the T2K experiment

In the Tokai-to-Kamioka (T2K) 2 experiment, a beam of muon neutrinos is produced using an
accelerator at J-PARC, located on the east coast of Japan. Neutrinos are later detected in the
far detector, Super-Kamiokande (SK). T2K can measure two oscillation modes. The νµ → νµ
oscillation (disappearance of νµ) can be measured by observing νµ events at SK. As described
in Eq. 1, the observation of νµ disappearance allows for the measurement of θ23 and |∆m2

32|:

P (νµ → νµ) ' 1− sin2 2θ23 sin(∆m2
32

L

4E
), (1)

where ∆m2
32 = m2

3 −m2
2, L is the propagation length, and E is the neutrino energy. The other

observed oscillation mode is the νµ → νe oscillation (appearance of νe), measured by observing
νe events at SK. The appearance measurement allows for the determination of θ13 as described
in Eq. 2:

P (νµ → νe) ' sin2 2θ13 sin2 θ23 sin(∆m2
32

L

4E
) + CPV +Matter + · · · (2)

where “CPV ” represents the term which includes δCP and changes its sign in the case of P (ν̄µ →
ν̄e), and “Matter” represents the term which includes the matter effect. It should be noted that
the observation of appearance events is especially important for future possible measurements
of δCP .

At the J-PARC accelerator, protons are accelerated to 30 GeV. They then hit a graphite
target. Produced charged hadrons (mostly pions) are then focused by a set of three magnetic
horns and propagate to a decay tunnel. The neutrinos generated as decay products during flight
in the decay tunnel are almost pure νµ, with an intrinsic νe component of a few percent coming
from muon and kaon decays 3.

T2K is the first long baseline experiment to use the off-axis technique: the far detector is not
located on the axis of the beam, but is off-axis by 2.5◦. This technique has several advantages as
follows. Because of the kinematics of the two body decay of a pion, the energy distribution of the
decay νµ’s which are 2.5◦ off-axis forms a narrow peak at 600 MeV, which is the neutrino energy
that maximizes the oscillation probability for the 295 km baseline distance between J-PARC
and SK. At this energy, neutrino interactions are dominated by charged current quasi-elastic
(CCQE) interactions, which allow for proper reconstruction of the neutrino energy in the far
detector. Use of a narrow-band beam reduces the flux of high energy neutrinos which produce
background events at SK. Finally, the intrinsic νe contamination in the beam is only 1% in the
2.5◦ direction, due to enhancement of the muon neutrino flux.

At J-PARC, a suite of neutrino detectors is installed 280 meters away from the target.
The Interactive Neutrino GRID (INGRID) 4 is located on-axis. This detector consists of 16
identical modules made of iron and scintillators, and detects neutrinos by reconstructing muon
tracks coming from the interactions of muon neutrinos. It is used to measure the rate of those
interactions and the direction of the neutrino beam, as well as the stability of both. In the
off-axis direction, the off-axis near detector (ND280) is used to measure neutrino fluxes, spectra,
and cross sections, and its measurements allow for the constraint of systematic uncertainties
in the oscillation analysis. It is made of several detectors: the Pi Zero Detector (P0D), three
Time Projection Chambers (TPC), two Fine Grained Detectors (FGD), several Electromagnetic
CALorimeters (ECAL), and a Side Muon Range Detector (SMRD), all located inside the UA1
magnet, which delivers a 0.2 Tesla field.

The far detector, SK, is a 50 kiloton (22.5 kiloton fiducial volume) water Cherenkov detector,
which is located 295 kilometers away from the point of neutrino production. T2K events are
selected by a timing system which is synchronized with the beamline proton-beam pulses through
a GPS system. One of the most important characteristics of SK is its technique for particle
identification of the observed Cherenkov ring. Using the Cherenkov ring pattern, electron like (e-



Figure 1: The beam center position observed by INGRID. The dotted lines correspond to the target uncertainty
on the beam direction, which is ±1mrad.

like) events and muon like (µ-like) events are clearly separated. The mis-identification probability
is less than 1%. This enables us to efficiently select interactions coming from νµ and νe.

3 Oscillation analysis

3.1 Data set

Results presented here are based on data recorded during the first three years of T2K data taking
(Runs 1 to 3). A total of 3.01× 1020 protons on target (POT) were accumulated in that time.
This is about 4% of T2K’s target POT, which is 7.8× 1020 POT. The neutrino interaction rate
in the INGRID detector was found to be stable over the 3 runs. Figure 1 shows the neutrino
beam center position observed by INGRID, and it was found to be stable within the target
systematic error of the neutrino beam direction, ±1 mrad, which corresponds to a 2% shift of
the peak neutrino energy at the far detector.

3.2 Analysis overview and ND280 measurement

The oscillation analysis is done by comparing the expected number of observed events and the
event distributions, to the events observed in the far detector. The expected event distribution
is obtained using the neutrino beam flux, neutrino oscillation probabilities, neutrino interaction
cross sections, and the detection efficiency at SK. The beam flux is simulated from hadronic in-
teractions in the target, which are tuned to external measurements from the NA615 experiment,
followed by the propagation and decay of hadrons in the decay tunnel. Neutrino interactions
are simulated using the NEUT 6 interaction model with constraints from external data. The
simulation takes into account systematic uncertainties coming from each of these steps.

ND280 provides a constraint on the neutrino event rate (flux × cross section) before oscilla-
tion. Using the FGD and TPC detectors, a CCQE-enhanced sample and CC-non-quasi-elastic
enhanced sample (CCnonQE) are produced. For the CCQE enhance sample, the following se-
lections are applied: 1) A good µ− track is observed in the TPC and its starting point is in
the fiducial volume of the FGD; 2) No track is observed in the most upstream TPC; 3) Only
one track is observed in the FGD and TPC; and 4) No decay-electron is observed in the FGD.
Those events which don’t pass selections 3) and 4) are categorized as part of the CCnonQE



Figure 2: Reconstructed momentum distribution at ND280 for the CCQE sample (left) and CCnonQE sample
(right).

Figure 3: Reconstructed energies of the νµ candidates,
and comparison with the no oscillation and best fit pre-

dictions.

Figure 4: Oscillation parameter allowed regions at the
90% C.L. The black and red contours show the new T2K

result.

sample. Figure 2 shows the muon momentum distribution of the CCQE and CCnonQE sam-
ples. As shown in the figure, the agreement between data and MC is good. Since the flux and
cross section are common between the ND280 near detector and the SK far detector (although
differences in e.g. the solid angle, target material, and detector efficiencies must be accounted
for) these samples were used to constrain the flux×cross-section, and using ND280 data allowed
for a significant reduction in the systematic uncertainty.

3.3 νµ disappearance analysis

In order to determine the νµ event sample, two sets of cuts are applied to the events observed
at SK. The first set of selections consists of basic cuts: the events have to be observed within
the T2K expected timing window (computed from the beam timing and time of flight to SK),
to be fully contained inside the inner detector, and to be located in the fiducial volume. A
second set of selections requires a CCQE interaction with a single muon in the final state
(νµ + n → p + µ−). Events with only one mu-like Cherenkov ring, 0 or 1 decay electron, and
reconstructed momentum > 200 MeV/c are selected.

Figure 3 shows the reconstructed energy distribution. The total number of νµ candidates is 58
events while the expectation with a null oscillation hypothesis is 196.2 events. The reconstructed
energy spectrum of the muon candidates shows the clear disappearance pattern expected from
neutrino oscillation. Table 1 shows a summary of the systematic uncertainties. As shown in the
table, a significant reduction of the systematic uncertainty can be seen thanks to the ND280
measurement.

The reconstructed energy distribution is fitted to extract oscillation parameter values. Two
independent fits have been done, one using the maximum likelihood method and one using the



Table 1: Systematic uncertainties on the expected number of νµ events at SK with and without the ND280
measurement. The “Un-corr ν cross section” is the uncertainty on the ν cross section which is not constrained

by the ND280 measurement.

Error source Without ND280 Meas. With ND280 Meas.

Beam flux ×ν cross section 21.7% 4.2%
Un-corr ν cross section 6.2%
Final state interaction 3.5%
Far detector 10.5%

Total 25.3% 13.5 %

Figure 5: The angular distribution (left) and momentum distribution (right) of the νe events with the data
overlaid with the prediction. Note that in the actual data fitting, the two-dimensional distribution of the angle

versus the momentum was used.

likelihood-ratio method. Figure 4 shows the obtained contours and a comparison with other
experiments; T2K has the best limit on the value of θ23. The obtained limits on the oscillation
parameters are (sin2 2θ23, |∆m2

32|) = (1.00−0.068, 2.45±0.30×10−3eV 2) at the 90% C.L. It should
be noted that this result was obtained with 4% of T2K’s target POT, and the uncertainty is
still statistics dominated. Thus, it is promising that more data will improve the accuracy of the
oscillation parameter measurements in the near future.

3.4 νe appearance analysis

The result of the νe appearance analysis 7 is briefly discussed here. For the νe event selection,
a set of selections similar to those used for the νµ selection is applied. The basic cuts are the
same as that used in νµ analysis, but instead of selecting mu-like rings, events with a single
e-like ring are selected. It is also required that νe events have 0 decay electrons. The main
νe-selection background is π0 events produced by a neutral current interaction. In order to
reduce this background, each νe candidate is also forced to be reconstructed as two γ events,
and the π0 invariant mass Minv is calculated. Finally, the νe sample is made by cutting events
with Minv > 105 MeV.

Figure 5 shows the observed neutrino direction with respect to the neutrino beam axis,
and the observed neutrino momentum distribution for the νe sample. After all cuts, 11 events
remained in total, where 3.22 ± 0.43 background events were expected. The probability to
observe 11 νe candidate events in the background only scenario (sin2(2θ13) = 0) is 0.08%.
This is the first evidence of νe appearance via a non-zero θ13 with a 3.2σ significance. The
systematic uncertainty for this analysis is similar in size to that of the νµ analysis. The systematic
uncertainty on the total number of events at SK is 10.3% (13.4%) with the ND280 measurement
in case of sin2 2θ13 = 0.1 (sin2 2θ13 = 0.0). By using the direction and reconstructed momentum
information, a constraint on θ13 and δCP is obtained as shown in Figure 6. θ13 is measured
as sin2 2θ13 = 0.094+0.053

−0.040(0.116+0.063
−0.049) for the normal (inverted) mass hierarchy case with the



Figure 6: The 68% and 90% confidence intervals for sin2 2θ13 scanned over values of δCP assuming normal (left)
and inverted (right) hierarchy, with all other oscillation parameters fixed at the values given in Table ??. The

−2 lnL curve at δCP = 0 is also shown at the top of each contour.

assumption of δCP = 0. It should be stressed that this result leads to the real possibility of a
future observation of δCP .

4 Conclusion and Prospect

We have reported here the results of the T2K muon neutrino disappearance analysis and electron
neutrino appearance analysis based on the first three years of data-taking (corresponding to 4%
of the target final statistics for T2K). For the muon neutrino disappearance analysis, the number
of observed candidates is 58 events, while the expectation with a null oscillation hypothesis is
196.2 events. Using the reconstructed energy distribution of the muon candidates, which shows
a clear disappearance pattern, the oscillation parameters obtained are (sin2 2θ23, |∆m2

32|) =
(1.00−0.068, 2.45±0.30×10−3eV 2) at the 90% C.L. For the electron neutrino appearance analysis,
the number of νe candidates is 11 events, while the background expectation is 3.22± 0.43. This
is the first evidence of electron neutrino appearance via a non-zero θ13 with a 3.2σ significance.
The obtained constraint on θ13 is sin2 2θ13 = 0.094+0.053

−0.040(0.116+0.063
−0.049) for the normal (inverted)

mass hierarchy case. The T2K experiment is currently taking data with a higher beam intensity,
and expects to have accumulated an integrated 8 × 1020 POT for runs 1 to 4 in 2013 (with a
more than 5σ significance expected for νe appearance), and then to increase this number to
12× 1020 POT in 2014, and 18× 1020 POT in 2015.
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RECENT RESULTS FROM THE OPERA EXPERIMENT

P. DEL AMO SANCHEZ on behalf of the OPERA Collaboration
LAPP, 9, Chemin du Bellevue, BP 110

74941 Annecy-le-Vieux, FRANCE

The OPERA neutrino experiment recently finished data-taking, its recorded sample compris-
ing 18.0× 1019 POT delivered by the CERN CNGS beam from 2008 to 2012. The goal of the
OPERA experiment is to establish νµ → ντ oscillations in appearance mode by observing the
τ leptons produced in ντ Charged Current interactions. Here we report on the status of the
data analysis, and describe, in particular, two νµ → ντ candidate events. Results on νµ → νe
oscillations are also presented.

1 Introduction

Neutrino oscillations have been well established experimentally by neutrino disappearance re-
sults1. In addition to neutrino disappearance, the oscillation framework also predicts the appear-
ance of neutrinos of different flavours. Conclusive observation of such phenomenon is lacking
in the atmospheric sector. In particular, the explanation of the atmospheric νµ disappearance
observed by SuperKamiokande 2, namely that the atmospheric νµ oscillate into ντ , since no
νµ → νe excess is seen, is worth testing. OPERA addresses both questions by aiming to observe
ντ appearance in a nearly pure νµ beam.

2 The OPERA experiment

2.1 The CNGS beam and the LNGS laboratory

OPERA is located in the INFN Gran Sasso underground laboratory (LNGS), where it is shielded
from cosmic rays by 3800 m of water equivalent of rock overburden. It has been exposed to the
CERN Neutrino to Gran Sasso (CNGS) beam. This gives a baseline of 730 km. The mean
neutrino energy, 17 GeV, is a compromise between the increase of the ντ Charged Current (CC)
interaction cross section at higher energies and the νµ → ντ oscillation probability, which, for
the considered baseline favours lower energies. The two contradicting requirements imply a
mean oscillation probability of only P (νµ → ντ ) ≈ 1.7 %, a consequence of OPERA not being
on an oscillation maximum. The beam is an almost pure νµ beam, the sum of the ν̄µ, νe and ν̄e
interactions in the detector amounting to less than 3 % of the total. The prompt ντ component
of the beam is negligible.

Between 2008 and 2012, the CNGS beam system delivered 18.0 × 1019 protons on target
(POT).

2.2 Detection principle

The appearance of ντ is revealed by the production of τ leptons, which happens by means of CC
interactions during the scattering of the neutrinos off the OPERA target nuclei. Several hadronic



tracks are often also produced in primary interactions. Due to the high mean neutrino energy
and the τ lifetime, the τ lepton travels about 1 mm before decaying. Together with the fact that
it decays nearly 85 % of the times to 1-prong final states, the typical ντ experimental signature
consists of a track with a kink coming out of the interaction vertex with several hadronic tracks
attached. In contrast, the dominant νµ interactions in the target, whether they are Charged or
Neutral Current interactions, often produce a vertex of hadronic tracks, sometimes partnered
(CC events) by a penetrating track (the muon).

Efficient detection of τ leptons and good separation of ντ events from νµ events require an
excellent spatial resolution. Furthermore, the need of a large target mass to compensate for the
small neutrino interaction cross section leads to the so-called Emulsion Cloud Chamber (ECC)
concept. In OPERA, it has been implemented in the form of 57 nuclear emulsion films interleaved
with 56 1-mm thick Pb plates, the nuclear emulsion films providing the submicrometric resolution
needed. Such ensemble constitutes an OPERA “brick”. In addition to the lead-emulsion target,
electronic detectors are used to trigger, locate the brick containing the interaction vertex, and
measure the properties of penetrating tracks.

2.3 The OPERA detector

An OPERA brick weighs 8.3 kg and corresponds to about 10 radiation lengths. The momenta
of the tracks below 8 GeV/c a are measured thanks to their Multiple Coulomb Scattering in the
lead 3. The excellent angular resolution achieved by the nuclear emulsions (∼ 2 mrad) allows
to measure the dispersion of the angle of the track in each emulsion with respect to the global
direction of the track in the brick. This dispersion is closely related to the momentum of the
particle 1.

The OPERA detector also has some particle ID capabilities. Nuclear fragments are readily
identified by the higher grain density along their tracks in the emulsion, a quantity related
to dE/dx 4. Electron tracks are identified thanks to the showers they originate. Muons are
selected with a 95 % efficiency by choosing appropriately long tracks that stretch over the whole
detector 5. When muon identification is essential to validate oscillation candidate events, tracks
that fail the previous requirement are followed through the downstream bricks till they either
exit the detector or interact. The study of their end-point allows to recover 30 % of the muons
missed by the first algorithm 4.

The OPERA target, with a total mass of 1.25 kton, is composed of about 150000 bricks,
arranged in walls interleaved with plastic scintillator strips. The latter constitute the Target
Tracker (TT) and locate the brick where the interaction has taken place. An equally important
function of the TT is muon identification, related to the tracking capabilities it provides for the
most penetrating tracks. Last but not least, the TT also triggers the events.

Downstream of the target section, that comprises the brick walls and the TT, there is a muon
spectrometer, composed of a dipole magnet generating a field of 1.53 T, and instrumented by
RPCs and drift tubes. It measures the charge of the penetrating tracks with a misidentfication
probability of 0.3 %, and the momentum of those tracks with a precision better than 20 %.

Two additional removable emulsion films, called Changeable Sheets (CS), are attached on
the downstream face of each brick. When a brick is located by the TT, and extracted by the
Brick Manipulating System (BMS) automaton, tracks compatible with the TT hits are searched
for in the CS. The spatial resolution of the TT predictions is about 1 cm, whereas the angular
resolution is around 25 mrad. If tracks corresponding to the TT predictions are found in the
CS, the rest of the emulsion films of the brick are developed and sent to one of the scanning
laboratories in Europe or Japan, where high speed automated microscopes will scan them. An
important step of the data acquisition is done at this stage, when the tracks and vertices recorded
in the emulsion are digitally reconstructed.

aLarger momenta can be measured in a similar fashion, but depend strongly on the local quality of the
measurements (angular resolution, density of emulsion black grains unrelated to tracks).



Table 1: Status of data analysis.

Years POT (×1019) Status Number of analysed events

2008 & 2009 5.27 Completed 2783

2010, 2011 & 2012 12.7 In progress (∼ 26 %) 1722

A more complete description of the OPERA detector can be found elsewhere 6.

2.4 Backgrounds

A charm quark is produced in about 4% of the νµ CC interactions. Since charmed particles have
lifetimes that are very similar to that of τ leptons, whenever the primary muon is not detected
or misidentified, the one-prong decays of charm mimic the sought τ decay kink topology, con-
stituting a background to the ντ oscillation signal in all the channels. A particular background
to the τ− → µ− channel is the large angle Coulomb scattering of muons coming from νµ CC
interactions. Finally, a source of background affecting the τ− → h− and τ− → h−h+h− chan-
nels, is the hadronic re-interaction background. Hadrons coming from νµ interactions scatter
hadronically off nuclei (for NC events b, it happens 0.2% of the times), and sometimes result in
a kink-like topology.

Some of these backgrounds are suppressed by specific instruments of the detector. For
instance, the charm contribution to the τ− → µ− channel consists of wrong-sign muons, which
are readily discarded by the muon spectrometer. Most backgrounds, however, are fought using
kinematic variables, such as the flight length of the τ candidate, the missing pT at the primary
vertex or the φ angle. The latter, a powerful discriminating variable, is defined as the angle
in the transverse plane between the τ candidate and the hadronic shower. A true τ will be
back-to-back with respect to the hadronic shower, whereas the angle will be small for fake τ
candidates coming from charm or hadronic reinteractions.

3 Charm sample

The decay topologies and lifetimes of charm events, similar to those of the τ signal, make them
an ideal control sample. The agreement of the most important variables between Monte Carlo
simulations (MC) and the available data (see Table 1) has been checked, and found to be good
(see Figure 1). This proves that no major problems exist in the reconstruction of the relevant
variables for OPERA within their ranges of interest, the examples given being the flight length,
the φ angle and the impact parameter of tracks with respect to their vertices of interaction.

A comparison by topology of the expected numbers of events from MC and the observed
numbers of events in data also shows a good agreement (see Table 2).

4 νµ → ντ oscillations

We report here the current results of the νµ → ντ oscillation search. The number of expected
ντ candidates on the data sample analysed so far (see Table 1) is 1.91 signal events with a
background of 0.18 events.

A first ντ candidate was reported in 2010 7. The ντ candidate is consistent with the ap-
pearance of a τ− lepton in the OPERA target, that decays through the channel τ− → ρ−ντ
with ρ− → π−π0 and π0 → γγ. The tau candidate track exhibits a kink with an angle of

bThe CC contribution to the hadronic background is less important since the probability of not detecting the
muon is small (∼ 5%).



Table 2: Comparison by topology of numbers of charm events observed in data and MC expectations.

Topology Expected from MC Observed in data

1-prong 28.5 19

2-prong 22.1 22

3-prong 8.2 5

4-prong 1.2 4

Total 60± 8 50

Figure 1: Comparison of charm data (dots with error bars) and MC distributions (yellow histograms) of the
impact parameter (left), the decay length (centre) and the φ angle (right).

41±2 mrad. The kink is interpreted as arising from a τ lepton decaying into a 1-prong channel.
Its decay length is 1.335± 0.035 mm. The daughter track is identified as a hadron thanks to its
interaction 7 walls downstream of the τ decay point. The two observed photons are consistent
with pointing back to the kink, and their invariant mass is compatible that of a neutral pion,
mγγ = 120 ± 20(stat) ± 35(syst). A dedicated scan of the emulsions around the kink did not
detect the nuclear fragments that often partner nuclear interactions. The measured momenta of
all the tracks lead to a value of φ = (173± 3) ◦, in very good agreement with the expectations,
as are the rest of the discriminating variables.

A second ντ candidate was announced at the Neutrino 2012 conference 8, compatible with
a τ decaying into 3 charged hadrons. This decay channel is not as clean as a typical τ → 1
prong topology, with the signal yield being 3 times smaller than in the τ− → h− channel and
the backgrounds being just as high. The fact that the decay of the τ candidate happens in
the plastic base of the emulsion film, just between the two emulsion layers, helps reducing the
probability of the event being a hadronic reinteraction. Indeed, no highly ionizing tracks emitted
in nuclear processes (see above) have been found in the emulsions close to the decay vertex. The
ranges of the three decay daughters are consistent with the hadron hypothesis. The primary
track stops after only two brick walls, also in a fashion compatible with that of a hadron (a
muon of the same momentum would most likely cross more than 26 brick walls). Finally, the
measured decay length is 1.54 mm, and the observed momenta yield φ = (167.8± 1.1) ◦ as well
as values of other kinematic variables in line with the expectations for a τ decay.

With more than half of the data still to be analysed, there is a high probability of finding
additional ντ candidates in the future.

5 νµ → νe oscillations

A search for νµ → νe oscillations was performed on the 2008 and 2009 data sample, corresponding
to 5.25×1019 POT. The νe energy is estimated from the energy deposited in the Target Tracker
planes, in a similar way as it is done for CC and NC νµ interactions 5.



Figure 2: Longitudinal view of the first ντ candidate. The τ− candidate is the short red track attached to the
vertex, whereas the τ daughter is the long green track attached to it. The kink is clearly visible. The two γ’s are

drawn in yellow and red.

Only 1.4 events are expected from the standard 3-flavour νµ → νe oscillation for sin2(2θ13) =
0.098 1. In contrast, the main background, which arises from beam νe contamination, amounts
to 19.3 ± 2.8 events. A further 0.5 ± 0.2 events come from misidentified τ → e and π0 decays.
Whereas the contributions of the first two backgrounds are entirely estimated from simulation,
for the latter it is data-driven. The goal is to estimate the probability of a γ converting between
the interaction vertex and the first emulsion film and mimicking the electron of a νe candidate. To
that end, the νe selection criteria have been applied on a large sample of γ’s from data converting
several lead plates downstream of the primary interaction. The result is then extrapolated to
conversions before the first downstream emulsion film.

A total of 19 events were observed (see Figure 3), in agreement with the expectations, which
translates into a rather loose upper limit on θ13: sin2(2θ13) < 0.44 at 90% C.L. As expected,
OPERA is not able to compete in this matter with other experiments dedicated to this search,
and which, contrary to OPERA, are located on an oscillation maximum. However, due to the
different L/E, OPERA do constrain a different region of the sin2(2θ)−∆m2 parameter space.
The interest in such constraints has been spurred lately by LSND 9 and MiniBooNE 10 results.
These experiments have reported possible non-standard νµ → νe oscillations. These oscillations
can be parametrised by an additional contribution given by the standard 2-flavour oscillation
formula:

Pνµ→νe = sin2(2θnew) sin2
(
1.27∆m2

newL/E
)

(1)

where L is expressed in km and E in GeV. The effects of additional neutrinos are more complex
than just adding an extra oscillation term 11, though, and care must be taken when comparing
experiments at different L/E.

Thus, considering the standard 3-flavour νµ → νe oscillation as a background, OPERA
excludes the appearance of extra νe for certain values of sin2(2θnew) and ∆m2

new (see Figure 3).
In particular, we find sin2(2θnew) < 7.2× 10−3 at 90% C.L. for high values of ∆m2

new.



Figure 3: Left, reconstructed νe energy spectrum (data points) and expected distributions of the various sources
(filled histograms). Right, exclusion plot for the parameters of the non-standard νµ → νe oscillation; the OPERA

90% exclusion plot is the continuous blue line.

6 Conclusions

The OPERA experiment has successfully recorded events from 2008 to 2012 exploiting the
18.0×1019 POT delivered by the CNGS beam. The analysis of the data sample is ongoing, about
50% of it is completed. The search for νµ → ντ oscillations has so far identified two ντ candidates,
in good agreement with the expectation of 1.9 signal and 0.2 background events. Concerning
νµ → νe appearance, OPERA cannot compete with other experiments due to the fact that
its L/E does not correspond to an oscillation maximum. However, OPERA data do constrain
interesting parts of the ∆m2

new−sin2(2θnew) plane, relevant to the possible non-standard νµ → νe
appearance suggested by the LSND and MiniBooNE experiments. In particular, an upper limit
sin2(2θnew) < 7.2× 10−3 at 90% C.L. has been found for high values of ∆m2

new.
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RECENT RESULTS FROM THE DAYA BAY EXPERIMENT
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The Daya Bay Reactor Neutrino Experiment was designed to precisely measure neutrino
mixing angle θ13 with the sensitivity better than 0.01 in sin22θ13 at the 90% C.L. Eight
functional identical anti-neutrino detectors are deployed in water pools underground at various
baselines from the reactors, allows to do the near-far relative measurement. The experiment
began to take data on Dec. 24, 2011. With 55 days of data, the Daya Bay experiment observed
a non-zero value of θ13 at 5.2 standard deviations. Now, with the most recent 139 days of
data, we improved this measurement and got sin2θ13 = 0.089±0.010(stat.)±0.005(syst.) in a
three neutrino framework, which is the most precise measurement to date.

1 Introduction

Neutrino oscillation is a quantum phenomenon if the mass and favor eigenstates of neutrinos are
mixed. A 3 × 3 PMNS unitary matrix 1 2 can be used to quantify the neutrino mixing, which
includes three mixing angles (θ12, θ23, θ13) and a CP violating phase. Besids the parameters
in PMNS matrix, neutrino oscillation also depends on the difference of the squared neutrino
masses. In the last decade, three mixing angles and two squared-mass differences have been
measured 3 except for θ13, which only had an upper limit (sin22θ13 ≤ 0.15 at 90% C.L.) 4 before
2011. By the end of 2011, several hints for non-zero θ13 are reported by T2K 6, MINOS 7 and
Double Chooz 8, with significances of 1.7σ to 2.5σ. Meanwhile, a global neutrino data analysis
showed ≥ 3σ significance for non-zero θ13

9.

As first proposed in Ref. 5, the sensitivity of θ13 can be greatly improved if using the near-
far relative measurement. This concept has been well utilized by later accelerator and reactor
neutrino experiments. The Daya Bay reactor neurino expriment is one of them to use this
concept. In 2012, the Daya Bay experiment measured a non-zero value of θ13 at 5.2 standard
deviations with 55 days of data. But up to date, the mass hierarchy and CP violating phase are
still unknown, which are hot topics in the next decade.

2 The Daya Bay Experiment

The Daya Bay experiment is located at the southern coast of China, 55 km to Hong Kong and 45
km to Shenzhen. The aim of the expriment is to precisely measure θ13 with a sensitivity of 0.01
or better in sin22θ13 at 90% C.L. For a more detailed description of the Daya Bay experiment,
please refer to 10 11. In order to achieve such a precise measurement, the experiment has
several key features, as shown in 1. First, the Daya Bay nuclear power complex consists of six
reactors grouped into three pairs, each with a maximum of 2.9 GW thermal power. Second,
the experiment performs a near-far relative measurement to minimize reactor-related systematic
uncertainties. The Daya Bay near and Ling Ao near halls monitor the neutrino flux from rectors
and the far hall measures the oscillation. Three experimental halls (EHs) are connected with



Figure 1: Layout of the Daya Bay experiment

horizontal tunnels. Third, the locations of experimental halls are optimized, taking into account
the maximum oscillation baseline. Fourth, the experiment is deployed underground with large
overburden, which can effectively reduce background from cosmic rays. Fifth, multiple functional
identical detectors in each EH can minimize detector-ralted correlated systematic errors and
allow cross checks of uncorrelated uncertainties.

There are two antineutrino detectors (ADs) in each near hall and four detectors in far
hall. 2 illustrates the layout of the Daya Bay detectors in a near hall. Each AD has 20 t of
gadolinium-doped liquid scintillator (Gd-LS) as target and 20 t of liquid scintillator (LS) as
gamma catcher and 40 t of minaral oil as shielding. Automated calibration units (ACUs) are
mounted on the top of AD lid. ν̄e are detected via the inverse β-decay (IBD) reaction, ν̄e + p→
e+ + n. The coincidence of the prompt scintillation from e+ and the delayed neutron capture
on Gd provide a distinctive ν̄e signature. In each EH, the ADs are placed in a water pool,
which provides good shielding against ambient radiation with ≥2.5 m of high-purity water in all
directions. Each water pool is segmented into inner and out water shields (IWS and OWS) and
instrumented with photomultiplier tubes (PMTs) to function as Cherenkov-radiation detectors,
for the purpose of tagging cosmic muons and vetoing the cosmogenic backgrounds. Furthermore,
an array of resistive plate chambers (RPC) covers on the top, providing a cross check to reduce
the uncertainties of muon veto efficiency.

3 Neutrino Oscillation Analysis

The detector energy calibration was performed by three ACUs. Each ACU is equipped with
a light-emitting diode (LED), a 68Ge source and a combined source of 241Am-13C and 60Co.
These sources can be remotely deployed into the Gd-LS and LS liquid volumes along three
vertical axes. The PMT gains (converting ADC to p.e.) are calibrated by low intensity LEDs.



Figure 2: Schematic layout of the Daya Bay detectors in a near hall

The energy scale (p.e. per MeV) was determined by deploying 60Co source at the detector
center. The sources were deployed once per week to correct the weak time dependence. To
correct the non-uniformity of energy response in ADs, a scan along the vertical axis using 60Co
source from each of the three ACUs was used to obtain a correction function. After correction,
only a few percents residual non-uniformity were left. The neutron energy scale was gotten by
comparing 60Co events with neutron capture on Gd events from the 241Am-13C source at the
detector center. The energy scale uncertainty was dertermined by comparing the energy peaks
from different event typles in ADs, which include n-Gd capture from anti-neutrinos and muon
spallation products, each of calibration source, and alphas from Polonium decay in the GdLS1113.
The relative difference falls within a band of 0.5%, quoted as the same uncorrelated uncertainty
among ADs, which lead to a 0.12% relative uncertainty of delayed energy cut efficiency among
detectors. Currently we did not do a energy nonlinearity correction versus energy.

Anti-neutrino candidates were selected by the following criteria. The energy of the prompt
and delayed candidates were required to satisfy 0.7 MeV ≤ Ep ≤ 12.0 MeV and 6.0 MeV ≤ Ed
≤ 12.0 MeV, respectively, and δt = td - tp must have satisfied a 1 ≤ δt ≤ 200 µs coincidence,
where tp and td are the timetamps of the prompt and delayed signals. A multiplicity cut required
no additional candidate with E ≥ 0.7 MeV in the interval 200 µs before tp, 200 µs after td, or
between tp and td. The prompt-delayed pair was vetoed if the delayed candidate satisfied any of
the conditions 2 µs ≤ td - tµWS ≤ 600 µs (Pool muon), 0 ≤ td - tµAD ≤ 1000 µs (AD muon), or
0 ≤ td - tµsh ≤ 1 s (AD showering muon). The prompt energy, delayed energy and capture-time
distributions for data showed good agreement with MC, respectively.

The absolute efficiencies were predicted by a detailed Geant4-based detector simulation
software. Two main sources of correlated uncertainlty are from neutron spill-in (neutrons from
outside drift into target volume and are captured by Gd in target volume) efficiency and n-Gd
capture ratio. These uncertainties are estimated from the differences between data and MC.
Actually, for a relative measurement, absolute efficiencies as well as correlated uncertainties can
be effectively canceled, and only uncorrelated uncertainties contribute to the final error. The
total uncorrelated uncertainty is 0.2%1213, which is better than our baseline design 0.38%10. The
largest uncorrelated uncertainty is from delayed-energy cut (0.12%). The second contribution
is from target protons (0.03%), achieved by using one batch of target scintillator and precise



filling for all detectors. The relative uncertainties were checked by a side-by-side comparison
with two near detectors (AD1 and AD2) at Daya Bay near hall 11 13. The measured ratio of the
total anti-neutrino rates in AD1 and AD2 was 0.987±0.004(stat.)±0.003(syst.), consistent with
the expected ratio 0.982 13.

The largest background in the anti-neutrino candidates are the accidental backgrounds, de-
fined as any pair of otherwise uncorrelated signals that accidentally satisfied the anti-neutrino
event selection criteria. The expected background rates were calculated using the rate of prompt-
type and delayed-type signals. An alternate method, so-called off-window method, was de-
veloped to estimate such background 13. The background estimation was also validated by
comparing the distributions of distance between the reconstructed vertices for the prompt and
delayed signals of the antineutrino candidates and accidental coincidences selected by the off-
window method. The Background/Signal ratio (B/S) for accidental backgrounds accounted for
4.0±0.05% (1.5±0.02%) of the far (near) halls.

The uncertainties in backgrounds were dominated by two sources of correlated signals, the
cosmogenic β-n isotopes 9Li/8He and the three 0.5 Hz 241Am-13C neutron calibration sources
inside the ACUs on top of each AD. The 9Li/8He background was evaluated using a method
to fit the distribution of the time since the last muon. By assuming that most of the 9Li/8He
production was accompanied with neutron generation, the AD tagged muon events with no
follow-on neutron were rejected from the muon sample, resulting in an improvement of the
fitting precision. The method was extensively discussed in 13. The B/S for 9Li/8He backgrounds
was estimated to be 0.3±0.2% (0.4±0.2%) at the far (near) halls. The formation of Am-C
correlated backgrounds was a prompt gamma signal from neutron inelastic scattering on iron,
followed by the delayed gamma rays produced by capture on stainless steel. The B§for Am-C
correlated background was estimated to be 0.3±0.3% (0.03±0.03%) at the far (near) halls.

Other correlated backgrounds due to energetic neutrons from cosmogenic products (i.e. fast
neutrons) and (α,n) nuclear interactions are negligible. The energetic cosmogenic neutrons
could mimic anti-neutrino events by recoiling off a proton then being captured on Gd. Such
background was estimated by extrapolating the prompt energy distribution between 12 and
100 MeV down to 0.7 MeV. Three additional methods were used to provide cross checks and
the results were consistent 13. The B/S for fast neutron backgrounds was estimated to be
0.07±0.03% (0.12±0.05%) at the far (near) halls. The backgrounds caused by 13C(α;n)16O
reaction was calculated using the measured alpha-decay rates and neutron yield determined by
Geant4 MC. The B/S for such backgrounds was estimated to be 0.05±0.03% (0.01±0.006%) at
the far (near) halls.

The ν̄e flux of each reactor was calculated from the simulated fission rate of four main
isotopes(235U, 239Pu, 238U and 241Pu) and the anti-neutrino spectrum per fission (See 12 13 and
references therein). The thermal power measured by the power plant was used for normalization
when simulating the fission rate. Our near-far relative measurement was independent of reactor
flux models, and the uncorrelated reactor uncertainty was estimated to be 0.8% 12 13.

The ν̄e rate in the far hall was predicted with a weighted combination of the two near hall
measurements assuming no oscillation. The ratio of the observed to expected rate of all three
ADs at the far hall was measured to be R = 0.944±0.007(stat.)±0.003(syst.). 3 shows the ratio
of measured versus expected signals in each detector. In a three-neutrino framework, an analysis
of relative anti-neutrino rates of the six detectors determined sin22θ13 = 0.089 ± 0.010(stat.) ±
0.005(syst.), using a χ2 method with pull terms accounting for the correlation of the systematic
errors. The observed ν̄e spectrum in the far hall was compared to a prediction based on the
near hall measurements. The distortion of the spectra is consistent with that expected due to
oscillations at the best-fit θ13 obtained from the rate-based analysis, as shown in 4.



Figure 3: Top: Measured prompt energy spectrum of the far hall (sum of three ADs) compared with the no-
oscillation prediction based on the measurements of the two near halls. Bottom: The ratio of measured and

predicted no-oscillation spectra. The solid curve is the expected ratio with oscillation for sin22θ13=0.089.

Figure 4: Ratio of measured versus expected (no-oscillation) signals in each detector. The oscillation survival
probability at the best-fit value is given by the smooth curve. The AD4 and AD6 data points were displaced by

-30 and +30m for visual clarity.



4 Conclusion and outlook

Using 139 days of data, the Daya Bay experiment has confirmed the previous observation of reac-
tor electron-antineutrino disappearance and has provided an improved measurement to θ13. In a
three-neutrino framework, the disappearance leads to sin22θ13 = 0.089±0.010(stat.)±0.005(syst.).
The experiment will take a comprehensive calibration campaign to improve the energy recon-
struction for spectral shape analysis.

With the last two ADs installed, the experiment will continue to take data for at least 3
years to measure sin22θ13 to 5% precision, by both accumulating more statistics and reducing
systematic uncertainties. The high statistics of near halls will also provide the most precise
measurement of reactor anti-neutrino flux and spectrum at corresponding baselines. In addition,
by measuring the neutrino spectrum distortion, the experiment could measure the effective
squared-mass difference (a combination of δm2

31 and δm2
32). The measured large θ13 stimulates

the next round of experimental quests to measure mass hierarchy and CP violation phase.
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Measurement of θ13 using delayed neutron capture on hydrogen in Double Chooz

Kazuhiro Terao on behalf of the Double Chooz collaboration
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Double Chooz reports the first measurement of θ13 using delayed neutron capture on hydrogen.
The data sample used in this analysis is statistically independent from that of the standard
assessment using delayed neutron capture on gadolinium, an approach common to all previous
reactor-based θ13 measurements. In Double Chooz, the hydrogen analysis uses a larger fiducial
volume than the Gd analysis, yielding an exposure of 113.1 GW-ton-years. The rate-plus-
energy-spectrum-shape analysis yields sin2 2θ13 = 0.097± 0.034 (stat)± 0.034 (syst), which is
consistent with prior θ13 measurements.

1 Measurement of θ13

Measuring the neutrino mixing angle θ13 has been a major goal in the field of neutrino physics for
the last decade. The best limit for many years came from the Chooz experiment 1. First evidence
of a non-zero value of θ13 was reported in 2011 by MINOS 2 and T2K 3 experiments. This was
followed shortly by the precision reactor-based experiments Double Chooz 4, RENO 5, and Daya
Bay 6. These experiments measure θ13 by measuring the disappearance of ν̄e from nuclear reactor
cores. Daya Bay provides the current best measurement from a single experiment of sin2 2θ13 =
0.089± 0.010 (stat)± 0.005 (syst), given by Daya Bay 7.

Initially, all reactor-based experiments shared the same signal detection technique, inverse beta
decay (IBD) with neutron capture on Gd (Gd analysis). Double Chooz is the first collaboration
to report the result of θ13 from the statistically independent data sample from IBD with neutron
capture on hydrogen (hydrogen analysis). This analysis has twice the statistics of the Gd analysis
in Double Chooz. This manuscript briefly describes the first result of the hydrogen analysis 8.

2 Double Chooz experiment

Nuclear reactor cores emit ν̄e from beta decays of the fission products which are produced during
the normal operation of the core. A core produces ≈ 2 × 1020 ν̄e per GW of thermal power and
therefore makes an excellent source for reactor-based experiments. At a distance of ≈1 km, the
disappearance probability can be approximated in the standard three neutrino model by

P (ν̄e → ν̄e) = 1− sin2 2θ13 sin2
(
1.27∆m2

31L/E
)

(1)

where L and E denote the distance of travel and energy of the ν̄e. The value of ∆m2
31 is provided by

a MINOS measurement 9. The Double Chooz far detector is located at L ≈ 1050 m from the Chooz
reactor cores and has ≈ 300 m.w.e. rock overburden. The oscillated ν̄e flux is measured by the far
detector, and in the future it will be compared to the un-oscillated flux calculated by a detailed
Monte Carlo of the reactor-cores combined with the results of previous reactor neutrino experiments.
In the future, the un-oscillated flux measured with the near detector located at L ≈ 400 m will be
used instead. The near detector is expected to start data taking in Summer 2014.



Figure 1: A schematic drawing of the Double Chooz far detector.

Reactor-based experiments use liquid scintillator-based detectors to observe IBD interactions.
The ν̄e’s with energies above 1.8 MeV can interact with the liquid scintillator’s free protons via the
IBD reaction: ν̄e + p → e+ + n. While e+ ionization and annihilation (the prompt signal) occur
immediately after this interaction, the neutron requires time to thermalize before it is captured,
typically by a proton or Gd nucleus (the delayed signal). A neutron capture on hydrogen generates
a single 2.22 MeV gamma ray, while a capture on a Gd isotope produces multiple gamma rays with
total energy of 6 to 8 MeV. Requiring a twofold coincidence of e+ and neutron capture detection
greatly reduces backgrounds to the IBD search. The energy of each e+ is related to the parent ν̄e
energy by Eν̄e ≈ Ee+ + 0.8 MeV, and hence directly related to the incoming neutrino energy.

The Gd analysis is the standard approach for the short-baseline reactor neutrino experiments
attempting to measure θ13 because it provides a clean signal with little contamination from natural
radioactive backgrounds due to the relatively high energy released in the neutron capture on Gd.
The hydrogen analysis has higher background levels due to the lower neutron capture energy but
benefits from a larger fiducial volume available for the analysis.

2.1 Double Chooz detector

Figure 1 shows the design of the Double Chooz far detector, including the inner detector (ID), the
inner veto (IV), and the outer veto (OV). The inner detector consists of three cylindrical vessels: the
Target, γ-catcher, and Buffer tanks. The Target is a transparent acrylic vessel filled with 10.3 m3

of liquid scintillator, a mixture of n-dodecane, PXE, PPO, and bis-MSB, doped with 1g/l of Gd.
About 86% of thermal neutrons in the Target capture on a Gd isotope, producing the delayed
signal for the Gd analysis 10. The remaining fraction of thermal neutrons in the Target capture on
hydrogen. Directly surrounding the Target is the γ-catcher, a transparent acrylic vessel filled with
22.3 m3 of a similar liquid scintillator without Gd. Almost all neutrons in the γ-catcher capture on
hydrogen, consequently all IBD interactions in this volume can be used in the hydrogen analysis.

The outermost vessel of the ID, the Buffer, is a stainless-steel tank which optically isolates the
ID from the surrounding region. The 98-m3 volume between the γ-catcher and Buffer tank is filled
with non-scintillating, transparent liquid mixture of 46.5% n-alkanes and mineral oil. On the inner
wall of the Buffer tank, 390 low-activity Hamamatsu R7081 10-inch photo-multiplier tubes (PMT)
are installed to detect scintillation light from the Target and γ-catcher.

Outside the ID is the IV detector, a cylindrical steel tank filled with 87 m3 of liquid scintillator.
On the inside of the IV tank, 78 Hamamatsu R1408 8-inch PMTs are installed to detect scintillation
light. The IV serves as a cosmic muon veto as well as a shield against fast neutrons entering from
outside the detector. The OV is a precise muon tracking system consisting of multi-layer scintillator



strips. The hydrogen analysis uses the OV to exclude low-energy muon backgrounds by rejecting
IBD candidations with coincident OV triggers. Between the upper and lower layer of the OV is the
Globe Box through which the calibration sources are deployed into the Target and γ-catcher.

A system of custom electronics is used to readout the detector. The neutrino readout trigger
is based on an energy sum. The trigger can come from one of three groups of PMTs. The ID
PMTs are divided into two groups of 195 PMTs, and the IV PMTs compose a third group. When
any one of these three groups detect energy above a threshold of 350 keV, a trigger is created.
The trigger efficiency is 100.0%, with negligible uncertainty, at the 0.7-MeV energy threshold used
in the hydrogen analysis. For each triggered event, a window of 256 ns is digitized for all PMTs
by 500 MHz CAEN flash-ADCs using customized firmware and readout by a dead-time free data
acquisition system.

3 θ13 Analysis

The current Gd analysis in Double Chooz 10 reports sin2 2θ13 = 0.109± 0.030 (stat)± 0.025 (syst).
The first hydrogen analysis 8 uses the same set of data runs. Like the result from the Gd analysis,
both event rate and e+ event energy spectrum shape information are used to extract the value
of θ13 by comparing the observed flux at the far detector to the predicted flux. The predicted
flux includes both the signal estimation from the detailed reactor Monte Carlo simulation and
background prediction based on data and detector Monte Carlo.

3.1 IBD candidate selection and systematic uncertainties

The IBD candidates are selected from a pool of pre-selected events. The pre-selection criteria include
3 cuts: (1) a low energy event selection: 0.5 < E < 30.0 MeV; (2) an after-muon background veto:
∆tµ > 1000 µs, where ∆tµ denotes the time separation between the event and the previous muon;
(3) a rejection of backgrounds due to glowing PMT bases (light noise), which exhibit localization
of charge and spread in time of signal detection at PMTs: Qmax/Qtot < 0.09 and rms(tstart) <
40 ns, where Qmax represents the maximum charge detected by a single PMT and rms(tstart) is the
standard deviation of the first pulse timing at each PMT.

From the pre-selected events, the IBD candidates are selected by the following cuts: (1) no OV
trigger coincident with the prompt event; (2) 0.7 <Eprompt< 12.2 MeV; (3) 1.5 <Edelayed< 3.0 MeV;
(4) 10 < ∆te+n < 600 µs, where ∆te+n is the separation between the prompt and delayed trigger
times; (5) ∆re+n < 900 mm, where ∆re+n is the spatial separation between the prompt and delayed
reconstructed vertices; (6) a multiplicity cut for rejection of correlated backgrounds, which allows
no pre-selected events, other than the prompt and delayed candidates, in the 600 µs before and
1000 µs following the prompt event. The total number of selected IBD candidates is 36,284. The
average event rate is 151.1 events/day.

Systematic uncertainties in the event selection are quantified through a comparison of radioactive
source data and Monte Carlo. To study neutron detection efficiency, a 252Cf neutron source is
deployed along the vertical axis of the Target and along the inner and outer walls of the γ-catcher8,10.
The study yields a total systematic uncertainty of 1.6% on the number of selected IBD candidates.
A separate systematic uncertainty is assigned for the energy-scale. This uncertainty is found to
be 1.7% from a combination of analyses on data from calibration sources and muon spallation
products 8.

3.2 Signal prediction

In the absence of a near detector, the un-oscillated ν̄e flux prediction is given by

N exp
ν̄e (Eν̄e , t) =

Npε

4πL2
× Pth
〈Ef 〉

× 〈σf 〉, (2)

where ε is the detection efficiency, Np is the number of target protons, Pth is the thermal power of
the nuclear reactors, 〈Ef 〉 is the mean fission energy, and 〈σf 〉 is the mean cross section per fission.



The prediction of 〈Ef 〉 is sensitive to the fuel history of each core and its operation during the data
taking period. Using detailed information from the French electricity company (EDF) on the fuel
rod locations and their history or initial burn-up values, detailed simulations are constructed using
two different simulation frameworks, MURE 11 and DRAGON 12. The time evolution of Pth is also
provided by EDF. The mean fission cross section, 〈σf 〉, is based on a Bugey4 measurement 13, with
corrections for the Chooz reactor cores derived from the same simulations which determined 〈Ef 〉.
The flux prediction is common to both the Gd and hydrogen analyses, and it carries 1.8% relative
uncertainty. After applying the selection criteria for the hydrogen analysis, the predicted IBD signal
due to the reactors is 17690 events.

3.3 Background prediction

Additional IBD candidates are present in the analysis due to various backgrounds. The backgrounds
considered in the hydrogen analysis include uncorrelated accidentals, fast neutrons, muon-produced
radioactive isotopes (denoted 9Li), and residual light noise events. While the Gd analysis includes a
stopping muon background 10, this background is essentially eliminated from the hydrogen analysis
by requiring ∆te+n to be at least 10 µs. On the other hand, light noise events, which are negligible in
the Gd analysis because of their typically low Edelayed, must be considered in the hydrogen analysis.

The accidental background is sampled by looking for a delayed signal in a off-time-window
between 1 s+10 µs and 1 s+1000 µs after each prompt signal. To increase the sample statistics, 124
consecutive windows are opened following each prompt signal. When inefficiencies in this sampling
method are corrected, the estimation yields 73.45± 0.16 events/day.

are generated by muons passing through the rock and other material surrounding the detector.
These muons can produce one or more neutrons that traverse the IV¿

The fast neutron background consists of a proton recoil closely followed by a thermal neutron
capture. Fast neutrons are generated by muons passing through the rock and other material sur-
rounding the detector. These muons can produce one or more neutrons that traverse the IV and
ID region. Some of these neutrons deposit energy in the IV, therefore a sample of fast neutrons
is obtained by requiring ≥2 IV PMT hits along with a prompt candidate. Fast neutron energy
spectrum is extracted from this sample, and the spectrum is integrated to find the event rate. After
a correction for tagging inefficiency, the rate is found to be 2.50± 0.47 events/day.

Muon-induced isotopes that undergo β-decay with a neutron emission can mimic our signal.
Those with a long lifetime, such as 9Li with τ = 257 ms, cannot be vetoed by the 1 ms after-muon
cut applied in the candidate selection. This type of background is sampled by fitting an exponential
function to the distribution of ∆tµe+ , the time separation between each prompt candidate and the
previous muon. This method yields a rate of 2.8± 1.2 events/day. Large contamination from other
event types makes it difficult to extract the 9Li spectrum from data, so a theoretical spectrum in
combination with the detector Monte Carlo is used as it was in the Gd analysis.

Light noise tends to be reconstructed toward the center of the Target, allowing a sample to be
effectively isolated. The energy spectrum is determined from this sample, and the small rate of
0.32± 0.07 events/day is found by integrating the spectrum.

3.4 Oscillation analysis

The oscillation analysis uses both the event rate and the binned spectrum shape. The fit minimizes
the following χ2:

χ2 =

All energy bins∑
i,j

(
N cand
i −Npred

i

)
× (Mij)

−1 ×
(
N cand
j −Npred

j

)T
+

(εfast-n − 1)2

σ2
fast-n

+
(ε9Li − 1)2

σ2
9Li

+
(αE − 1)2

σ2
αE

+

(
∆m2

31 −
(
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)
MINOS

)2
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Table 1: Source of uncertainties in the hydrogen analysis, normalized to the signal prediction.

Source Uncertainty [%]

Total statistical error 1.08%

Accidentals 0.22%
9Li 1.56%

Fast neutrons 0.64%

Light noise 0.10%

Energy scale 0.32%

Detection efficiency 1.57%

Reactor 1.75%

where i and j index the bins of the energy spectrum; Mij is a covariance matrix incorporating
signal prediction, background prediction, detector and statistical uncertainties; εfast-n and ε9Li are
pull parameters for the fast neutron and 9Li rates, and the last two terms are pull terms for the
energy scale and ∆m2

31, respectively. The MINOS value of ∆m2
31 = (2.32 ± 0.12) × 10−3 eV2 9 is

used for the latter. Table 1 summarizes uncertainties in the hydrogen analysis, normalized to signal
prediction.

Figure 2: Top: Background-subtracted data (black points with statistical uncertainty) superimposed on the best fit
result shown in the solid red line with gold bands indicating systematic errors. The blue dashed line indicates the
predicted signal spectrum in case of no oscillation. Middle: the ratio of data to the prediction for the same set of

spectra shown in the top. Bottom: the difference of data - predicted for the spectra shown in the top.
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The result of the fit is shown in Fig. 2. The best fit value is sin2 2θ13 = 0.097 ± 0.034 (stat) ±
0.034 (syst). The pull terms from the best fit yield αE = 0.993 ± 0.007, a 9Li rate of 3.9 ± 0.6, a
fast neutron rate of 2.6 ± 0.4, and ∆m2

31 = 2.32 × 10−3 ± 0.12 × 10−3 eV2. All of these pull term
outputs are consistent with the input estimates. Figure 3 compares this result to the Gd analysis 10

and other recent measurements 2,3,5,7. The hydrogen analysis is consistent with all of these results.



Figure 3: Summary of θ13 values from recent measurements. The gray band is extended from the Gd analysis result
from Double Chooz in 2012 as a reference.
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4 Summary and outlook

The first result of the hydrogen analysis in Double Chooz 8 is presented. The outcome is consistent
with all previous measurements, and it is shown that this new approach is possible with the Double
Chooz detector. One of the largest uncertainties comes from the reactor flux prediction and is
common to both the hydrogen and Gd analyses. This uncertainty will become very small when
the near detector starts taking data, and the quoted error on θ13 will decrease significantly. The
combination of Gd and hydrogen analyses may better constrain the value of θ13 and is a goal of the
experiment.
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INFN, Sezione di Padova, Via Marzolo 8, I-35131 Padua, Italy

Flavour physics is a priceless window on physics beyond the Standard Model. In particular,
flavour violation in the lepton sector looks very promising, as high precision measurements
are prospected in future experiments investigating on µ→ e conversion in atomic nuclei: the
predictions for this observable are analysed in the context of the type I Seesaw mechanism.
Furthermore, new ideas to explain the Flavour Puzzle recently appeared, mainly based on a
possible dynamical origin of the Yukawa couplings and on flavour symmetries. The focus of
this proceeding will be set on the Minimal Flavour Violation ansatz and on the role of the
neutrino Majorana character: when an O(2)NR flavour symmetry acts on the right-handed
neutrino sector, the minimum of the scalar potential allows for large mixing angles -in contrast
to the simplest quark case- and predicts a maximal Majorana phase. This leads to a strong
correlation between neutrino mass hierarchy and mixing pattern.

1 Introduction

Despite the Standard Model (SM) success [1, 2], experimental evidences for non-vanishing neutrinos
masses, the presence of dark matter and the matter-antimatter asymmetry are calling for New Physics
(NP) beyond the SM. Even within the theoretical context of the SM, puzzles such as the Hierarchy
and the Flavour problems need as well an interpretation in terms of new particle physics.

At present, no evidence for non-standard particles beyond those in the SM spectrum has been
claimed at colliders and this has a strong impact on theories beyond the SM, such as supersymmetry
or models with a strongly interacting dynamics: the scale of new states/resonances expected in these
contexts must be not lower than the TeV level (increasing in this way the intrinsic fine-tunings of
those realizations). Nevertheless NP could also manifest indirectly through non-standard interactions,
resulting in (still sizable) deviations from SM predictions for specific observables. This possibility has
been deeply investigated in recent times both in the gauge-Higgs [3–15] and the flavour sectors [16,17].

The presentation at the Moriond conference reviewed the prospects on Flavour Violation (FV)
on the lepton sector: in particular, following Ref. [18], the prospects of µ → e conversion versus
µ → eγ and µ → eee were presented and compared in the context of the type-I Seesaw mechanism
for neutrino masses. Subsequently, the presentation discussed the theoretical attempts to understand

aTalk given by M. Gavela at the XLVIIIth Rencontres de Moriond session devoted to ELECTROWEAK INTER-
ACTIONS AND UNIFIED THEORIES, La Thuile (Italy), 2-9 March 2013.



the origin of the Flavour Puzzle in scenarios where the Yukawas have a dynamical origin. The main
focus of this proceeding is however set on the latter.

2 Flavour violation in the lepton sector

Future experiments aiming to detect µ→ e conversion in atomic nuclei [19–23] are especially promis-
ing for discovering FV in charged-lepton transitions and this motivates a dedicated investigation in
the framework of the type-I Seesaw scenario (see [18] and references therein).

Analytically, the µ→ e conversion rate depends on form factors with and without a logarithmic
dependence on the heavy singlet fermion masses. In Ref. [18], this rate has been carefully computed
and the results partially disagree with previous calculations: while there is an agreement on the loga-
rithmic dependent terms (see for example Ref. [24] and in Ref. [25] provided the non-supersymmetric
limit of the quoted results is taken), there is however a disagreement on the other terms with cal-
culations present in the literature. It is to be noticed that the constant terms in the form factors
turn out to be numerically competitive with the logarithmic ones and therefore must be taken into
account.

The various possible ratios of rates involving the same charged µ−e flavour transition, have been
determined in Ref. [18] and the results are summarized in Fig. 1, presenting substantial differences
with previous analysis in the literature. This is very useful for the comparison among the different
processes within one same experiment and across experiments.
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Figure 1: Ratio of the µ→ e conversion rate in Al (green lines), Ti (blue lines) and Au (red lines) to Br(µ→ eγ) (solid
lines) and to Br(µ→ eee) (dashed lines) for the entire range in mass mN here considered. Lines are dotted when they

require, for µ→ eγ and µ→ eee, a sensitivity better than the one expected at planned experiments [18].

Interestingly, the ratios exhibit a different mass dependence and therefore can be useful to con-
firm/exclude scenario among the range of possible models. As an example, if the rates for µ → eγ
and µ→ e(Ti) are measured and their ratio is found to be ∼ 1, then from Fig. 1 the scale mN will
be either 103 GeV or 104GeV, since there is a discrete degeneracy. Having determined the scale in
this way, this type of models predicts the µ → eee rate; in the given example, Fig. 1 signals a ratio
among the rates of µ→ e(Ti) and µ→ eee of ∼ 10 (∼ 1) for 103 GeV (104 GeV), a prediction that
could be checked against experiment. Note also that in the region 2 − 7 TeV the conversion rate
vanishes whereas µ→ eγ and µ→ eee are still observables.

The maximum scale for right-handed (RH) neutrino masses that future µ→ e conversion exper-
iments could probe is above the 1000 TeV scale. This sensitivity extends to very low masses, as low
as ∼ 2 GeV for the Titanium case. As a result, planned µ→ e conversion experiments will be fully



relevant to detect or constrain scenarios with RH neutrinos in an impressive mass range.

3 Dynamical Yukawas

We move now to more theoretical aspects, reviewing some attempts done in the field for trying to
shed some light on the origin of the Flavour Puzzle of the SM.

Yukawa couplings are the all and only source of flavour violation in the SM, where they arise
at the renormalisable level. In beyond the SM frameworks one can follow two different approaches.
From an effective field point of view, the Yukawa couplings can be though as arising from higher
dimensional operators once heavier states are integrated out. The best known example is the Seesaw
mechanism, in its different variants, where integrating out the heavier Majorana neutrino states
resulted into the Weinberg effective operator at large energies. In this case, the Yukawa couplings
explicitly break the flavour symmetry as in the SM.

Alternatively, one can take the picture in which Yukawa couplings correspond to dynamical fields
of the fundamental theory. Once these fields develop vacuum expectation values (vevs) in the flavour
space, a spontaneous breaking of the flavour symmetry occurs. The first attempt in this direction
has been proposed in Ref. [26] by Froggatt and Nielsen: a global U(1) symmetry was assumed to act
horizontally on the different fermion families; the SM spectrum is then enriched by a scalar field that
only transforms under the flavour U(1), usually called flavon; the Yukawa couplings arise as effective
couplings written in terms of the vev of the flavon over the cutoff of the theory. In this way, the top
quark mass appears at the renormalisable level, while all the other fermion masses originate from
higher dimensional operators. In this light fermion masses suppression, relatively to the top scale,
can be explained. The Froggatt-Nielsen model can indeed describe fermionic masses and mixings in
agreement with present observations (see Refs. [27,28] for a recent discussion), but suffers in general
from the appearance of too large flavour changing neutral currents (FCNCs) [29,30].

The Froggatt-Nielsen proposal is at the origin of an abundant literature: the flavour symmetry Gf
has been considered gauged/global, continuous/discrete, Abelian/non-Abelian. In particular, models
based on discrete symmetries received attention in the last years (see Refs. [31–35] for reviews), due
to their ability in predicting specific neutrino mixing patters, such as the Tri-Bimaximal mixing. The
Lagrangian of such models is invariant under a certain discrete symmetry and accounts for a scalar
potential that is adjusted to spontaneously break Gf , leaving two different subgroups preserved,
one in the neutrino sector and the other in the charged lepton one. It is the mismatch of these
two subgroups that leads to the Tri-Bimaximal pattern. The main advantages of these models are
their predicting power, the absence of Goldstone bosons due to the symmetry breaking and the
suppression of FCNCs as discussed in Refs. [36–41]. Despite of their success, however, the downsides
of the discrete symmetry approaches are that there is no rationale for choosing a particular discrete
group, that the neutrino mixing and spectrum are not correlated, that it is difficult to account for
leptons and quarks simultaneously, and finally that the relatively large measured value for the reactor
angle θ13. Recent developments on discrete symmetry models can be found in Refs. [42–55].

Continuous flavour symmetries have also been deeply investigated, but mainly connected to the
Minimal Flavour Violation (MFV) [56,57] ansatz. In shorts, MFV is nothing else the requirement that
all sources of flavour violation in the SM and beyond the SM is described at low-energies uniquely in
terms of the known fermion masses and mixings. MFV emerged in the last years clearly as the most
promising working framework consistent with the extremely stringent FCNC constraints [58–66].
Indeed, several distinct models based on the MFV ansatz [6,12,67–72] are still consistent with a NP
scale at the TeV, while comparable models without the MFV hypothesis are forced to have a scale
larger than hundreds of TeV [73].

The power of MFV descends from the fact that it exploits the symmetries that the SM itself
contains in a certain limit: that of massless fermions. For example, in the case of the Type I Seesaw
mechanism with three RH neutrinos added to the SM spectrum, the flavour symmetry of the full



Lagrangian, when Yukawa couplings and the RH neutrino masses are set to zero, is:

Gf = Gqf ×G
`
f with

{
Gqf = U(3)QL

× U(3)UR
× U(3)DR

G`f = U(3)`L × U(3)ER
× U(3)NR

. (1)

Under the flavour symmetry group Gf fermion fields transform as

QL ∼ (3, 1, 1)Gq
f
, UR ∼ (1, 3, 1)Gq

f
, DR ∼ (1, 1, 3)Gq

f
,

`L ∼ (3, 1, 1)G`
f
, ER ∼ (1, 3, 1)G`

f
, NR ∼ (1, 1, 3)G`

f
.

(2)

The Yukawa Lagrangian for the Type I Seesaw mechanism, then, reads:

−LY = QLYDHDR +QLYUH̃UR + `LYEHER + `LYνH̃NR +N
c
R

MN

2
NR + h.c. (3)

To introduce LY without explicitly breaking Gf , the Yukawa matrices Yi and the mass matrix for the
RH neutrinos MN have to be promoted to be spurion fields transforming under the flavour symmetry
as:

YU ∼ (3, 3̄, 1)Gq
f
, YD ∼ (3, 1, 3̄)Gq

f
,

YE ∼ (3, 3̄, 1)G`
f
, Yν ∼ (3, 1, 3̄)G`

f
, MN ∼ (1, 1, 6̄)G`

f
.

(4)

The quark masses and mixings are correctly reproduced once the quark spurion Yukawas get back-
ground values as

YU = V † yU , YD = yD , (5)

where yU,D are diagonal matrices with Yukawa eigenvalues as diagonal entries, and V a unitary
matrix that in good approximation coincides with the CKM matrix. For lepton masses and mixings
the discussion is more involved and it is postponed to Sect. 3.2.

Despite of the phenomenological success, it has to be noticed that, however, MFV does not
provide byh itself any explanation of the origin of fermion masses and/or mixing, or equivalently does
not provide any explanation for the background values of the Yukawa spurions. This observation
motivates the studies performed in Refs. [64,66] (see also Refs. [74,75] for earlier attempts), where the
Yukawa spurions are promoted to dynamical scalar fields: the case in which a one-to-one correlation
among Yukawa couplings and fields is assumed, Yi ≡ 〈Yi〉/Λf , is discussed at length. Moreover, other
possible choices, such as for example Yi ≡ 〈χ1

i 〉〈χ2
i 〉/Λ2

f , are also considered. The scalar potential
constructed out of these fields was studied in Refs. [64,66], considering renormalisable operators (and
adding also lower-order non-renormalisable terms for the quark case): these effective Lagrangian
expansions are possible under the assumption that the ratio of the flavon vevs and the cutoff scale
of the theory is smaller than 1, condition that is always satisfied but for the top Yukawa coupling.
In this case a non-linear description would be more suitable.

It turns out that the Majorana nature of neutrinos has a deep impact on the results: in Ref. [66],
it was analysed a particular Type I SeeSaw model with two degenerate RH neutrinos, corresponding
to an O(2)NR

flavour symmetry for the right-handed neutrino sector; at the minimum of the scalar
potential a large mixing angle -in contrast to the simplest quark case- and a maximal Majorana
phase are predicted. This lead to a strong correlation between neutrino mass hierarchy and mixing
pattern. In the following, we will show that this result can be generalized to generic type I Seesaw
models.

3.1 The quark sector

In Ref. [64], it has been considered the case in which the quark Yukawa spurions correspond to
dynamical fields of some fundamental theory, developing vevs through the minimization of a specific



scalar potential (see also Refs. [74, 75])b.

The renormalisable scalar potential for the quark Yukawa fields YU ,YD depends only on fivec

independent invariant [63,64]:

Tr
[
YUY†U

]
, Tr

[
YDY†D

]
, Tr

[(
YUY†U

)2]
, Tr

[(
YDY†D

)2]
,

Tr
[
YUY†UYDY

†
U

]
.

(6)

The terms in the first line of Eq. (6) turn out to be responsible for fixing the quark mass hierarchies
(see Ref. [79,80] for an alternative approach), while the term in the second line is the only involving
the mixing angle θ. Considering as exemplification the two-family case, (as the three family case is
conceptually similar but with more complicate expressions), one obtains that

Tr
(
YUY†UYDY

†
D

)
∝
(
m2
c −m2

u

) (
m2
s −m2

d

)
cos 2θ . (7)

Minimizing with respect to θ, the following condition must holds:(
m2
c −m2

u

) (
m2
s −m2

d

)
sin 2θ = 0. (8)

There are only two possible solutions to the previous equation: either the same type quarks are
degenerate or the mixing angle is vanishing. Only the second solution is a good (first order) approx-
imation of the data. Then a Cabibbo like angle could be generate, for example, from sub-leading
(higher order) terms. Considering non-renormalisable terms in the scalar potential, one notice that
the first one containing information on the mixing angle can arise only at d = 8. The scalar potential
minimization predicts a mixing angle of the order of

sin2 θ ' c

2 y2c y
2
s

(9)

with c is a free (order one) parameter. A reasonable value for the Cabibbo angle is recovered only if
c ∼ 10−10, clearly not natural in an effective Lagrangian approach.

In conclusion, the promotion of the quark Yukawas spurions to dynamical fields transforming in
the bi-fundamental of the flavour group Gf does not lead to a successful description of the quark
mixing, for two or three families, not even if non-renormalisable terms are included. On the other side,
if the Yukawas are thought as effective terms coming form the dynamics of scalar fields transforming
in the fundamental of Gf , it is indeed possible to recover a hierarchical spectrum among two families
and a mixing angle [64]. However, this strategy does not lead to a realistic description of the three-
generation case, unless one introduces at the same time fields transforming in the fundamental and
in the bi-fundamental, loosing however a direct connection between Yukawa couplings and flavons.

3.2 The lepton sector

When discussing the MFV ansatz in the leptonic sector one has at disposal three different spurions,
as can be evinced from the list in Eq. (4). The number of parameters that can be introduced in
the model through these spurions is much larger than the low energy observables. This in general
prevents a direct link among neutrino parameters and FV observables. The usual way adopted in
the literature to lower the number of parameters consists in reducing the number of spurions fron

bIn order to avoid the appearance of Goldstone bosons, corresponding to the spontaneous breaking of the flavour
symmetry, Gq

f can be gauged. See Refs. [69, 70,76–78]
cHere we are assuming that Gf contains the U(3)i factors. Consequently the operators det (Yi) are not invariants,

differently from what considered in Ref. [64], where the flavour symmetry contained instead only the SU(3)i part. The
effects of det (Yi) in the potential are to push towards degenerate mass configurations [64].



three to two: for example in Ref. [59] MN ∝ 1 is taken; in Ref. [62], a two-family RH neutrino model

is considered with MN ∝ σ1; finally in Ref. [65] Y †ν Yν ∝ 1 is assumed.

An unifying description for all these models can be obtained by introducing the Casas-Ibarra
parametrization [81]: in the basis of diagonal mass matrices for RH neutrinos, LH neutrinos and
charged leptons, the neutrino Yukawa coupling can be written as

Yν =
1

v
U
√
m̂νR

√
M̂N , (10)

where v is the electroweak vev, the hatted matrices are light and heavy neutrino diagonal mass
matrices, U refers to the PMNS mixing matrix and R is a complex orthogonal matrix, RTR = 1. A
correct description of lepton masses and mixings is achieved assuming that YE acquires a background
value parametrised by a diagonal matrix,

YE = yE ≡ diag(ye, yµ, yτ ) , (11)

while the remaining spurion, MN or Yν , accounts for the neutrino masses and the PMNS matrix (see
Refs. [59, 62,65]).

In Ref. [66], the simple model with only two heavy RH neutrinos is considered [62]. The spurion
fields YE and Yν are promoted to dynamical fields, YE and Yν , and the corresponding scalar potential
is studied. As for the quark case, the scope of the analysis was to explain the origin of the spurion
background values, necessary to correctly describe the measured lepton masses and mixings.

In the following, still focusing to a two-flavon model, we first generalise the analysis presented
in Ref. [66] by considering a generic mass matrix for the RH neutrinos. Then we will discuss the
limit of degenerate RH neutrino masses. Finally, we briefly explore also the case in which a third
flavon, the RH neutrino mass, is introduced. Through all the discussion we will first concentrate in
the two-family case and only subsequently we will generalise the results to three families.

Generic RH neutrino masses: G`
f = U(2)`L × U(2)ER.

A generic RH neutrino mass matrix breaks explicitly the U(2)NR
factor. As a result, the flavour

symmetry of the kinetic terms reduces to

G`f = U(2)`L × U(2)ER
. (12)

Fermion and flavon fields transform under G`f as in the two-family version of Eqs.(2) and (4), but
neglecting the transformations under the RH neutrino symmetry factor U(2)NR

, that is explicitly bro-
ken. Alike to the quark case, only five independent invariants can be obtained at the renormalisable
level:

Tr
[
YEY†E

]
, Tr

[
YνAY†ν

]
, Tr

[(
YEY†E

)2]
, Tr

[(
YνAY†ν

)2]
,

Tr
[
YEY†EYνAY

†
ν

]
.

(13)

The possibility of including a generic 2×2 matrix, A, in the neutrino invariants is a novelty compared
to the quark case and it is possible thanks to the transformation properties of the neutrino Yukawa
flavon, Yν ∼ (3, 1). Analogously in the quark case, starting from the five invariants in Eq. (13) it is
build the corresponding renormalisable scalar potential. Terms in the first line account for the lepton
masses while the operator in the second line fixes the mixing angle:

Vmix = Tr
[
YEY†EYνAY

†
ν

]
∝ Tr

[
y2
E U

√
m̂ν P

√
m̂ν U

†
]
, (14)



with P ≡ R
√
M̂NA

√
M̂N R

† and U being the two-family PMNS matrix defined by

U =

(
cos θ sin θ
− sin θ cos θ

)(
e−iα

eiα

)
. (15)

Minimising the potential term in Eq. (14) with respect the angle θ and the Majorana phase α, the
following two conditions result:

2(y2µ − y2e)
√
m1m2 sin 2θ |P12| sin(2α− argP12) = 0 ,

(y2µ − y2e)
[

sin 2θ (m1 P11 −m2 P22)− 2 cos 2θ
√
m1m2 |P12| cos (2α− argP12)

]
= 0 .

(16)

Beside trivial configurations, Eq. (16) allows the following solution: 2α− argP12 = nπ with n ∈ Z

tan 2θ = 2 |P12|
√
m1m2

m1 P11 −m2 P22
.

(17)

The first expression connects the low-energy and the high-energy phases, while the second one repre-
sents a link among the size of mixing angle and the type of the neutrino spectrum. It is the Majorana
neutrino character that allows this novel connection. However, the presence of the generic matrix A
prevents the possibility of making clear predictions for the mixing angle.

Degenerate RH neutrino masses: G`
f = U(2)`L × U(2)ER × O(2)NR.

In the case with degenerate RH neutrino masses, M1 = M2 ≡M , the flavour symmetry is

G`f = U(2)`L × U(2)ER
×O(2)NR

. (18)

This is the largest possible symmetry for the RH neutrino sector, once non-vanishing masses for RH
neutrinos are considered.

The independent invariants, at the renormalisable level, still include those in Eq. (13), but since
Yν ∼ (2, 1, 2̄), insertions of a generic matrix A is not allowed anymore: the only possible choice for
building operators invariants under G`f are A = 1 and A = σ2. Among the three invariants that can
be written with the insertion of A = σ2, only one is not vanishing,

Tr

[(
Yνσ2Y†ν

)2]
. (19)

An equivalent way to rephrase this operator, without the explicit presence of σ2, is given by

Tr
[
YνYTν Y∗νY†ν

]
. (20)

Summarizing, the basis of invariants for the case of degenerate RH neutrino masses contains all the
operators listed in Eq. (13) with A = 1, plus the operator in Eq. (20). Moreover, one can show that
the degeneracy of the RH neutrino masses leads to a simplification of the general R and P matrices,
that can be written as,

R =

(
coshω −i sinhω
i sinhω coshω

)
, P =

(
cosh 2ω −i sinh 2ω
i sinh 2ω cosh 2ω

)
. (21)

Consequently, the first condition in Eq. (17) implies a maximal Majorana phase,

α = π/4 or α = 3π/4 , (22)



for a non-trivial mixing angle. However, this does not imply observability of CP violation at experi-
ments, as the relative Majorana phase among the two neutrino eigenvalues is π/2. Next, the second
condition in Eq. (17) can be rewritten as

tan 2θ = 2 sin 2α

√
m1m2

m1 −m2
tan 2ω , (23)

which agrees with the results in Ref. [66], for the particular choice of ω.d

Eqs. (22) and (23) define a class of extrema of the scalar potential: in particular, a large mixing
angle is obtained from almost degenerate masses, while a small angle follows in the hierarchical
case. It is, however, necessary to discuss the full minimisation of the scalar potential in order to
identify the angle configuration corresponding to the absolute minimum. In Ref. [66] it was shown
that degenerate neutrino masses are a good minimum of the scalar potential and therefore one can
conclude that the maximal angle solution is indeed a good minimum.

Notice that the results in Eqs. (22) and (23) follow only considering the last operator in the list
of Eq. (13), with A = 1, and in particular are not affected by the introduction of the new invariant
in Eq. (20). Indeed the latter operator affects only the neutrino spectrum, having an indirect impact
on the results: if the operator in Eq. (20) is absent, then at the minimum ω = 0 and therefore the
mixing angle turns out to be vanishing, accordingly to Eq. (23) (see Ref. [66] for more details). On
the contrary, the operator associated to σ2 allows the degenerate mass configuration to be a good
minimum and therefore, it selects the maximal angle solution as a configuration that minimises the
scalar potential.

It is interesting to recover the minima of the scalar potential, using a different parametrisation
than the Casas-Ibarra one: the bi-unitary parametrisation. The latter consists in decomposing
a general matrix as a product of a unitary matrix, a diagonal matrix of eigenvalues and a second
unitary matrix. We will work in the basis in which the RH neutrino and charged lepton mass matrices
are diagonal. The neutrino Yukawa coupling, vev of the Yν field, reads in this parametrisation

Yν ≡ ULŶνUR , (24)

with UL,R being unitary matrices and Ŷν = diag(yν1 , yν2). The light neutrino mass matrix is then
given by

mν = v2 Yν
1

MN
Y T
ν = v2 ULŶνUR

1

MN
UTR ŶνU

T
L . (25)

Using of the Von Neumann’s trace inequality and the freedom of redefining the electron and the

muon fields, from the analysis of Tr
[
YEY†EYνY

†
ν

]
, it is straightforward to show that

UL ∝
(

1 0
0 1

)
, (26)

where unphysical phases have been dropped for simplicity. Furthermore, the invariant in Eq. (20)
leads at the minimum to the following structure for UR

URU
T
R ∝

(
0 1
1 0

)
, (27)

besides the trivial one. The light neutrino mass matrix arising in this context is then given by

m̂ν = UTmνU =
v2

M
ỹν1 ỹν2 U

T

(
0 1
1 0

)
U , (28)

dIn the notation of Ref. [66], ω is defined as eω ≡
√
y/y′.



where ỹνi contain all the unphysical phases appearing in UL,R. As a result, the PMNS matrix reads:

U =

(
1/
√

2 1/
√

2

−1/
√

2 1/
√

2

)(
i

1

)
(29)

and therefore describes a maximal mixing angle θ = π/4 and a maximal relative Majorana phase
α = π, in agreement with the discussion that followed Eq. (23).

RH neutrino mass as a flavon: G`
f = U(2)`L × U(2)ER × U(2)NR.

The high predictive power of the degenerate RH neutrino mass case is connected to the symmetry
factor O(2)NR

, that allows to write the invariant in Eq. (20). One then may ask whether other
symmetries produce the same or similar results. In the case of

G`f = U(2)`L × U(2)ER
× U(2)NR

(30)

the full Lagrangian is invariant only after the promotion of MN to a dynamical field, properly
transforming under U(2)NR

. The operators in Eq.(13) are invariants of G`f , but A = 1 is the only
possible choice: in particular, the operator in Eq. (20) is not an invariant anymore. Moreover, other
three additional operators are allowed:

Tr [M∗NMN ] , Tr
[
(M∗NMN )2

]
, Tr

[
M∗NMNY†νYν

]
, (31)

and enter the basis at the renormalisable level. By using the bi-unitary parametrisation of Eq. (24),
it is straightforward to see that

Tr
[
M∗NMNY†νYν

]
−→ UR ∝

(
1 0
0 1

)
, (32)

or an equivalent configuration. This result, together with Eq. (26), leads to a vanishing mixing angle.

Summarizing the results for the two-family case, only when the flavour symmetry in the lepton
sector includes accounts a O(2)NR

factor then a maximal angle is a solution at the minimum of the
scalar potential, together with a relative Majorana phase of π/2 and a degenerate light neutrino
spectrum.

Generalisation to the three-family case

Moving to the realistic scenario of three families of charged leptons and light neutrinos, it is possible
to consider either two or three RH neutrinos (as one of the light neutrino can be massless). In the
former case, the interesting case where G`f accounts for the factor O(2)NR

is not satisfactory anymore,
as the large angle would necessarily arise in the solar sector (only degenerate masses in tho case) and
would lie in the wrong quadrant (see Ref. [66] for further details).

When three RH neutrinos are considered, much of the previous results still hold. If MN is not
promoted to be a dynamical field and neither degeneracy among the eigenvalues is present, then the
symmetry is a trivial generalisation of Eq. (12) to three generations and no clear prediction for the
mixing angles can be recovered. If MN is instead a field transforming under an additional U(3)NR

factor, then the symmetry is that as in Eq. (1) and no mixings are predicted at the minimum of the
scalar potential.

All these results are strictly valid considering the scalar potential at the renormalisable level, as
the higher order operators are expected to be negligible, under the assumption that the ratio of the



flavon vevs and the cutoff of the theory is smaller than 1. Adding non-renormalisable terms to the
lepton scalar potential is currently under investigation.

A second condition has been assumed when extracting the previous results: all the invariants
were constructed by means of fields transforming in the bi-fundamental representation of the flavour
symmetry. An interesting possibility, that has been already studied for the quark case [64], is to add
fields in the fundamental representation of G`f and analyse the interplay with the bi-fundamental
ones. This naturally happens when two, out of three, RH neutrinos are degenerate in mass: this case
corresponds to the flavour symmetry

G`f = U(3)`L × U(3)ER
×O(2)NR

, (33)

and the neutrino Yukawa field Yν accounts for two components: a doublet and a singlet of O(2)NR
.

Interestingly, two mixing angles can be described in this case: one maximal mixing angle and a
maximal Mojarana phase arises in the degenerate sector, as previously, while a second sizable angle
is generated due to the interplay with singlet state. This appears as a very promising context as only
the third mixing angle remains to be accounted for and it could arise due to small perturbations on
the neutrino mass matrix.
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RECENT RESULTS FROM THE KAMLAND-ZEN EXPERIMENT
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The KamLAND-Zen experiment is a new application of the KamLAND detector running in
parallel with the ongoing antineutrino program at KamLAND. The experiment searches for
neutrinoless double beta decay of 136Xe using a target of Xe-loaded liquid scintillator placed
at the center of the KamLAND detector. KamLAND-Zen has completed its first phase of
running, corresponding to the largest exposure of 136Xe to date: 89.5 kg-yr. Based on the
first-phase dataset the collaboration obtains a lower limit for the neutrinoless double-beta
decay half-life of 136Xe: T 0ν

1/2 > 1.9× 1025 yr at 90% C.L. Combining limits from KamLAND-

Zen and EXO-200 gives T 0ν
1/2 > 3.4× 1025 yr at 90% C.L. In this talk we present the results of

the first-phase data set and the implications for the neutrinoless double beta decay detection
claim in 76Ge reported by a part of the Heidelberg-Moscow collaboration.

1 Double Beta (ββ) Decay

1.1 Two neutrino double beta decay ( 2νββ)

This is the simultaneous decay of two neutrons in a nucleus, emitting two electrons and two
antineutrinos. The process is allowed in the Standard Model but is second order in the weak
interaction and is thus extremely rare. Despite this rarity, 2νββ decay has been observed in
about a dozen different nuclei; the measured halflives range between 1019 ∼ 1021 years1.

1.2 Neutrinoless double beta decay ( 0νββ)

This is a hypothetical ββ decay mode in which two neutrons decay, emitting two electrons and
no neutrinos. The occurance of such decays would imply neutrinos are Majorana particles. The
halflife for 0νββ decay (T 0ν

1/2) mediated by the exchange of a light virtual Majorana neutrino is:

(T 0ν
1/2)

−1 = G0ν |M0ν |2m2
ββ , whereG0ν is the phase space factor for the decay, |M0ν | is the nuclear

matrix element (NME) connecting the initial and final nuclei, and mββ is called the effective
Majorana neutrino mass. This last parameter is connected to the absolute neutrino masses
in the following way: mββ = |∑3

i=1 U
2
eimi|. Here the Uei are elements of the Pontecorvo-Maki-

Nakagawa-Sakata (PMNS) mixing matrix and the mi are the masses of the neutrino mass states.



While the mixing angles in the standard PMNS matrix are well constrained experimentally, there
are to date no direct measurements of the mi. The possibility to probe the Dirac-or-Majorana
nature of the neutrino and the potential to constrain the mi directly are among the motivations
for ββ decay searches 2.

1.3 Experimental searches for neutrinoless double beta decay

ββ decay searches generally proceed by measuring the summed energy spectrum of the final state
electrons and looking for evidence of zero-neutrino emission. For 0νββ decay via the mechanism
described above, the signature in an ideal detector would be particularly prominent — since the
electrons carry off all the decay energy a a peak in the spectrum at the Q-value of the transition
would be observed. The intensity of the peak can be related to T 0ν

1/2 and ultimately mββ .
Interpreting results of 0νββ searches in terms of mββ is challenged by significant theoretical

uncertainty on NME predictions — estimates typically vary by a factor of ∼ 2 depending on
the calculation method used 3. To get a sense of the experimental challenge involved we note
that if 0νββ decay proceeds via the mechanism mentioned above, with mββ = 50meV, then the
expected halflives range between 1025 ∼ 1027 years depending on the nuclear system and the
NME used.

There is a claim for detection of 0νββ decay of 76Ge 4, however this claim is controversial
and is generally not accepted as a compelling observation. The sensitivity necessary to test this
claim is a common benchmark 0νββ experiments. We note, however, that direct comparison of
mββ limits from different nuclei is complicated by the NME uncertainty.

2 KamLAND-Zen

The KamLAND-Zen experiment, focussing on 136Xe, is one of several ongoing 0νββ searches.
The experiment is hosted inside the existing KamLAND detector and began taking data in
September 2011 5. The KamLAND detector is housed in an 18-m-diameter, spherical stainless-
steel tank (SST), the inner surface of which is instrumented with 1879 large-area photocathode
photomultiplier tubes (PMTs) providing ∼ 34% photocathode coverage. The SST contains
∼ 1 kton of ultrapure liquid scintillator (LS) which is constrained by a thin (135µm thick)
transparent balloon to an approximately spherical volume of radius 6.5 m. The center of the LS
volume coincides with the center of the SST. The LS-filled balloon, supported by thin ropes, is
suspended in a volume of transparent non-scintillating mineral oil which fills the region between
the outer surface of the balloon and the inner surface of the SST. Outside the SST is a 3.2 kton
water Cherenkov detector which provides a cosmic ray muon veto.

KamLAND-Zen consists of an inner balloon (diameter 3.08m) which is suspended at the
center of the KamLAND LS. This balloon is made from 25µm thick, transparent nylon film and
is filled with approximately 13 tons of Xe-load LS. The Xe-loading fraction is ∼2.5% by weight,
and is enriched to 90.93± 0.05% in 136Xe. This amounts to a total 136Xe mass of ∼ 300 kg.

Scintillation light is detected by the PMT array, the position and energy of decays in the LS
are reconstructed from the PMT hit-time and hit-charge distributions. The position resolution is
σR ∼ 15 cm/

√
E(MeV) and the energy resolution is σE/E = (6.6±0.3)%/

√
E(MeV). Ultimately

the data analysis is carried out in terms of reconstructed energy which we denote Evis. A detector
response model is used to construct the expected Evis spectrum of decays in the LS. The model
accounts for the energy resolution and particle- and energy-dependant non-linearities such as
scintillator quenching and energy loss due to Cherenkov emission. The unsmeared visible energy
is assumed to be related to the real energy deposited by a particle in the LS in the following
way:

∆Evis = A ·
{

1

1 +R
· 1

1 + kB · dE/dx
+

R

1 +R
· dNCh

dE

}
∆E . (1)

aWe neglect here the recoil energy of the nucleus
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FIG. 1: Schematic diagram of the KamLAND-Zen detector.

containment tank (SST) shields the LS from external radia-

tion. Scintillation light is recorded by 1,325 17-inch and 554

20-inch photomultiplier tubes (PMTs) mounted on the SST,

providing 34% solid-angle coverage. The SST is surrounded

by a 3.2 kton water-Cherenkov outer detector (OD). Details of

the KamLAND detector are given in Ref. [9].

The data acquisition system (DAQ) is triggered when 70

or more 17-inch PMTs are hit (primary trigger), which cor-

responds to a threshold of !0.4 MeV. The signals on all hit

PMTs are digitized for !200 ns for offline analysis. After

each primary trigger the threshold is lowered to !0.25 MeV

for 1 ms to study sequential decays. The scintillation light

from the two coincident e! produced by 136Xe !! decay can-

not be separated, so only their summed energy is observed.

For hypothetical 0"!! decays, the sum is always 2.458 MeV

(Q value of the 136Xe !! decay) [10], while for the 2"!!
decays the sum has a continuous spectrum up to the Q value.

Event energy (visible energy) is estimated from the number

of observed photoelectrons (p.e.) after correcting for PMT

gain variation and solid angle, shadowing, and transparency

of detector materials. The corrections depend on the event

vertex. The vertex reconstruction is based on the maximum

likelihood fit to the pulse shape of each PMT hit timing after

correcting for photon time of flight. The pulse shape is al-

most determined by scintillation decay time and dark hit con-

tribution, and it differs between 17-inch and 20-inch PMTs

due to different transit-time spreads. The vertex resolution

is estimated from radial distributions of radioactive contam-

inants (see Fig. 3) to be # !15 cm/
!

E(MeV). The en-

ergy response is calibrated with $’s from a 208Tl (ThO2W)

source, 214Bi (! + $’s) from 222Rn (% = 5.5 day) introduced

during detector modification, and 2.225 MeV $’s from spalla-

tion neutrons captured on protons.

Figure 2(a) shows the energy spectrum obtained when the

ThO2W source, contained in a !5-mm-thick lead capsule,

was deployed close to the outer surface of the IB. The most

intense peak is due to the primary $ of 208Tl (2.614 MeV).
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FIG. 2: Visible energy distributions of (a) !’s from the 208Tl cal-

ibration source and (b) 214Bi (" + !’s) decays in the Xe-LS. The

lines indicate the best fits to the analytical spectral models with the

resolution and energy scale parameters floating. The fit to (a) has a

#2/d.o.f. = 5.0/8 and (b) has a #2/d.o.f. = 27.0/29.

The less intense peak near !3.1 MeV is from multiple-$ cas-

cades of 208Tl. According to Monte Carlo (MC) studies, the

degradation of the primary $ inside the source is negligible,

and the distribution around the primary peak can be described

by a Gaussian distribution and a third-order polynomial. The

mean and width of the Gaussian distribution are relatively in-

sensitive to the polynomial parameters. The resultant energy

resolution at 2.614 MeV is # = (6.6 ± 0.3)%/
!

E(MeV).
The parameters of a detector energy nonlinear response model

describing effects from scintillator quenching and Cherenkov

light production are constrained to reproduce the 2.614 MeV
208Tl peak position and the spectral shape of 214Bi events

[Fig. 2(b)]. From the neutron-capture $ data, systematic vari-

ation of the energy reconstruction over the Xe-LS volume is

less than 1.0%, and the detector energy response is stable to

within 1.0% during the data set.

III. CANDIDATE EVENT SELECTION

Candidate !! decay events are selected by performing the

following series of cuts: (i) The reconstructed vertex must be

within 1.2 m of the detector center, defining the fiducial vol-

ume (FV). (ii) Muon (events with more than 10,000 p.e. or

more than 5 OD hits) and events occurring within 2 ms af-

ter muons are eliminated. (iii) A coincidence cut eliminates

sequential events that occur within 3 ms of each other; this re-

moves (99.97 ± 0.01)% of 214Bi-214Po (! + $, then & decay,
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Figure 1: (Left) Schematic of the KamLAND/KamLAND-Zen detector. (Right Top) Visible energy spectrum of
208Tl events from calibration source deployment together with the best fit model. (Right Bottom) Visible energy

spectrum of tagged 214Bi (β + γ) events in the Xe-LS together with the best fit model.

Here A is a normalization factor, the value is chosen so that the visible energy of gammas from
neutron capture on protons coincides with their real energy (2.22 MeV); dE/dx is the stopping
power of the particle; kB, known as Birk’s constant, is an empirical constant that must be
determined for the scintillator; dNCh/dE is the Cherenkov photon yield per unit energy and
R parametrizes the relative contribution of scintillation and Cherenkov photons to the photo-
electron yield in the PMT array. The final visible energy distribution is obtained by applying a
gaussian energy resolution with a width σE/E = (6.6± 0.3)%/

√
E(MeV).

The parameters of the detector response model, A, kB, R and σE are determined using (i)
calibration data from a 208Tl γ-ray source positioned in the KamLAND-LS at the edge of the
Xe-LS volume and (ii) tagged β+γ events in the Xe-LS from 214Bi — these events are tagged by
their time and spatial correlation with 214Po. The visible energy distributions of 208Tl calibration
data and the tagged 214Bi sample together with the best-fit model are shown in right panel of
Figure 1. The stability of the detector response is monitored using spallation neutron capture
gammas and is found to be stable to within 1%.

2.1 First phase dataset

The first phase of data set ran from October 12 2011 to June 14 2012. The dataset is divided
into two parts, denoted DS1 and DS2. DS1 ran until Feb 2012 at which point some plumbing
hardware — a long teflon pipe with a stainless steel inlet — was introduced into the Xe-LS
volume to facilite a LS-filtration campaign undertaken to reduce backgrounds. This hardware
remained in place after the filtration campaign ended. The second period, DS2, refers to data
taken with this condition. Table 2 summarises the dataset and exposure.

2.2 Event selection

The cuts applied to select candidate events for the ββ analysis are listed below.

(i) Candidates are required to have 0.5 < Evis(MeV) < 4.8, this excludes low energy events
where backgrounds are relatively high; 82% of the expected Evis spectrum of 2νββ decays
falls within this window.

(ii) Fiducial volume (FV) cuts are imposed to reduce backgrounds from detector materials. For
DS1 candidates are required to reconstruct within 1.35 m of the detector center, in DS2



candidates are further required to reconstruct outside a 0.2-m-radius cyclinder centered on
the teflon pipe and outside a 1.2-m-radius sphere centered on the stainless steel inlet.

(iii) Events occuring within 2ms after muons are rejected, this removes spallation neutron
backgrounds.

(iv) Events occurring within 3ms of each other are removed, this takes advantage of 214Bi-
214Po coincidence decays to exclude background from 214Bi. Inverse beta decays induced
by reactor antineutrinos are also rejected because of the delayed coincidence of positrons
and neutrons.

(v) A reconstruction quality cut is imposed to remove poorly reconstructed events, from cali-
bration data we estimate this cut reduces the selection efficiency by < 0.1%.

The FV cuts reduce the 136Xe target mass to 179 kg and 125 kg for DS1 and DS2 respectively.
The selection efficiency for candidates inside the FV and energy window is 99.8% and 97.9%
respectively for 0νββ and 2νββ events.

2.3 Backgrounds

Some classes of background remain after the candidate selection cuts. We divide these into three
catagories described below.

1. Xe-LS backgrounds: These come from residual radioactivity in the Xe-LS, mainly 85Kr,
210Bi and trace amounts of 238U, 232Th and their daughters. The 222Rn-210Pb subchain
of 238U and the 228Th-208Pb subchain of the 232Th series are constrained respectively by
214Bi-214Po and 212Bi-212Po sequential decay studies. Other daughters are unconstrained
because of a possible break from equilibrium. We also consider the possibility that trace
amounts of longlived fallout isotopes, for example 134Cs, 88Y, 110mAg, may have been
introduced into the Xe-LS following the Fukushima Nuclear accident in March 2011.

2. Spallation backgrounds: The largest spallation backgrounds are expected from 11C and 10C
which are continuously produced by muon spallation of 12C. Their production rates have
been previously measured at KamLAND 6. There is not much data on spallation products
of Xe, but backgrounds from short-lived b products are constrained to be negligible from
a study of muon time-correlated events in KamLAND-Zen.

3. Backgrounds from the IB and filtration hardware: These come from decays in and on the IB
and filtration hardware that reconstruct inside the FV due to the vertex resolution. A study
of events reconstructing near the IB is used to measure the IB activity. Decays of 214Bi
are evident, there is also evidence for activity from 134Cs,137Cs and 110mAg contamination
which was likely introduced following the Fukushima accident. A Monte Carlo simulation
is used estimate the residual activity reconstructing inside the FV.

2.4 Fit to candiate spectrum

The left panel of Figure 2 shows the Evis spectrum of selected candidates as well as the best-
fit spectral decomposition from a binned likelihood fit. A peak is apparent at ∼ 2.6 MeV,
above the 136Xe Q-value (2.458 MeV). We conclude from a spectral and time analysis that
this peak is likely due to 110mAg contamination 8. The parameters of the model used to fit
candidate spectrum are summarized on Table 1. For the signal and background components,
the parameters refer to the normalization of the component in the model, the Evis spectrum of
each component is found by applying the detector response model to the expected real energy
spectrum. For parameters indicated as constrained, the parameter is allow to vary in the fit
but is constrained by a likelihood penalty term to the range of values allowed by some other

blifetimes of less than 100 s
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Figure 2: (Left) Visible energy spectrum of ββ candidates for DS1 and DS2, together with the best-fit spectral
decomposition. (Right) Relationship between T 0ν

1/2 of 76Ge and 136Xe as predicted by NME calculations (sloped

lines), together with the limits on T 0ν
1/2 of 136Xe from EXO-200, KamLAND-Zen, and EXO+KamLAND combined

(vertical lines). The claimed measurement in 76Ge is shown by horizontal band.

Table 1: Summary of the parameters of the model and the constraints imposed in the likelihood fit.

Parameter Comments

Signal 2νββ, 0νββ Both free

Backgrounds

222Rn-210Pb Constrained by 214Bi-214Po study
228Th-208Pb Constrained by 212Bi-212Po study
232Th-228Th (228Ac) Free
238U-222Rn (234Pa) Free
40K, 85Kr, 210Bi Free

134Cs,137Cs
IB contribution constrained
Xe-LS contribution free

110mAg,60Co,88Y,208Bi Free
10C/10C Constrained by KamLAND spallation study

Detector response A, kB, R,σ
Constrained by calibration γ,
tagged 214Bi (β + γ) and neutron capture γ

measurement, for example calibration measurements for the detector response parameters or
spallation studies for the spallation backgrounds. Where no constraint or measurement exists
the parameter is allowed to vary freely in the fit.

2.5 Results

The best-fit rate of 136Xe 2νββ decay is 82.9 ± 1.1(stat) ± 3.4(syst) per (ton-day) for DS-1, and
80.2 ± 1.8(stat) ± 3.3(syst) per ton-day for DS-2. These rates are consistent with EXO-200 9

and an earlier halflife measurement, T 2ν
1/2 = 2.30 ± 0.02(stat) ± 0.12(syst), from KamLAND-

Zen where the analysis was optimized for the 2νββ study 7. The 90% C.L. upper limits on
the number of 136Xe 0νββ decays are < 16 and < 8.7 events for DS-1 and DS-2, respectively.
Combining the results, we obtain a 90% C.L. lower limit of T 0ν

1/2 > 1.9×1025 yr. A simulation of
an ensemble of experiments based on the best-fit background spectrum indicates a sensitivity of
1.0× 1025 yr. The probability of obtaining a limit equal to or stronger than that just reported
is 12%. A combination of the limits from KamLAND-Zen and EXO-200 yields the lower limit
T 0ν
1/2 > 3.4 × 1025 yr (90% C.L.). The combined measurement has a sensitivity of 1.6 × 1025

yr, and the probability of obtaining a stronger limit is 7%. The corresponding 90% C.L. upper
limit on mββ ranges between mββ < 120meV and mββ < 250meV depending on the NME



Table 2: Summary of exposure of 136Xe

DS1 DS2

livetime (days) 112.3 101.1
Fiducial Xe-LS mass (ton) 8.04 5.55
Xe loading (wt%) 2.44 2.48
136Xe mass (kg) 179 125
136Xe exposure (kg-yr) 54.9 34.6

Table 3: Summary of systematic uncertainties

Systematic Uncertainties DS1 DS2

Fiducial Volume 3.9% 4.1%
Xe-concentration 0.34% 0.37%
Xe-enrichment 0.05% 0.05%
Energy scale 0.3% 0.3%
Detection Efficiency 0.2% 0.2%

calculations used 8. The dominant source of systematic error in the ββ analysis comes from
the fiducial volume estimate. The FV systematic error is estimated from the difference between
the nominal fiducial volume and the fraction of 214Bi events in the Xe-LS that pass the fiducial
volume cuts. The systematic uncertainties on the ββ results are summarized in Table 3.

The right side of Figure 2 compares these results with the detection claim in 76Ge. The
sloped lines indicate the relationship between T 0ν

1/2 of 76Ge and 136Xe predicted by different
NME calculations assuming 0νββ decay mediated by light Majorana neutrino exchange. The
76Ge claim, as well as the lower limits on T 0ν

1/2 of 136Xe from EXO-200, KamLAND-Zen, and

EXO-200 + KamLAND-Zen combined are shown. The combined limit for 136Xe disagrees with
the detection claim in 76Ge at > 97.5% C.L. for all NME considered. This statement does not
consider a statistical treatment of the NME uncertainties. An analysis attempting to treat the
NME uncertainties statistically finds the disagreement is at 95.6% C.L significance 8.

3 Conclusion

The first phase of the KamLAND-Zen experiment was a very effective modification of the existing
KamLAND detector which capitalized on the existing ultra-pure environment, detector, and
data analysis infrastructure to quickly and efficiently realize a competitive 0νββ search. The
combined KamLAND-Zen + EXO-200 limit provides the most stringent test to date on the 76Ge
claim. The KamLAND-Zen collaboration is currently working to reduce the background in the
region of interest to improve the reach of the experiment.
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THE DISCRETE ROAD TO LEPTON MASSES AND MIXINGS
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Models of flavor based in nonabelian discrete symmetries have been known for a long time to
reproduce interesting mixing patterns if the symmetry is broken in a certain way. In this work
it is presented a general, model independent method to obtain the constraints on mixing that
can be derived from such symmetries.

1 Breaking of the discrete symmetries

Large leptonic mixing angles are thought to be a hint of the existence of an underlying discrete
symmetry. The idea can be succintly described as follows: starting from a high energy theory
that is invariant under a discrete flavor group Gfl, one breaks it in such a way that two different
subgroups Gν and G` remain conserved symmetries of the neutrino and charged lepton sectors
respectively. Define next the sets of generators S and T of the groups, Gν and G`, as the
minimal sets so that every element of Gν(G`) can be written as a product of elements belonging
to S(T ). Since Gν and G` are finite, for every s ∈ S(t ∈ T ) there exists an integer n(m) such
that sn = 1(tm = 1). In the context of three families, transformations s and t can be identified
with finite rotations in three dimensional space. For small n and m the corresponding rotation
is large and it is associated with a definite prediction of at least one large mixing angle.

The preceding argument can be made precise without giving any details about specific
models so that the constraints on mixing imposed in the above framework can be derived in
all generality. In order to show it, it is appropriate to begin with the Lagrangian involving the
leptonic sector of the Standard Model, written in the mass basis:

L =
g√
2

¯̀
LUPMNSγ

µνLW
+
µ + ĒRm`D`L +

1

2
ν̄cLmνDνL + . . .+ h.c. , (1)

where UPMNS is the mixing matrix, ` = (e, µ, τ)T , ν = (ν1, ν2, ν3)
T are vectors of mass states

and m`, mν are the diagonal mass matrices of the charged leptons and neutrinos.
Let Gν(G`) be the group that leaves invariant the neutrino(charged lepton) mass term. For

nondegenerate mass states these groups are given by

Gν ≡ Z2 ⊗ Z2 , G` ≡ U(1)3. (2)

Notice that only Z2 symmetries appear in the neutrino case due to the Majorana mass term. The
subgroups Gν , G` that are left preserved in each sector after the breaking of Gfl are subgroups
of these, Gν ⊂ Gν and G` ⊂ G`. The number of constraints on the mixing matrix is directly
linked to the number of independent generators in S and T .

From Eq. (2), it is clear that it is minimal to take

Gν ≡ Z2 , G` ≡ Zn . (3)



This choice is most general in the sense that it leads to a minimal number of constraints and we
focus on it in what follows. Acting on the mass states, Gν and G` are represented by diagonal
unitary matrices. Without losing generality we can take Gfl ∈ SU(3) so that the determinant
of these matrices is equal to one. For the neutrino case we define the generators SDi ∈ Gν so
that

SD1 =

 1
−1

−1

 , SD2 =

 −1
1
−1

 , SD3 =

 −1
−1

1

 . (4)

Notice that S2
Di = I. In the case of G` we parametrize its generator T , T ∈ G` as

T =

 eiφe

eiφµ

eiφτ

 . (5)

where

φα = 2πi
kα
m
, α = e, µ, τ . (6)

Since Det[T ] = 1, we have the additional relation

φτ = −(φe + φµ) . (7)

It is also useful to define
φαβ = φα − φβ , α, β = e, µ, τ . (8)

The neutrino and charged lepton mass terms in Eq. (1) are invariant under transformations SDi
and T , that is,

mνD = S∗DimνDS
†
Di , m`D = Tm`DT

† . (9)

It is convenient to define the flavor basis as the basis in which UPMNS is absorbed by
a redefinition of the left-handed neutrino fields. In that case, the weak interaction term is
proportional to the identity and the Majorana mass term for the neutrinos can be written in
terms of mνD and UPMNS

L ==
g√
2

¯̀
Lγ

µνLW
+
µ + ĒRm``L +

1

2
ν̄cLMννL + . . .+ h.c. , (10)

with
Mν = U∗PMNSmνDU

†
PMNS . (11)

The matrix Mν is now invariant under transformations generated by matrices Si

Mν = S∗iMνS
†
i (12)

where
Si = U∗PMNSSDiU

†
PMNS . (13)

Constraints on mixing come from the requirement that elements Si and T should generate
Gfl. Consider then the group element SiT . Since SiT ∈ Gfl and given that Gfl is finite we
must have

(SiT )p = (U∗PMNSSDiU
†
PMNST )p = I (14)

for some integer p. The three relations

Sni = Tm = W p = I (15)

define the von Dyck group D(n, m, p). Well known von Dyck groups are A4 = D(2, 3, 3),
S4 = D(2, 3, 4) and A5 = D(2, 3, 5).



Eq. (14) holds if all solutions of the characteristic equation

Det[SiT − λI] = 0 (16)

satisfy

λpi = 1 . (17)

Eq. (16) is a cubic equation of the form

λ3 + aλ2 − a∗λ− 1 = 0, (18)

where again we have used that Gfl ∈ SU(3). The parameter a is a complex number given by

a = Tr[U∗PMNSSDiU
†
PMNST ] . (19)

For known Si, T and a, Eq (19) represents a constraint on UPMNS . Since a is a complex number,
Eq. (19) fixes two out of the six parameters in UPMNS , one for the real and one for imaginary
part of a. The yet unknown parameter a can be found as the sum of three p-th roots of unity

λ
(p)
i :

a = λ
(p)
1 + λ

(p)
2 + λ

(p)
3 , (20)

with

λ
(p)
1 λ

(p)
2 λ

(p)
3 = 1 . (21)

again using that SiT ∈ SU(3). Because the set of p-th roots of unity is finite, the set of possible
a is finite as well. Thus, the problem of determining a is reduced to a case analysis.

2 Constraints on mixing

We can now present the main result. Taking n = 2 in Eq. (15), which is appropriate for Majorana
neutrinos with Gν = Z2, and using the parametrizations for SDi and T in Eqs.(4) and (5), we
obtain the analytic expressions for the constraints on UPMNS . These constraints amount to the
determination of the absolute values of the entries of the i-th column. We get:

|Uei|2 =
aR cos φe2 + cos 3φe

2 − aI sin φe
2

4 sin
φeµ
2 sin φτe

2

, (22)

|Uµi|2 =
aR cos

φµ
2 + cos

3φµ
2 − aI sin

φµ
2

4 sin
φeµ
2 sin

φµτ
2

, (23)

|Uτi|2 =
aR cos φτ2 + cos 3φτ

2 − aI sin φτ
2

4 sin φτe
2 sin

φµτ
2

. (24)

where aR and aI refer to the real and imaginary parts of a and φα and φαβ have been defined
in Eqs. (5) and (8). Notice that these three equations are linked by unitarity.

Eqs. (22-24) have been obtained without referencing to any particular model whatsoever.
They only depend on the choice of a, Si and T which are specific of particular models. Choosing
Si and T amounts to choosing the charges of the lepton fields under the residual symmetries.
In the case of Si, this choice is simply the choice of which neutrino is left uncharged under
Gν = Z2, Eq. (4). On the other hand, to each value of a corresponds a unique way of combining
the residual symmetries in order to form Gfl.

This result can be immediately applied to specific flavor groups. As an example we take,
i = 1, m = 3 and p = 4 with T given by

T = diag{1, ω, ω2} . (25)



Figure 1: Symmetry relations between mixing parameters for the example in the text. Shown are sin2 θ12 (left
panel) and sin2 θ23 (right panel) as functions of sin2 θ13. The curves in the right panel correspond to δ = 0

(dashed), π/2 (dotted).

where ω = −1/2 + i
√

3/2, ω3 = 1. For p = 4, the eigenvalues of SiT must be taken from the set
{1, i − 1, −i} and taking Eq. (21) into account it is not hard to convince oneself that the only
possibility is having a = 1 + i+ (−i) = 1. Substituting in Eqs. (22-24) we obtain the constraints
on UPMNS which can be expressed in the standard parametrization as

cos2 θ12 =
2

3 cos2 θ13
. (26)

and

tan 2θ23 = − 1− 5s213
2 cos δs13

√
2(1− 3s213)

. (27)

Eq. (26) determines θ12 in terms of θ13 while θ23 is expressed in terms of θ13 and δ in Eq. (27). In
Fig. 1 we plot these relations along with the best fits 1 for the mixing angles. Notice that in the
plot on the right, the whole region between the dashed and dotted lines is covered by changing
the value of the CP phase δ. The determined values of θ23 and θ13 provide a prediction in this
model of δ ' 42◦. The agreement with the measured values for the mixing angles is excellent.

As stressed above, the method described here can be used to obtain the most general con-
straints on mixing imposed by discrete symmetries in models that break the flavor group into
two different residual symmetries, one for each leptonic sector. In 2 the method was successfully
applied to all the finite von Dyck groups and the treatment it was extended in 3 to cover some
well known finite subgroups of infinite von Dyck groups. Another application is to consider
the case in which two or all three neutrinos are almost degenerate. In that case 4, Gν can be
a subgroup of O(3) larger than the Klein group which leads to even stricter conditions on the
mixing matrix.
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Borexino experiment was the first to directly investigate the sub–MeV region of the solar spec-
trum in real–time. Its search for answers to some fundamental questions in the field of neutrino
oscillations was accomplished with a precision measurement of the 7Be line at 5%; Borex-
ino detected 46.0±1.5stat

+1.6
−1.5 syst solar neutrino events/day/(100 tons) during Phase I of data

taking. Further investigation of the signal led to the determination of day–night asymmetry
that resulted in no significant variation; the detected asymmetry of 0.001±0.012stat±0.007syst

is consistent with zero within the error. This note presents details of the precision measure-
ment of the 7Be ν ’s including the first release of the solar neutrino annual flux modulation.

1 Introduction

Until late 1990’s, only radiochemical experiments would allow us to look into the sub-MeV region
of the solar neutrino spectrum. They were however, operating at very low rates, detecting at
most one event per day, and it was necessary to build an experiment such as Borexino, that
could reach high rates in real–time. One of the most important targets in the low–energy region
was the monochromatic line of 7Be neutrinos a. The more recent experimental results at the
time (from Gallex and Sage), together with the older data (from Homestake and Kamiokande)
and the measurement of the solar luminosity indicated a severe suppression of the solar neutrino
flux from 7Be reactions, pushing it lower than the neutrino flux from 8B, which paradoxically
is a product of the reaction involving 7Be. The deficit of solar neutrinos, explained by the
quantum effect of oscillations between their flavors (electron, muon and tau) could be realized
in the following two scenarios: oscillations in vacuum, and enhanced oscillations in matter due
to charged–current interactions of electron-neutrinos with a dense solar electronic mass. The
matter effect is referred to as the Mikheyev–Smirnov–Wolfenstein (MSW) effect.

aIn fact, two monochromatic lines at 384 and 862 keV



Among many allowed solutions to the problem of missing solar neutrinos, the MSW–Large–
Mixing–Angle (LMA) was the favored one b. In the (∆m2, sin22θ) oscillation parameter space,
this corresponds to values of ∆m2=7.6×10−5 eV2 and sin22θ12=0.87. Borexino’s most recent
measurement of the 7Be rate of 46.0±1.5stat

+1.6
−1.5 syst counts/(day x 100 ton)1, is in very good agree-

ment with the expected number from the SSM–MSW-LMA solution of 47.2±3.4 counts/(day x
100 ton). The collaboration has also excluded the low neutrino mass squared splitting solution
(LOW) with a measurement of absence of the day–night asymmetry, to a precision of 8.5σ 2.
Finally, with the measurement of the annual flux modulation of the low-energy solar neutrinos,
the Borexino experiment could test the hypothesis of vacuum oscillations solution (Just-So),
where the neutrino mass squared splitting matches the ratio of the energy to the path length
from the Sun to Earth.

2 The Borexino Detector

Design Borexino is a calorimetric detector that relies on a concept of graded–shielding as
presented in Figure 1 3. The very first shield is the overburden of the Gran Sasso mountain
chain that provides some 3600 meters of water–equivalent protection from the cosmic rays. The
outer layer of the detector contains 2300 m3 of ultra–pure water (blue-region in Fig. 1) that helps
reduce the gamma- and neutron-background from the surrounding rock and serves as a Ĉerenkov
detector for the crossing muons c. 2212 photomultiplier tubes (PMTs) mounted on a 13.7-meter
in diameter Stainless–Steel Sphere (SSS) detect light from the active volume. Additionally, 200
PMTs point outwards from the SSS and serve as the outer-detector (OD) muon veto. The inner-
buffer (IB, yellow-region in Fig. 1) contains pseudocumene (PC) scintillator that is divided by a
transparent, nylon sphere (inner vessel or IV) into two sub–volumes. First is the inactive region
that contains PC with dissolved dimethylphthalate (DMP) light-quencher (2 g/L). Second is the
inner buffer with 300 m3 of active PC, including 1.5 g/L 2,5-diphenyloxazole (PPO), fluor and
wave–length shifter that guarantees the highest efficiency of light collection by the PMTs.

Figure 1: A cross-section of the Borexino detector (left), and a view inside of the stainless–steel sphere from one
of the internal CCD-cameras (right).

Finally, a software–defined fiducial volume (FV) cut in the very center provides sufficient reduc-
tion of external gamma-rays. Different FV’s were chosen for various analyses, e.g. 75 tons for
the 7Be ν -rate, 132 tons for the day–night, and 141 tons for the annual modulation search.

Solar neutrinos are detected in Borexino via their elastic scattering off of electrons. This
recoil energy is deposited in the scintillator, causing light emission in a uniform direction from

bFrom a combined fit to solar and KamLAND experiments
cThanks to the outer-detector and pulse-shape discrimination, the rejection efficiency of muons in Borexino is

better than ∼99.99%.



the de-exciting molecules. For every 1 MeV of deposited energy, about 500 photo-electrons are
detected by the PMTs. The energy of each event can be defined as a number of hit–PMTs or
the total charge collected, whereas the position is determined based on the scintillation–light
arrival–time to individual PMTs. The energy and position resolution at 1 MeV in Borexino is
on the order of 5%, and about 10-15 cm, respectively.

Due to the nature of neutrino interactions in the Borexino scintillator, the directionality
information of the source is lost. This makes the signal indistinguishable from other backgrounds,
such as beta- and gamma-radiation, requiring extreme radio–purity of the scintillator. In the
end, not only the hardware but mainly the liquids underwent a series of purifications that
resulted in unprecedented cleanliness of the system.

Calibration Detailed understanding of the Borexino detector and its response was critical in
lowering systematic uncertainties that significantly contributed to the achieved 5% error on the
7Be rate in Phase I. In four campaigns between 2008 and 2009, that took over 35 days of work,
multiple configurations of α, β, γ and neutron sources in various energies (from ∼100 keV to
∼10 MeV) were inserted in about 295 locations throughout the inner vessel. Among the most
important radioactive sources used were: 222Rn+14C (α, β, γ: FV, detector uniformity, α/β
discrimination), and 241Am9Be (n: energy scale, FV).

One of the most important limitations on the internal calibration campaigns was imposed
by the purity of the scintillator. The insertion system had to be thoroughly cleaned, and
all the operations were performed through a glove–box filled with a Low Argon and Krypton
Nitrogen solution (LAKN). Nevertheless, based on the post–calibration studies of 214BiPo and
212BiPo coincidences, it was determined that no longterm contamination was introduced 4.

3 Solar Neutrino Results

7Be Flux Measurement Precision measurement of the 7Be neutrinos was set as the first goal
for the Borexino experiment. Data collection started in May 2007 and soon after, the first results
were released, however they carried relatively high systematic errors. Phase I ended in May 2010,
and with the information obtained from the calibration campaigns a new number for the 7Be
ν -interaction rate was determined, 46±1.5stat±1.5sys counts/(day x 100 ton), which corresponds
to a remarkably low error of below 5%. The most significant improvements regarding systematic
errors were made for the fiducial mass determination (+0.5%

−1.3%), and energy scale (2.7%).

The Compton-like spectrum of the signal and known backgrounds is fitted to their shapes for
best agreement. The dominant backgrounds for the 7Be analysis include 210Po, 85Kr, 210Bi, and
11C (all left free in the fit). Along with about fifteen analysis cuts (muon rejection, electronics
noise, fiducial mass etc.) an additional cut was used in order to remove alpha-like events. This
cut relies on the Gatti parameter which is determined from a difference in the pulse-shapes for
alpha- and beta-interactions in PC. The Borexino backgrounds were by far dominated by 210Po,
an alpha-emitter whose energy falls into the 7Be window, but thanks to the Gatti–cut, it was
possible to remove its contribution with high efficiency. The performance of the spectral fit
method was determined by studying a Monte-Carlo (MC) simulated sample and by changing
the conditions of the fit parameters in order to understand the effect on the final result. The
obtained systematic error of the fitting method was found to be on the order of 2%. Fitted
spectra from the data and the Monte-Carlo simulation are shown in Figure 2.

The expected number of un-oscillated 7Be neutrinos in Borexino would be 74±4.0 counts/(day
x 100 ton). With the measured 46±1.5stat±1.5sys counts, this number is 5σ away from the ex-
pectation, resulting in the survival probability Pee=0.51±0.07. In the MSW-LMA scenario, the
fraction of the predicted to the determined flux with Borexino, fBe=Φ(7Be)/ΦSSM (7Be) equals
0.97±0.05. Adding a luminosity constraint, the determined fractions in the global analysis for
other species were found to be: fpp=Φ(pp)/Φpp(

7Be)=1.013+0.003
−0.010.



Figure 2: Spectral fit results of the Borexino data in Phase I (left), and its corresponding Monte-Carlo simulation
(right). For the data, the alpha-events were statistically removed using Gatti’s optimum method.

7Be Day–Night Asymmetry In the scenario of low mass square splitting in the Standard
Solar Model, solar neutrinos could regenerate while traversing Earth at night. The expected
increase in the number of detected electron–neutrinos would be in this case higher by about 11
to even 80%. In order to test this scenario, the data sample was divided into day and night sub-
sets and independently analyzed with the same techniques used in the 7Be rate measurement.
In fact, two methods were implemented, one that relied on spectral fitting to the individual
shapes for day-and-night, and the other, that used subtracted spectra night-day (normalized
spectra for both methods are presented in Figure 3). The asymmetry parameter And, defined
as 2×(Rn-Rd)/(Rn+Rd), was found to be 0.001±0.012stat±0.007sys with the first method, and
0.007±0.073stat with the second one; both consistent with zero. No regeneration was identified
for the 7Be line, a result that rejects the MSW-LOW solution at more than 8.5σ.
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Figure 3: Spectra used in the day–night analysis. The night-day subtracted one (left) and separately day-and-
night (right-top panel) with a zoom on the 7Be energy range (right-bottom panel).

7Be Annual Modulation During the 2013 Rencontres de Moriond conference, the Borex-
ino collaboration released its first results for the 7Be ν annual flux modulation. It is expected
that in the MSW–LMA solution, all neutrino oscillations take place in the Sun, and the mod-
ulation effect is driven purely by the inverse-square-law of the changing Earth-to-Sun distance.
This would be referred to as the normal effect, and the modulation would be on the order of 7%
peak-to-peak. If however, the deficit of solar neutrinos was governed by oscillations in vacuum,
between Earth and the Sun, the modulation pattern could differ from a sinusoidal shape. In
such a case, we would refer to it as the anomalous effect. As a result, the annual modulation
measurement can be used to test the Just-So solution of the oscillation parameter space.



Figure 4: Background trend dominated by 210Bi in the 7Be-11C valley (left), and the Gatti-parameter cut defined
to remove all the alpha-like events, at the cost of some beta-events (right).

In this analysis, only rates were investigated as the sub-periods were too short for satis-
factory spectral-fit results. With this approach, understanding of the detector’s stability and
backgrounds became critical. Among multiple factors, the most problematic turned out to be
the increasing contribution of 210Bi in the IV volume. The source of this increase is still under
investigation, but it is believed that it came from the surface contamination of 210Pb that is
adsorbed onto the IV and was washed of by the scintillator currents. The best estimation of the
210Bi trend was found to be exponential (Fig. 4, left), and it was used as the background shape
on top of a flat distribution of other species in the [210; 760] keV window; this includes also
85Kr, 11Cand partially the external gamma-background. The contribution of the alpha-events
in this region of interest, dominated by 210Po, had to be eliminated by a complete removal
of such events, as opposed to the statistical subtraction in the 7Be flux analysis. An energy-
dependent cut was defined in the Gatti-parameter space and applied to all the time-bins used in
the study. Since the Gatti–separation between alpha- and beta-events is not clean, about 40%
of the beta-signal had to be removed along with the alpha-cut (Fig. 4, right).

Figure 5: Lomb-Scargle simulation for the annual modulation (left), signal (blue) and white-noise (red). Spectral-
Power-Density (SPD) from the Lomb-Scargle frequency analysis for the Borexino data in 10-day bins (right).

The Lomb–Scargle (LS) periodogram search method was used in the first analysis approach.
This method is similar to the common Fast–Fourier–Transform used in frequency studies, but
was tuned for unevenly distributed data–samples and, as a result, is more suitable for the solar
neutrino study. The LS method is sometimes referred to as simply the Least–Square spectral
analysis as it relies on a least–squares fit of sinusoids to data samples. Unfortunately, a rather low
sensitivity for a significant result was determined from a Monte-Carlo simulation for the expected
neutrino rate in Borexino, even though the available statistics was doubled using an increased
fiducial mass of 141 tons. Figure 5 (left), shows the MC–simulated distribution of the Spectral–
Power–Density (SPD) at 1-year for signal (blue–line) and white–noise (red–region). The vertical
lines show the 1, 2 and 3σ confidence levels that correspond to a detection sensitivity of 81.62,



43.54 and 11.68% respectively d. From the analyzed data in Phase I, that was divided into
10-day bins, a significant peak was identified at 0.98–year, with a Lomb-Scargle SPD equal to
7.96, which corresponds to a 3σ confidence level derived from MC.

Figure 6: The expected annual modulation and its background function from Eq. 1 (left). 2 d.o.f. ∆χ2 scatter
plot for eccentricity on the vertical axis, and period (right), black lines show the 1, 2 and 3σ confidence contours.

In the second approach, the data was divided into 60-day bins and fitted with a sinusoidal
function of the expected annual modulation and the background shape:

R(t) = B + R̄

[
1 + 2ε cos

(
2πt

T
− φ

)]
(1)

where, B is the background (dominated by the 210Bi exponential factor) C+eSt, R̄ the aver-
age neutrino rate, ε the eccentricity parameter, T period, and φ phase. The data–sample in
comparison with the expected modulation is shown Figure 6 (left).

The resulting χ2=1.27 from the fit was satisfactory, and the eccentricity parameter ε was
found to be 0.0398±0.0102. The fit–result can be seen as a yellow–star in the ∆χ2 scatter plot
in Figure 6 (right), where the expected values for eccentricity and period are indicated with a
black-star, within a 2σ contour.

4 Conclusions

Borexino has completed Phase I of the solar neutrino program and performed a detailed analysis
of its main target, the 7Be ν -spectrum. The three major measurements, the overall rate of
46±1.5stat±1.5sys (5% error), the (absence of) day–night asymmetry and the annual–modulation
of the 7Be neutrinos, consistent with the normal effect, all deliver a clear confirmation of the
MSW–Large–Mixing–Angle solution in the Standard Solar Model.

Phase II of data-acquisition started in October 2011 after a refined and successful purification
campaign that helped significantly reduce the most important backgrounds for the detector:
85Kr (consistent with 0 counts/(day x 100 ton)), 210Bi (reduced by a factor of 2 with respect to
Phase I), and 238U and 232Th chains (by an order of magnitude lower than in Phase I).

Borexino continuous its solar program and with the current status, it is expected to deliver
even more precise and exciting physics in the near future.
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dIf for instance, all the blue region was found above the 3σ line, we would say that there is a 100% probability
of finding the evidence for the normal effect of the annual modulation.
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In this talk we discuss the future prospects to determine the neutrino mass hierarchy with
current and future Megaton-scale Čerenkov detectors with low energy threshold. We present
the sensitivities of the DeepCore and PINGU detectors by exploting the θ13-driven matter
effects taking place along the propagation of atmospheric neutrinos deep through the Earth.
If good angular and energy resolutions are realized, a determination of the mass ordering at
the 5σ confidence level after one year in PINGU could be possible. Finally, we also study the
sensitivity of these detectors to fluctuations on the normalization of the Earth’s density.

1 Introduction

Recent measurements of the θ13 neutrino mixing angle from the Daya Bay1, RENO2 and Double
Chooz 3 reactor experiments, in addition to the long-baseline T2K experiment 4, indicate that
θ13 ∼ 9◦ 5,6,7. This non-zero value of θ13 drives resonant matter effects in the propagation
through the Earth of atmospheric neutrinos with GeV energies 8,9,10,11,12,13,14,15,16,17,18,19,20,21

and it is well known that these effects are very sensitive to the neutrino mass hierarchy14,16,18,19,
whether it is normal (NH) or inverted (IH).

A Megaton-scale neutrino telescope with low energy threshold (∼ 10 GeV), such as the
DeepCore extension of the Icecube detector, is currently taking data 22,23,24 and further natural
extensions of this to reach even lower energies are being planned, such as the Precision IceCube
Next Generation Upgrade (PINGU)25 and within the context of the KM3NeT project, the Oscil-
lations Research using Cosmics in the Abyss (ORCA)26. Although lowering the energy threshold
to just a few GeV and achieving good energy and angular resolutions are very challenging tasks,
if successful, the enormous amount of neutrino events that could be detected would offer a great
opportunity for detailed oscillation studies. In the last year, this possibility (driven by the large
value of θ13) has boosted the interest on this issue and a number of works have analyzed the
sensitivity of PINGU and ORCA to determine the neutrino mass hierarhy 27,28,29,30.

In this talk we summarize the main results obtained in Ref. 28 concerning the mass hier-
archy determination and we briefly discuss the sensitivity of these huge Čerenkov detectors to
fluctuations on the Earth’s matter density by means of neutrino oscillation tomography.

2 Oscillations of atmospheric neutrinos in the Earth

Atmospheric neutrinos are produced after the hadronic showers from the interactions of cosmic
rays with the nuclei of the Earth’s atmosphere. Below ∼ 100 GeV, the neutrino flux is dom-



inated by the pion decay chain, whereas above these energies, kaon decays dominate neutrino
production. In this talk, we focus on the few GeV energy region where resonant matter ef-
fects could strongly modify the oscillation probabilities, for neutrinos in the case of NH and for
antineutrinos if IH. To obtain our results we use the atmospheric neutrino fluxes from Ref. 31.

For neutrino energies in the range of a few GeV, the transition probabilities νµ → νe (ν̄µ →
ν̄e) and νe → νµ(τ) (ν̄e → ν̄µ(τ)) of atmospheric neutrinos in their propagation through the
Earth are relevant if genuine 3-flavor neutrino mixing takes place, i.e., for non-zero values of
θ13

8,9,10,11,12,13,14,15,16,17,18,19,20,21. Moreover, in this energy range and for these baselines (L >
1000 km), CP-violation effects are very small and can be safely neglected. Likewise, effects due to
the 1-2 sector are also subdominant and, as a first approximation, can also be neglected. In this
context, the calculation of the transition probabilities effectively reduces to a 2-neutrino problem,
with ∆m2

31 and θ13 playing the role of the relevant 2-neutrino oscillation parameters. There are
analytical solutions for the transition probabilities for neutrinos crossing the Earth, and they
reduce to the case of neutrino propagation in a medium of constant density for trajectories such
that cos θ > −0.83, where θ is the zenith angle, i.e., for neutrinos which propagate only in the
mantle. In this case, the resonant behavior, when maximal mixing in matter occurs, happens
for the case of NH (IH) in the neutrino (antineutrino) channel at the resonant energy,

Eres ≡
∆m2

31 cos 2θ13

2
√

2GF ne
' 7 GeV

(
4.5 g/cm3

ρ

) (
∆m2

31

2.4× 10−3 eV2

)
cos 2θ13 , (1)

where ne and ρ are the electron and total density of the Earth (assuming they are constant). The
baseline at which both, the condition for the resonance and the condition for the first oscillation
maximum are satisfied, is 14

Lmax =
π√

2GF ne tan 2θ13
' 1.1 · 104 km

(
4.5 g/cm3

ρ

) (
1/3

tan 2θ13

)
. (2)

In the case of propagation through the core of the Earth (cos θ < −0.83), non-trivial resonant
effects show up at slightly lower energies, but still in the few GeV range.

Hence, these resonant energies and baselines are obtained for GeV atmospheric neutrinos
traversing deeply the Earth, which are suitable to be studied with neutrino telescopes with
a low energy threshold. Neutrino telescopes are Čerenkov detectors, so they have no charge-
identification capabilities and therefore cannot distinguish neutrinos from antineutrinos. But
it turns out that in the limit where the 1-2 sector is neglected, the probabilities for neutrinos
and NH are equal to those for antineutrinos and IH. Nevertheless, the fact that neutrino and
antineutrino cross sections and atmospheric fluxes are different could allow us to distinguish NH
from IH. All in all, as the resonances take place for NH for neutrinos and IH for antineutrinos
and both types of events are summed up, the θ13-driven matter effects would consequently be
smeared and the sensitivity to them reduced as compared to the case when measurements of the
neutrino-induced and antineutrino-induced rates can be performed separately (with magnetized
detectors). However, the size of these detectors compensates for this loss of sensitivity.

3 Set-up and analysis

The IceCube/DeepCore detector 22 is a densely instrumented region (with six extra strings)
located at the bottom center of the IceCube detector at a depth of between 2100 m and 2450 m.
Moreover, the larger amount of photosensors in the additional strings, separated by 7 m instead
of 17 m for IceCube, and the higher quantum efficiency, lead to a significant gain in sensitivity of
up to a factor of 6, especially for low energy neutrinos. The rest of the IceCube detector could be
used as an active veto for downgoing atmospheric muons, allowing the study also of downgoing
atmospheric neutrinos. Unfortunately, neutrino telescopes have a poor angular resolution for
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Figure 1: Effective mass for DeepCore and PINGU for the energy range considered in this study (see text for
details). In both cases, we add a post-trigger detection efficiency of 50% (not included in this plot).

cascades, so we do not consider here the electron neutrino-induced event rates, where these
resonant effects are expected to be larger, and focus on the muon neutrino-induced track event
rates, using the effective mass for the 86-string configuration (IC86) at trigger (SMT3) and online
filter level as shown in Fig. 1 32. Nevertheless, in a conservative approach, we only consider a
single energy bin (Eν = [10, 15] GeV).

On the other hand, PINGU is a recent proposal to further upgrade IceCube by adding
20 additional strings within the DeepCore volume so that the neutrino energy threshold can
get lowered down to O(1) GeV. The effective mass considered in this talk is also shown in
Fig. 1 and was obtained assuming a trigger setting of 3 digital optical modules hit in 2.5 µs
that are in local coincidence, a containment criterium which is implemented by a cut on the
z-position that matches the DeepCore fiducial volume (−500 m < z < −157 m) and a tight
radius cut from string 36 (r < 150 m) which is the center of DeepCore/PINGU 32. Here we
consider two simplified scenarios: PINGU-0, with an energy threshold of 5 GeV and two 5 GeV
energy bins (Eν = [5, 10] GeV and [10, 15] GeV); and PINGU-I, with four 2.5 GeV energy bins
(Eν = [5.0, 7.5] GeV, [7.5, 10.0] GeV, [10.0, 12.5] GeV and [12.5, 15.0] GeV).

In all configurations we assume that the post-trigger efficiency of the detector, for all bins,
is 50% and take angular bins in cos θ of width 0.1 for cos θ ∈ [−1, 0].

In order to perform the sensitivity analysis, the values of the oscillation parameters we use
lie within the allowed ranges at 1σ confidence level (CL) obtained from global fits of the current
neutrino data, except for the value of sin2 θ23

5,6,7, which we take to be sin2 θ23 = 0.5, as discussed
in Ref. 28. In our fits, we marginalize over sin2 2θ13, sin2 2θ23, and the atmospheric mass square
difference within their presently allowed ± 2σ ranges and impose a prior (Gaussian error at 1σ)
of 5%, 2% and 4% on them, respectively. We keep θ12, ∆m2

21 and δCP fixed both in data and in
theory and no marginalization has been performed for these oscillation parameters since their
effect on the results is negligible. In the case of the mass hierarchy sensitivity, we also marginalize
over the Earth’s matter density distribution, by allowing its normalization to vary freely within
±10%. Finally, we also add a 20% fully correlated systematic error in the normalization of the
number of events, which could be originated from errors on the normalization of the atmospheric
neutrino flux, the cross section, the detector effective mass or the efficiency. We refer the reader
to Ref. 28 for further details on the statistical analysis and the χ2 definitions.
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Figure 2: Left panel: Sensitivity to the neutrino mass hierarchy for the three detector configurations discussed
in this talk as a function of the exposure time. We show the results for NH (solid lines) and IH (dashed lines) as
the true hierarchy. Right panel: Sensitivity, for the three detector configurations, to fluctuations on the overall

normalization of the Earth’s density for the case of NH as the true hierarchy.

4 Results

In the left panel of Fig. 2 we show the results for the sensitivity to the neutrino mass hierarchy
by using the number of muon-like events in the three possible neutrino configurations considered
in this work. We can see that the prospects of measuring the neutrino mass hierarchy are very
promising. For maximal θ23 mixing the ongoing DeepCore detector, with the signal efficiency
and the energy reconstruction capabilities assumed here, could provide a measurement of the
neutrino mass hierarchy at the 3σ CL (5σ CL) after slightly more than 1 year (less than 5 years)
if nature has chosen NH and after less than 2 years (5 years) for IH. On the other hand, with
PINGU-0 and PINGU-I, the mass hierarchy could be measured at ∼ 5σ CL and > 6σ CL
after 1 year for both NH and IH, respectively. In all cases, the results for the IH scenario are
worse because in this case the resonant behavior occurs in the antineutrino channel, which is
statistically suppressed due to the smaller antineutrino cross sections and initial fluxes.

On the other hand, in the right panel of Fig. 2 we show the results for the three detector
configurations for the sensitivity to the Earth’s matter density for NH as the true hierarchy
and for 10 years of data taking. Here, in addition to the marginalizations discussed above, we
also marginalize over the neutrino mass hierarchy. For the DeepCore configuration, fluctuations
in the normalization of the Earth’s density of ∆ρ ' ±10% can be detected at the ∼ 1.6σ CL
(∼ 1σ CL) if NH (IH) is the true hierarchy. The results are significantly better for the PINGU-0
and PINGU-I configurations, due to the information contained in the lower energy bins. For NH
(IH), PINGU-0, matter fluctuations of ∆ρ ' ±3% (±9%) could be determined at the 2σ CL.
PINGU-I could improve these numbers to ∆ρ ' ±2% (±6%) for NH (IH).

Finally, let us note that, although we have included the marginalization over relevant pa-
rameters, have taken large energy bins and have added the impact of uncorrelated errors, a
more accurate account of the resolutions (in particular the angular resolution) and the effect of
uncorrelated errors would likely decrease the sensitivities significantly.



5 Conclusions

In this talk, we have discussed the sensitivities for the ongoing DeepCore and the proposed
PINGU detectors to determine the neutrino mass hierarchy with muon-like atmospheric neu-
trino events in the GeV range by exploiting the θ13–driven matter effects in the propagation of
neutrinos through the Earth. The large statistics that could be accumulated by these detectors,
thanks to the large value of θ13, might make possible the determination of the neutrino mass
hierarchy in short time scales.

Finally, we have also discussed the possibility to infer overall fluctuations in the Earth’s
matter density profile with these detectors. Although, in principle, geophysics can obtain more
precise results, the results from atmospheric neutrino oscillation tomography would represent
an independent and complementary assessment of the Earth’s internal structure.
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LIGHT STERILE NEUTRINOS AS DARK-RADIATION CANDIDATES

IRENE TAMBORRA
Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), Föhringer Ring 6,

80805 München, Germany

Recent cosmological data hint towards the existence of additional radiation beyond three
active neutrinos and photons (the so-called “dark radiation”). The role of sterile neutrinos as
dark-radiation candidates is reviewed at the light of the most recent cosmological constraints.

1 Introduction

Sterile neutrinos are hypothetical SU(2) × U(1) singlets. They are supposed to mix with one
or more active neutrino states, without interacting with any other particle. Low-mass sterile
neutrinos have been invoked to explain the excess of ν̄e events in the LSND experiment 1 (lately
also constrained by the ICARUS collaboration 2) and the MiniBooNE events 3. Moreover, short-
baseline oscillation experiments (SBL), as well as reactor neutrino flux measurements, seem to
hint at the existence of one or even two sterile neutrino families with eV-mass 4,5,6,7. See 8 for
more details and references therein.

At the same time, cosmological data suggest a trend towards the existence of “dark radiation”
(i.e., radiation in excess with respect to the three neutrino families and photons) 9,10. The
radiation content of the universe is usually parametrized in terms of the effective number of
thermally excited neutrino species (Neff) and its standard value isNeff = 3.046, slightly exceeding
3 because of e+e− annihilation providing residual neutrino heating. Latest constraints on Neff ,
coming from data from the cosmic microwave background anisotropies (CMB) and big-bang
nucleosynthesis (BBN), point towards Neff > 3.

The Wilkinson Microwave Anisotropy Probe (WMAP) collaboration lately found Neff =
3.84± 0.4 combining WMAP-9+CMB+H0+BAO (where BAO stands for baryon acoustic oscil-
lations and H0 is the Hubble parameter) 11. In the last year, new other CMB constraints on Neff

have been released by the South Pole Telescope (SPT)12 and the Atacama Cosmology Telescope
(ACT)13, bringing to an unclear dark-radiation scenario: the WMAP-9 and SPT data both con-
firm the presence of a dark-radiation component, while the ACT data seem to point towards a
value of Neff in agreement with the standard model prediction. No definitive answer about this
issue has been provided by the data recently released by the Planck mission 14. Independently
from CMB data, BBN data suggest higher 4He abundance than in the past, interpretable in
terms of additional radiation.

Low-mass sterile neutrinos have been adopted to explain such excess 8, although other can-
didates might be also considered. Concerning the mass and the number of the extra-neutrino
families, CMB and BBN in combination favor an excess of radiation compatible with one fully
thermalized family of sub-eV sterile neutrinos 15,16. On the other hand, eV-mass sterile neutri-
nos, required to explain SBL and reactor anomalies, are cosmologically viable only if additional
ingredients are included or partial thermalization of the sterile states is allowed 17.
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Figure 1: Left: 2D marginalized 68%, 95% and 99% credible regions for the neutrino mass and thermally excited
number of sterile families Ns = Neff − 3.046, assuming ordinary neutrinos have mν = 0 while sterile states have a
common mass scale ms. Plot taken from Hamann et al. (2010) 15. Right: Marginalized 1-D likelihood functions
as a function of Neff using the different combinations of data sets as in the legend. In all cases Neff > 3 is favored.

Plot taken from Mangano and Serpico (2011) 24.

After reviewing present cosmological bounds for sub-eV and eV mass sterile neutrinos, we
will show as an agreement between data coming from SBL experiments and cosmological sur-
veys can be found allowing partial thermalization of the sterile states. We will also discuss as
thermalization of sterile neutrinos in the early universe can be prevented assuming an initial
leptonic asymmetry much larger than the baryonic one.

2 Cosmological Bounds: Sterile Neutrinos with Sub-eV Mass

From the point of view of cosmology there is no difference between active and sterile neutrinos,
provided they are fully thermalized. In fact only the total sum of neutrino masses and the total
(effective) number of neutrino species are relevant parameters. However, it is also possible that
the sterile states are partially thermalized (as we will see in the following). The contribution of
massive neutrinos to the total energy budget of the universe is:

Ωνh
2 =

∑
mν

91.14eV
, (1)

with
∑
mν = Ns ×ms under the hypothesis mν = 0 and being Ns = Neff − 3.046.

Using CMB data from WMAP-7 18, as well as from the ACBAR 19, BICEP 20, QuAD 21

experiments, the halo power spectrum from the SDSS-DR7 luminous red galaxy sample 22, and
a prior on the Hubble parameter based on the Hubble Space Telescope observations 23, present
cosmological data have been fitted within a standard “vanilla” ΛCDM model allowing more that
three neutrino families 15. The results are shown in Fig. 1 (left panel) in the case of massless
active neutrinos (mν = 0) and degenerate sterile neutrinos with mass ms

15. One or even two
sterile neutrino families are allowed by cosmological data and, as the number of sterile families
decreases, heavier states are allowed. Note that such data do not favor eV-mass sterile neutrinos
since they would violate hot dark matter constraints 17.

Big Bang Nucleosynthesis constrains the number of allowed families under the assumption
that they are fully thermalized. It favors up to one fully thermalized extra sterile family 15,17,24

as can be clearly seen in Fig. 1 (right panel). In conclusion, cosmological data are in agreement
with the existence of one extra family of fully thermalized sterile neutrinos with sub-eV mass.



3 Cosmological Bounds: Sterile Neutrinos with eV Masses

Sterile neutrinos with eV-mass are favored by SBL experiments and reactors. In this section,
we show as one could consider partially thermalized sterile states, in order to find an agreement
between SBL and cosmological constraints.

Since eV-mass sterile neutrinos would violate hot dark matter bounds 17,25, we introduce an
extension of the classical ΛCDM model by introducing a hot dark matter component in the
form of massive neutrinos (Λ Mixed Dark Matter Model, ΛMDM). In order to allow partially-
thermalized species, we define

Ni =
ni

nth
i

, (2)

where ni denotes the actual number density of a sterile neutrino with massmi and nth
i the number

density of a standard fully thermalized neutrino with a Fermi-Dirac phase-space distribution and
mass mi. Therefore, the parameter Ni ∈ [0, 1] and it defines the fractional contribution of non-
standard thermalized sterile states to the dark matter energy density.

Assuming that Ni is independent from the mass mi, Eq. 1 becomes respectively in a (3 + 1)
or (3 + 2) scenarios∑

mν = N4 ×m4 and
∑

mν = N4 ×m4 + N5 ×m5 , (3)

assuming massless active neutrinos.
A joint analysis (cosmological and SBL data) can be done in order to find regions of the

parameter space where the two sets of data are in agreement. Including CMB dataset information
(from WMAP-9 26 and SPT 12), information on the matter power spectrum coming from large
scale structures (SDSS-DR7 22) as well as νµ → νe and ν̄µ → ν̄e appearance data from LSND,
KARMEN, NOMAD, MiniBooNE, and ICARUS, νe and ν̄e disappearance data which take into
account the Gallium anomaly and constraints on νµ and ν̄µ disappearance obtained from MINOS
and SciBooNE and MiniBooNE (see 27 for more details and references therein), a joint analysis
has been done in 27, considering both (3 + 1) and (3 + 2) scenarios.

The SBL posterior probability on the sterile masses has been included as a prior in the
cosmological analysis. As for the (3 + 1) scenario, results are shown in Fig. 2 (left panel)
where the two dimensional marginalized 68% and 95% C.L. regions in the plane (N4,m4) are
plotted for different combinations of the datasets. When only cosmological data are used, the
bounds on N4 and m4 are broad, the effect of the SBL data strongly tighten the constraints
on the sterile mass, but there is almost no effect on N4. The best fit values for (N4,m4) for
(WMAP-9+SPT+SDSS+SBL) are 27

N4 < 0.83 (2σ) and m4 = 1.23± 0.13 eV (1σ) . (4)

Figure 2 (right panel) shows the two-dimensional marginalized 68% and 95% confidence
regions in the plane (N4 + N5) vs. (m4 + m5). It is clear that cosmological and SBL data
are consistent with the existence of two extra sterile families, provided they are not fully ther-
malized. The sum of neutrino masses always shows a clear preference for a non-zero value.
In Fig. 2 (right panel) one sees that the cosmological posteriors alone show a preference for a
non-zero value for the sum of the masses. The best fit values for (N4,m4, N5,m5) for (WMAP-
9+SPT+SDSS+SBL) are 27

N4 < 0.85 (2σ) and m4 = 0.95± 0.3 eV (1σ) , (5)

N5 < 0.62 (2σ) and m5 = 1.59± 0.49 eV (1σ) . (6)

In conclusion, cosmological and SBL data are consistent with the existence of one or even
two sterile neutrino families, provided that they are not fully thermalized. Full-standard ther-
malization (Ni = 1, i = 3, 4) is not allowed, but fractional occupations as large as ∼ 0.9 are
possible.
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4 How could the thermalization of sterile neutrinos in the early universe be pre-
vented?

Allowing partial thermalization of sterile states, cosmological and SBL data are in agreement. In
this Section, studying the evolution of sterile neutrinos up to the BBN temperature (∼ 1 MeV),
we proof as an initial large leptonic asymmetry prevents thermalization of the sterile states 28.

4.1 Equations of Motion

We consider oscillations of one active flavor νa (with a = e or µ, τ) in a sterile neutrino state νs
separated by a mass difference of δm2

s and with a mixing angle in vacuum θs (1+1 scheme). Since
structure formation data strongly disfavor models with inverted hierarchy and δms > 0.2−0.3 eV
and cosmological+SBL data require O(eV ) mass sterile sterile states, we will focus on the
δm2

s > 0 case (normal hierarchy scenario, NH).
We adopt the density matrix formalism and, for each momentum mode p, decompose the

density matrix in terms of the Bloch vector components (P0,P) = (P0, Px, Py, Pz)
29,

ρ =
1

2
f0(P0 + P · σ) , ρ =

1

2
f0(P 0 + P · σ) , (7)

where σ are the Pauli matrices and f0 is the Fermi-Dirac distribution function with zero chemical
potential. The neutrino kinetic equations are:

Ṗ = V ×P−D(Pxx + Pyy) + Ṗ0z , (8)

Ṗ0 = Γ

[
feq

f0
− 1

2
(P0 + Pz)

]
. (9)

The dot denotes the time derivative and feq is the equilibrium distribution. Defining the co-
moving momentum x = p/T (with T the temperature), the vector V is a function of the initial
leptonic asymmetry L(a), the momentum, and the mass-mixing parameters: V(δm2

s, θs, L
(a), x).

The condition for a matter induced resonance to occur is Vz = 0. Since Vz depends on L(a), any
non-zero lepton asymmetry can have dramatic consequences for active-sterile neutrino oscilla-
tions. The damping term D quantifies the loss of quantum coherence due to νa collisions with
the background medium. The evolution of P0 is determined by processes that deplete or enhance
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s, sin
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(0.9 eV2, 0.089). The 1 − 2 − 3σ contours denote the CMB+LSS allowed regions for νs with sub-eV mass as in
Hamman et al. (2010)15. Plot taken from Hannestad, Tamborra, Tram (2012) 28.

the abundance of νa. The equations of motion for anti-neutrinos can be found by substituting
L(a) = −L(a) and µ = −µ in the above equations.

4.2 Thermalization for δm2
s > 0 and large initial leptonic asymmetry

An initial large leptonic asymmetry is responsible for blocking the active-sterile flavor conversions
by an in-medium suppression of the mixing angle. A large value of L(a) confines the resonances
to very small or large values of x, far away from the maximum of the active neutrino momentum
distribution. Only at relatively low temperature, the resonance begins to move through the
momentum distribution and, for NH, the lepton asymmetry decreases as the resonance moves.

Figure 3 shows the fraction of thermalized neutrinos, δNeff for L(µ) = 10−2 for NH. As
expected, the production of sterile neutrinos is effectively blocked until after the active species
decouples, leading to a very small δNeff for the range of mixing parameters studied here. For
νs mixing parameters as in 30, δNeff ∼ 0 (see green hexagon in Fig. 3). Constraints from BBN,
CMB, and LSS have usually assumed a fully thermalized sterile state, but as also mentioned
in 15, a finite lepton asymmetry can effectively block thermalization and make this assumption
invalid. In that case an eV-mass sterile state are not be in conflict with the cosmological neutrino
mass bound.

5 Conclusions

Recent cosmological data favor an excess of radiation beyond three active neutrinos and photons.
Light sterile neutrinos are possible candidates. Present data coming from CMB+LSS and BBN
point towards the existence of one fully thermalized sub-eV mass sterile family, but do not
allow the existence fully thermalized eV-mass sterile neutrinos. However, the full-thermalization
hypothesis is not necessarily justified. In fact relaxing this hypothesis, one or even two sterile
partially thermalized neutrino families and with δms ∼ O(eV ), as predicted by SBL data, are
in agreement with CMB+LSS data. One way to obtain partial thermalization is to assume an



initial large leptonic asymmetry.
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First 0ν results from EXO–200 experiment

D.J. Auty on behalf of the EXO Collaboration
Department of Physics and Astronomy, University of Alabama,206 Gallalee Hall,

Tuscaloosa, AL 35487, United States of America

EXO–200 is a double-beta decay experiment that measures the half-life of the decay of 136Xe.
This article describes the result reported by EXO–200 in the summer 2012, which saw no
signal for the 0 νββ decay which used an exposure of 32.5 kg·yr. This sets a lower limit for the
half-life of the neutrinoless double-beta decay T0νββ

1/2
(136Xe)> 1.6×1025yr(90 % CL), which

sets a limit on the Majorana neutrino mass, depending on which matrix element used, of
140 meV–380 meV.

1 Introduction

The Standard Model of particle physics (SM) has been experimentally tested to extremely high
precision. The first direct evidence that the SM is incomplete has come with the discovery that
neutrinos are massive. The study of neutrino properties, therefore, directly probes new physics
beyond the SM.

In the SM, double beta-decay is a second order weak interaction that some even-even nuclides
undergo, where single beta decay is energetically forbidden or highly spin suppressed due to large
angular momentum differences. In the SM this decay can happen through two neutrino double
beta decay (2νββ), which has been observed in a handful of nuclides and typically has a half-life
of ∼1020yr. The half-life for 2νββ is only related to the phase space (G2ν)and nuclear matrix
element (M2ν)

2νββ
1/2 T−1 = G2ν ·

∣∣∣M2ν
∣∣∣2 , (1)

and unrelated to the properties of the neutrino. If neutrinos are unlike the charged fermions,
which are Dirac particles 1, and are Majorana particles 2, then the double beta decay could
happen without the emission of neutrinos (0νββ), which would violate conservation of B-L. The
rate of this process is given by

0νββ
1/2 T−1 = G0ν ·

∣∣∣M0ν
∣∣∣2 · 〈mββ〉 (2)

where G0ν is a phase space and M0ν is the nuclear matrix element and mββ is the Majorana
neutrino mass. So the rate of 0νββ is dependent of the Majorana neutrino mass. These two
processes have very different energy spectra for the electrons emitted. In the two neutrino case
the summed energy of the two electrons have a continuous spectrum with the endpoint at the
Q-value, while the zero neutrino case the summed energy is peaked at the Q-value.

A handful of isotopes have already been seen to undergo 2νββ decay. One controversial
claimed observation of 0νββ, with 76Ge, has been made 4. Using different isotopes to the
claimed observation, can help define the neutrino mass through refining the matrix elements.
Also using different isotopes help verify the claim, as they have different Q-values, so they



Figure 1: Cartoon of the EXO–200 TPC with the
Cathode in the centre plan and the charge collection

wires and APD’s at either end.
Figure 2: Cutaway view of the EXO-200 setup, with

the primary subassemblies identified.

exclude the possibility that the signal was an unknown background. One of the isotopes of
interest for 0νββ search is 136Xe, which has a high Q-value (2457.83±0.37 keV3) so is above
most natural radiation. Isotropic enrichment is also relatively easy in comparison with other
candidate isotopes as it is the heaviest long-lived isotope of xenon. It is a nobel gas so can
be easily cleaned continuously and has a low rate of 2νββ decay which was first observed with
EXO-2005 2.11±0.04(stat)±0.21(syst)×1021 yr. It also has the potential to tag the daughter ion
136Ba thus making the measurement background free.

2 EXO–200

EXO–200 is the prototype detector for the EXO collaboration and is located at the Waste
Isolation Pilot Plant (WIPP) in New Mexico, USA. The main focus of EXO–200 was to achieve
good energy resolution at the Q-value of 136Xe and also to have low backgrounds. This was
achieved by taking advantage of event topology. EXO–200 uses xenon as both the ββ source
and the detector of the summed electron energy. It uses 200 kg, of which 175 kg is in liquid
phase, of xenon enriched to (80.6±0.1) % in the isotope 136Xe. The remaining 19.4 % is 134Xe,
with other isotopes present only at low concentration. At operating temperature, 167 K, and
a pressure, 147 kPa, the liquid xenon (LXe) has a density of 3.0 g cm−3. The LXe is contained
within a thin wall cylindrical copper time projection chamber (TPC) with a cathode grid held
at -8 kV at the mid plane, splitting the TPC into two (figure 1). Charge is collected at each
end of the TPC on wire plains (“U” wires) that are held at a virtual ground, while the 178 nm-
wavelength scintillation light is collected on two arrays of large area avalanche photodiodes
(LAAPDs), which are located behind the collection planes. A second wire plane (“V” wires)
in front of the charge collection plane, and rotated 60◦ from it, is biased so that it is fully
transparent to electrons and is used to inductively record a second co-ordinate channel. To get
full three demential reconstruction, the z-position is calculated by the difference in arrival time
between the scintillation signal and the charge signal.

The event topography in the TPC allows rejection of alpha and cosmic muons from ββ like
events. γ-rays produced from nuclear decays are likely to interact in multiple sites within the
TPC (MS) so can be tagged, whilst ββ events are point-like energy dispositions (SS). This is not
100 % efficient at separating events, so the active Xe region needs to be intrinsically clean. This
was achieved by cleaning all the components and measuring their radioactivity. So the TPC was
made from the most radiopure substances 6. The TPC is encased in at least 50 cm of high purity
HFE-70007, which keeps the TPC in thermal contact with the inner cryostat wall, and 25 cm
of lead to further reduce external radioactivity. EXO–200 is situated ∼1600 mwe underground,
thus reducing the cosmic muon rate to a flux of 1.5×105 yr−1 m−2 sr−1 8, which although low
the cosmic-ray muons rate needed to be reduced by a further 90 % if EXO-200 was to meet its
goals. To do this 29, 5×65×(315|375) cm, plastic scintillator panels are installed around the



Figure 3: Correlation between ionisation and scin-
tillation for SS events from a 228Th source. The
energy resolution is considerably improved by form-
ing the linear combination of both measurements.
Events in the top-left quadrant are due to in- com-
plete charge collection and are rejected by the cut
(dashed line), removing only 0.5 % of the total. The
cut is defined using the gamma ray full absorption

islands from three calibration sources.

Figure 4: The SS energy spectrum for scintillation
only, charge only and rotate energy. It can be seen
that the resolution of the 2615 keV peak is reduced
from 6.8 % for scintillation and 3.4 % for charge to

1.6 % in the rotated spectrum.

cleanroom to tag muons as they pass through. A drawing of the layout is shown in figure 2. A
more in-depth description of the EXO–200 detector and its manufacture is given in 9.

3 Data

The active volume of the LXe for this analysis was the inner 98.5 kg LXe, 79.4 kg of 136Xe. The
data analyzed was taken between 22nd September 2011 and 16th April 2012, for a total of 2896.6
live hours after cuts 10, which is 32.5 kg·yr livetime. Only events above 700 keV are included in
this analysis, as this is where the trigger is 100 % efficient. Other analysis cuts that were used
were: events in the TPC that happened 1µs before or 25 ms after a veto panel triggered were
rejected, making the veto efficiency 96.2+0.4

−3.7 % at rejecting cosmic muons (0.58 % dead time);
TPC events that happened within one second of each other to be rejected (3.3 % dead time),
TPC events that happened within one minute after a muon was reconstructed in the TPC (5.0 %
dead time), to reduce the daughter decays following the muon; alpha decays were excluded from
the data by the diagonal cut shown if figure 3 as alpha decays have a higher light to charge
ratio than beta decays. The total dead time due to the veto cuts was 8.6 %. The stability of the
detector was achieved through daily calibrations mostly using the 228Th source (2615 keV), 60Co
(1173 keV and 1332 keV) and 137Cs (662 keV) were used less often to calibrate the energy for the
full spectrum. The energy from an event can go into light and charge by various amounts, so
smearing any peak out in either spectrum. To counter this effect the 2615 keV peak from 208Tl
decay was used to “rotate” the light and charge from the known energy of the Tl peak to was used
to fix the energy of the rotated spectrum to the true energy (figure 3), and improve the energy
resolution compared to scintillation or charge only (figure 4). The residual at each calibration
energy of the rotated spectrum, defined as (Efit − Etrue)/Etrue and the uncertainty bands are
shown in top plot in figure 5 and the energy resolution parameterised as σ2 = aσ2e + bE + E2

is shown in the bottom plot of figure 5, where σ2e is the electronic noise contribution, bE is
the statistical fluctuation in the ionisation and scintillation and cE2 is the position and time
dependant broadening. In the rotated energy spectrum at the Q-value the energy resolution was
1.67 % (1.84 %) SS (MS).



Figure 5: Top: systematic uncertainty bands on the
energy calibration residuals, using the full energy
reconstruction de- scribed for the three γ sources.
For both SS (solid) and MS (dashed) the position
of the four γ lines is consistent with the calibration
model within ≤ 0.1 %. Bottom: energy resolution
for various sources along with a fit to the empirical
model discussed in the text. The resolution at the
0νββ Q-value is 1.67 % (1.84 %) for SS (MS) events.

Figure 6: Relation between the T0νββ
1/2 in 76Ge

and 136Xe for different matrix element calculations
(GCM 12, NSM 13, IBM-2 14, RQRPA-1 15 and
QRPA-216). For each matrix element 〈m〉ββ is also
shown (eV). The claim 4 is represented by the grey
band, along with the best limit for 76Ge 17. The re-
sult reported here is shown along with that from11.

4 Analysis

The detectors ability to identify SS and MS events to distinguish between SS β/ββ events and
MS γ events in the bulk xenon. The clustering resolution in two dimensions, U-dimention is
18 cm and 6 mm in z (drift time). The ability of the GEANT4 Monte Carlo (MC) to simulate
the distributions for SS and MS energy spectra was proven on the 228Th and 60Co source data
(figure 7 for 228Th). The MC reproduces the fraction of SS events, defined as Nss/(Nss +Nms)
to ± 8.5 %. The requirement that events be fully reconstructeda gives an efficiency of 70 % (71 %)
for the 228Th (0νββ) spectrum. The 71 % efficiency was further verified by comparing the 2νββ
data spectrum with MC.

Background models were generated for the various components of the detector from the ma-
terial screening campaign, providing normalization for the MC generated probability distribution
functions (pdfs). These background contributions were estimated using previous generation of
detector simulations 9, which account for 50 (0.2) events in the 2νββ (0νββ) spectrum, were not
included in the fit. The various generated pdfs were fitted to the data using a maximum likeli-
hood fit and varied so that SS site events were constrained to be ±8.5 % of the value predicted
by the MC (figure 7). As γ-rays were used to calibrate the detector, the energy of the β events
was a free parameter in the fit, so it is constrained by the 2νββ events. The fit reports a scale
factor of 0.995±0.004. The fit gives a expected background of (1.5±0.1)×10−3 kg−1 yr−1 keV−1

in the one sigma region of interest (ROI), where one sigma is 1.67 % of 2458 keV(41 keV), which
is 3–4 events. Figure 8 shows that there is only one event in this region. It is expected, with
this exposure, for one of fewer events to be seen 7 % of the time. In figure 7 it can be seen that
there are events greater than 3000 keV in the SS spectrum, these fit to 137Xe. As these events
are also where there is a peak in the MS spectrum it was decided to exclude 137Xe from this fit
as this gives a more conservative limit on T0ββ

1/2 and in the next analysis it will be more obvious

if these events are leaked MS events or genuine SS events from 137Xe. Also between 2400 keV
and 2550 keV for 7 bins the data are above the prediction from the models. However, each
point is within one sigma and there is no candidate background that has not been included in
the fit. The result from the fit is a T0ββ

1/2 >1.6×1025 yr with the T2ββ
1/2 = 2.23±0.02 (stat.)±0.22

ahave charge and scintillation signal



Figure 7: MS (top) and SS (bottom) energy spec-
tra from the 2,896.6 hours of low background data
used for this analysis. The best fit line (solid
blue) is shown. The background components are
2νββ (grey region), 40K (dotted orange), 60Co (dot-
ted dark blue), 222Rn in the cryostat-lead air-gap
(long- dashed green), 238U in the TPC vessel (dot-
ted black), 232Th in the TPC vessel (dotted ma-
genta), 214Bi on the cathode (long-dashed cyan),
222Rn outside of the field cage (dotted dark cyan),
222Rn in active xenon (long-dashed brown), 135Xe
(long-dashed blue) and 54Mn (dotted brown). The
last bin on the right includes overflows. There are

no overflows in the SS spectrum.

Figure 8: Energy spectra in the 136Xe Qββ region
for MS (top) and SS (bottom) events. The 1 (2)σ
regions around Qββ are shown by solid (dashed)
vertical lines. The 0νββ PDF from the fit is not
visible. The fit results have the same meaning as

in figure 7

(syst.)×1021yr. The dominate systematic errors are from the fiducial volume (12.34 %) and the

β scale (9.32 %). T0ββ
1/2 can be converted into a limit on neutrino mass using various matrix

elements which give a neutrino mass between 140 meV and 380 meV at 90 % CL. In Figure 6 the
comparison between T0ββ

1/2 for 76Ge and 136Xe is shown with the predicted Majorana mass of the
neutrino, also plotted are the limits set by this analysis and a previous analysis for KamLAND-
Zen 11 for 136Xe and the claimed observation and the 90 % limit for 76Ge. It can be seen that
for most matrix elements the 90 % limit from EXO is incompatible with the Ge observation.

5 Future

EXO–200 is going to run for five years which will investigate the degenerate region of the mass
scale. A tonne scale version is in the planning stage at the moment and if it is just a scaled up
version of EXO–200 with the planned upgrades most of the inverse hierarchy can be ruled out,
depending on the matrix element used. If Ba tagging is implemented nEXO would investigate
the whole inverse hierarchy sector (figure 9) with all matrix elements.

6 Summary

EXO–200 is fully operational now and taken good low background data. It was the first to
measure the half-life of the 2νββ decay in 136Xe, which is significantly lower than the previous
limits set by Bernabei et al18 and Gavriljuk et al19. This equates to a 136Xe 2νββ nuclear matrix
element of 0.019MeV−1, which is the smallest matrix element directly measured. This result
has been confirmed by the KamLAND-Zen 11 collaboration and the second EXO–200 paper 10.



Figure 9: The Majorana mass sensitivities of EXO–200 and nEXO using two likely matrix elements. Left most
is this results Majorana mass limits. Next left is the final sensitivity of EXO–200. Right middle is the sensitivity

of a 5 tonne nEXO without Ba tagging. Right most is the sensitivity of a 5 tonne nEXO with Ba tagging.

In the second EXO–200 paper a limit on the 0νββ half-life that is intension with the claimed
measurement from 76Ge, depending on which matrix element is used. With background counts
at (1.5±0.1)×10−3 kg−1 yr−1 keV−1 and an energy resolution of 1.67 % EXO–200 is working
at the design goals of the experiment and measure a Majorana neutrino mass down to below
100 meV. The EXO collaboration is now designing the next phase of the EXO experiment at
tonne scale. With this detector and it Ba tagging works nEXO will be able to cover the whole
of the inverse hierarchy mass range.
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RECENT RESULTS FROM CUORE(-0)
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Neutrinoless Double Beta Decay is a hot topic in the nowadays physics research, due to its
potentiality to prove the Majorana nature of neutrinos. CUORE is an experiment designed
to look for this rare event exploiting the decay of 130Te with a ∼1 ton compact array of
TeO2 bolometers. The first CUORE tower (CUORE-0), constituting a self-consistent exper-
iment by itself, was commissioned during spring 2012 and is now taking data. The full-mass
experiment is actually under construction and is expected to run into operation by end 2014.
The results obtained by now with CUORE-0 and the progress in the construction of CUORE
will be presented in this article, together with an estimation of the sensitivity to the Neutri-
noless Double Beta Decay.

1 Introduction

In the Standard Model of Particle Physics (SM) the Double Beta Decay (ββ) is an allowed weak
process of the second order which can occur in some even-even nuclei for which the single beta
decay is energetically forbidden or suppressed by large change of angular momentum. It was
observed for many nuclei 1 with half-lives as high as 1018-1024 y. If neutrinos are Majorana
particles the ββ could also proceed without the emission of any neutrino, giving rise to the
so called Neutrinoless Double Beta Decay (ββ0ν). Such process violates the lepton number L
by two units, and its observation would therefore provide a strong indication of new physics
beyond the SM. Many mechanisms could theoretically drive this decay, the most popular being
the exchange of a light Majorana neutrino. In this case the decay width can be expressed asan
interplay of atomic, nuclear and particle physics:

Γ0ν ∝ G0ν(Q,Z)|M0ν |2〈mee〉2 (1)

where G0ν is the phase space integral, which is exactly calculable 2, M0ν are the nuclear matrix
elements for the isotope under dacay, and 〈mee〉 is the effective neutrino Majorana mass. The last
term is a combination of the neutrino mixing matrix parameters, the neutrino mass eigenvalues
and the CP Majorana phases. The observation of the ββ0ν would therefore give an important
piece of information for the knowledge about the neutrino absolute mass scale, its mass hierarchy
and the CP Majorana phases.

The main signature exploited by experiments looking for the ββ0ν is the monochromatic
peak at the Q-value of the transition, due to the simultaneous detection of the two emitted
electrons. This peak falls on the tail of the SM allowed ββ and is enlarged only by the detector
resolution.

The most common techniques used nowadays to search the ββ0ν exploits “homogeneus”
detectors, i.e. devices acting simultaneously both as the source and the detector for the searched



event. Their capability to detect the ββ0ν peak over the background scales with the detector
mass and can be expressed as a:

S0ν ∝ ε a.i.

A

(
M T

b ∆E

)1/2

(2)

where S0ν corresponds to the minimum detectable number of events over backgroud at a given
Conficence Level (C.L.). This expression gives at a glance an insight into the important param-
eters influencing the sensitivity: i) the detecting efficiency ε for the ββ0ν events; ii) the isotopic
abundance a.i. of the decaying isotope and its mass number A; iii) the exposure M×T; iv) the
background rate b per unit detector mass; and v) the energy resolution ∆E in the Region of
Interest (ROI) (i.e. an energy region 100 keV around the Q-value). In order to reach a sensi-
tivity on 〈mee〉 between 15 and 50 meV, corresponding to the Inverted Hierarchy Region (IHR)
of the neutrino mass spectrum 3, M must be of the order of 1 ton with b of few counts per year
and ∆E ≈ 0.1% in the ROI. These pose a big challenge for experimental technologies, analysis
methodologies and materials radio-purity.

In this paper we will focus on experiments based on bolometers, i.e. low temperature calori-
menters in which the energy E of the impinging particle is measured by means of its conversion
into lattice vibrations (i.e. phonons) of the crystal absorber. At the end of the phonon ther-
malization process the temperature of the absorber is approximately given by E/C, where C
is the heat capacity of the absorber itself. For dielectric and diamagnetic crystals C ∝ T 3, it
is therefore possible to obtain measurable temperature signals coupling such crystals to a heat
bath kept at very low temperatures (at 10 mK E=1 MeV corresponds to ∆T∼300 mK). Biased
temperature sensors are then thermally coupled to the absorbers to convert the temperature
variation into an electrical signal.

2 The ββ0ν research with TeO2 arrays

Since 1997 TeO2 has been used to operate big arrays of bolometers for the ββ0ν research at the
Underground National Laboratory of Gran Sasso (LNGS). This compound has good thermal
and mechanical properties and contains 130Te , which is a ββ0ν candidate particularly appealing
due to its high natural isotopic abundance (34.2%) and high Q-value (∼2528 keV4,5,6). In all the
operated arrays Neutron Transmutation Doped (NTD) germanium thermistors are glued on the
crystal surface in order to read the temperature variations induced by any energy depositions
in the crystals bulk and/or surface. The signal is then transmitted to the electronic chain
by means gold wires. Small pieces of teflon anchor the TeO2 crystals to a copper skeleton,
which is thermally linked to the cold finger of a 3He/4He dilution refrigerator at ∼10 mK. The
array is kept in vacuum inside a structure of nested copper and lead shields, used to reduce
the background induced by the environmental and the setup radioactivity. The Gran Sasso
mountain provides a ∼3650 m.w.e. 7 rock shielding from cosmic rays, with a measured µ flux 8

of (2.58± 0.3)×10−8 µ/s/cm2 and a flux of neutrons with energy lower that 10 MeV 9,10 of
4×10−6 n/s/cm2.

The overall detector mass has been strongly stepped up through years, increasing the global
content of 130Te atoms and thus enchancing the sensitivity to the ββ0ν. The first experiment,
MiDBD, was a 1.8 kg 130Te array 11, where 3×3×6 cm3 crystals of 340 g each were deployed.
It was followed by Cuoricino 12, a tower of 44 cubic 5×5×5 cm3 crystals plus 18 crystals from
MiDBD, totalling 11.3 kg of 130Te. It run between 2003 and 2009 and reported a final lower
limit on 130Te half-life of 2.8×1024 y (90% C.L.), corresponding to a sensitivity for 〈mee〉 in the
Degenerate Region (DR) of the neutrino mass spectrum. The next and final step, CUORE (see

aThis expression is based on a gaussian approximation of the background and is therefore not fully accurate for
very low background indexes. It is inteded to give a qualitative representation of the main parameters influencing
the sensitivity.



Figure 1: Set-up of the CUORE experiment and detail of 1 CUORE tower.

Fig. 1), was designed in order enter in the IHR, aiming to a sensitivity about 35 times higher
than Cuoricino. In order to achieve this goal the detector mass was increased to 741 kg of TeO2,
corresponding to 206 kg of 130Te, meaning a factor 20 with respect to Cuoricino. Additional
improvements are expected on the measuring live-time (a factor 2 thanks to the use of a cryogen-
free dilution refrigerator) and on the energy resolution (resolutions a factor ∼1.5 better than
the Cuoricino ones have been measured with sample detectors from the CUORE production
batches).

The most challenging issue is background reduction. The base goal is set to a background in-
dex (BI) in the ROI of 0.01 cts/keV/kg/y, i.e. a factor 20 better than Cuoricino. In TeO2 bolome-
ters the phonon signal shows very little dependence on either the identity of the impinging par-
ticle or on the position of the event in the detector. This fact and the absence of a surface
dead-layer on the crystals mean that α’s as well as β’s and γ’s form a background if they de-
posit an amount of energy in the bolometer equivalent to the ββ0ν Q-value . Studies performed
on data acquired with Cuoricino 13,14 indicated that ∼30% of the background originated from
the cryogenic apparatus and ∼70% from detector surface contamination, i.e. the TeO2 crystals
and the inert materials facing them (most likely copper). To meet the ROI-background goal of
CUORE both these sources must be addressed.

3 The background challenge

While testing different active methods for the reduction of the background, many passive shrewd-
nesses have been implemented. In order to ensure a negligible contribution from the environ-
mental radioactive component the CUORE detector is provided with 6 nested copper vessels,
with an internal and an external lead shield (∼35 cm of minimum thickness in total) and with
a 2 layer shield for neutrons (20 cm in total). These ensure an overall contribution from this
source lower than 10−4 cts/keV/kg/y 15. The materials for the cryostat and the for shields have
been selected with a radiopurity level sufficient to ensure a ROI-background contribution far
below the target level of 10−2 cts/keV/kg/y.

For the TeO2 crystals and the copper holder the acceptable 232Th and 238U contamination
levels are as low as 10(232Th)-100(238U) µBq/kg for the bulk and 1-10 nBq/cm2 for the sur-
face. While copper bulk contamination can be adequately validated with HPGe spectroscopy
and Neutron Activation Analysis (NAA), these techniques do not have sufficient sensitivity to
validate the radiopurity of the copper surface, the TeO2 surface, and the TeO2 bulk.

To meet this validation challenge a series of test arrays containing a few bolometers arranged
in the style of one or a few floors of CUORE were operated in dedicated runs at LNGS 16. The
results of the TeO2 crystal surface validation runs (CCVR) were reported in 17. 90% C.L. upper
limits on 238U and 232Th surface concentration corresponding to 3.8 nBq/cm2 and 2.0 nBq/cm2



respectively were demonstrated, thus ensuring a 90% C.L. upper limit contribution to the ROI-
background of 10−4 cts/keV/kg/y.

Reguarding copper we strove to both minimize the amount of this material facing the bolome-
ters and to identify the better surface treatment to mitigate the background from the remaining
surfaces. Three techniques were compared in the so called Three Towers Test (TTT) 18: (i)
wrapping of surfaces with polyethylene, (ii) simple surface cleaning with ultra-clean acids, and
(iii) a procedure based on Tumbling, Electropolishing, Chemical etching and Magnetron plasma
etching (TECM). The data from the TTT apparatus demonstrated that surface contamination
levels lower than 7×10−8 Bq/cm2 for 232Th and 238U and below 9×10−7Bq/cm2 for 210Po can
be achieved using both the TECM procedure and polyethylene wrapping. The extrapolation
of the TTT results to CUORE gives a 90% C.L. upper limit for the contribution to the ROI-
background of ∼0.02 - 0.03 counts/keV/kg/y, depending on a reasonable range of unknown
parameters in the extrapolation model. Since the surface contamination of inert materials fac-
ing the detectors constitutes, based on our current knowledge, the dominant contribution to
the ββ0ν-background, this also represents the upper limit for the ROI-background expected for
CUORE. This means that the BI goal of the experiment is almost achieved.

4 CUORE status

CUORE is expected to start operating by end 2014. It’s construction is approaching the final
stages. At LNGS the Hut and the clean room are fully equipped. The radon abatement system is
installed, the commissioning of the cryostat vessels and of the cryostat dilution unit have started.
Meanwhile in the US the calibration system construction has begun, the thermistors production
is finished and their characterization is on-going. Copper parts are being machined and cleaned
at Laboratori Nazionali di Legnaro, where the TECM procedure was implemented, and the final
delivering should be by end 2013. Crystal production at the Chinese crystal factory is coming to
the end. Almost 95% of the TeO2 detectors are already stored underground at LNGS to avoid
exposure to cosmic rays. In order to reduce recontamination of crystals surfaces, they are kept
in nitrogen overpressure inside stainless-steel cabinets until their extraction for the construction
of CUORE.

In March 2013 the CUORE towers assembly has started and the first two towers are amost
ready. All the operations are performed in clean room and must follow very strict prescriptions
in order to avoid any possible contamination of the detectors. The construction of every single
CUORE tower consists of 5 main steps, for each of which a specific glove boxe was realized in
order to handle the detectors in nitrogen overpressure and without any direct contact with the
external environment. The first step is the gluing of the thermistor to the crystal, performed
using a semi-authomatic machine developed in order to make this operation fast, more uniform
and reproducible among detectors. Once all the 52 detectors of one tower are equipped the
assembly is performed in the “Tower Assembly Line”. It consists of a sealed and nitrogen fluxed
stainless steel chamber provided with an elevator platform and supporting a working plane where
4 different glove boxes can switch for: 1) mounting the detectors inside the copper skeleton; 2)
installing the wires strips used to connect the detector to the electronics; 3) bonding 25 microns
gold wires from the thermistor gold pads to the copper pads of the wire strips; 4) storing the
assembled tower.

5 CUORE-0

While the full mass experiment is being constructed a smaller scale TeO2 array, CUORE-0, was
put into operation inside the dilution refrigerator previously hosting Cuoricino. It consists of
exactly one CUORE-like tower and is intended to be at the same time a proof of concept fo
CUORE in all stages and a self-consistent experiment, able to extend the physics reach beyond
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Figure 2: Left: 2615 keV γ sample event. Right: 232Th calibration spectrum of one detector.

Cuoricino and to demonstrate the potentiality of big TeO2 arrays for Dark Matter and Axion
detection.

The crystals of CUORE-0 come from the same production of CUORE; all the detector
components have been manifactured, cleaned and stored following the same protocols. The 52-
crystals tower was assembled using the infrastructures and with the procedures developed for
CUORE. The Data Acquisition System (DAQ) and the analysis software of CUORE are here
being tested and optimized, aiming to an easier and more authomatic handling of the data in
view of the 988 detectors.

CUORE-0 was cooled down to a base temperature of ∼8 mK in August 2012 to start the pre-
operation and optimization phase. Unfortunately this was disturbed by some cryogenic problem
(vacuum leaks) due to the advanced age of the dilution refrigerator (∼25 y old). This deteriorated
the detector performances and imposed a stop to recover the system. The calibration performed
before this stop was anyway enough to have a preliminary evaluation of detector performances.
51 detectors over 52 are alive and almost all of them showed reasonable performance. In the left
panel of Fig. 2 the shape of one triggered pulse is shown as acquired by the DAQ for one sample
detector. In the right panel the spectrum acquired by the same detector during the calibration
with a 232Th wire source is shown. The FWHM energy resolution at 2614.5 keV, the energy of
the 208Tl gamma line most close to the ββ0ν Q-value, was of ∼5.3 keV.

The cryogenic problems were finally fixed in February 2013 and in mid March CUORE-0
restarted the pre-operation and optimization phase, mainly devoted to noise reduction. The
official data-taking is now on-going.

6 CUORE-0 and CUORE sensitivity

In the current scientific scenario many 1-ton ββ0ν experiments are in the construction phase,
designed to probe a part or all of the IHR of the neutrino mass spectrum in the next 10 years.
Some of them, like CUORE-0, are already operating in a smaller version, with detector masses
of the order of tents of kg, with the purpose to peer into DR in order to confirm or refute the
the claim for discovery made by part of the Heidelberg-Moscow collaboration 19.

The half-life sensitivity for the ββ0ν of 130Te of CUORE-0 and CUORE versus the live-time
is shown in Fig. 3 20. It was evaluated assuming a detecting efficiency ε =87.4% (as obtained with
Monte Carlo simulations), a FWHM energy resolution in the ROI ∆E =5 cts/keV/kg/y and BI
of 0.05 cts/keV/kg/y and of 0.01 cts/keV/kg/y for CUORE-0 and CUORE respectively. The
CUORE-0 ROI-background is evaluated by scaling the one measured in Cuoricino on the bases
of the improvements achieved in the crystals/copper surface purity and therefore considering
the contamination of the cryostat as the dominant source.

The CUORE cryostat was constructed with very low activity materials, in order to guarantee
that the BI from this component is negligible. The ROI-background of CUORE is therefore
expected to be dominated by the surface activities of the inert materials facing the detectors.
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As shown in Sec. 3 a 90%C.L. ββ0ν-background of 0.02 cts/keV/kg/y is at reach for CUORE,
corresponding to about 0.01 cts/keV/kg/y at 1σ. From Fig. 3 it can be seen that CUORE-0
will surpass CUORICINO (whose final result is reported for reference) in 6 months of live-time,
and is expected to have a 1σ half-life sensitivity close to 1025 y in 2 years of live-time. CUORE
will allow to improve the sensitivity by another order of magnitude, reaching in 5 years of live-
time a 1σ half-life sensitivity of 1.6×1026 y. With such sensitivity CUORE will be able to start
to explore 〈mee〉 values as low as 40÷100 meV (the range is due to the spread in the NME
calculations), corresponding to the upper part of the IHR of the neutrino mass spectrum.
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The SM Scalar Boson





Study of Standard Model Scalar Production in Bosonic Decay Channels in CMS

Guillelmo Gómez-Ceballos
Massachusetts Institute of Technology, Cambridge, USA

The status of the Standard Model Scalar Boson search in the bosonic decay channels at the
CMS experiment at the LHC is presented. The results are based on proton-proton collisions
data corresponding to integrated luminosities of up to 5.1 fb−1 at

√
s = 7 TeV and 19.6 fb−1

at
√
s = 8 TeV. The observation of a new boson at a mass near 126 GeV is confirmed by the

analysis of the new data and first measurements of the boson properties are shown.

1 Introduction

One of the open questions in the standard model (SM) of particle physics1,2,3 is the origin of the
masses of fundamental particles. Within the SM, vector boson masses arise from the spontaneous
breaking of electroweak symmetry by the Higgs field 4,5,6,7,8,9. In 2012, the LHC experiments,
ATLAS and CMS, reported the discovery of a new boson at approximately 125 GeVwith 5 or
more standard deviations each 10,11. Both observations are consistent with expectations for the
SM Higgs boson within the large statistical uncertainties.

The H→ V V modes have the largest sensitivity among all Higgs decays. In particular, the
H→ ZZ→ 4` and H→ γγ modes have very good mass resolution, while the H→WW→ 2`2ν
mode has very large signal yield. In these proceedings the updated analyses with the full available
dataset by the time of the conference are summarized. The data sample corresponds up to 5.1 ±
0.1 fb−1 (19.5 ± 0.8 fb−1) of integrated luminosity collected in 2011 (2012) at a center-of-mass
energy of 7 (8) TeV collected by the CMS experiment at the LHC.

These proceedings are organized as follows. Section 2 briefly describes the main components
of the CMS detector used in the analyses, while Section 3 describes the general selection used
to define the objects. The following Sections 4 to 7 explain each updated final state analysis:
H → ZZ → 4`, H → WW → 2`2ν, WH → WWW → 3`3ν and H → Zγ. It is worth noting
the spin and parity studies on H → ZZ → 4` and H → WW → 2`2ν are summarized in the
CMS Standard Model Scalar properties proceeding. By the time of the conference, there was
no update on H→ γγ, and therefore the quoted results in Reference 10 were still valid.

All Higgs production mechanisms are considered: the gluon fusion process, the associated
production of the Higgs boson with a W or Z boson (VH), the tt̄H process, and the vector
boson fusion (VBF) process. The SM Higgs boson production cross sections are taken from
Reference 12.

2 CMS detector and event simulation

The CMS detector is described in detail elsewhere 13. The key components used for this analysis
are summarized here. A superconducting solenoid occupies the central region of the CMS



detector, providing an axial magnetic field of 3.8 Tesla parallel to the beam direction. Charged
particle trajectories are measured by the silicon pixel and strip tracker, which cover the pseudo-
rapidity region |η| < 2.5. Here, η is defined as η = − ln tan θ/2, where θ is the polar angle
of the trajectory of the particle with respect to the direction of the counterclockwise beam. A
crystal electromagnetic calorimeter (ECAL) and a brass/scintillator hadron calorimeter (HCAL)
surround the tracking volume and cover |η| < 3. A quartz-fiber Cherenkov calorimeter (HF)
extends the coverage to |η| < 5. The muon system consists of gas detectors embedded in the iron
return yoke outside the solenoid, with a coverage to |η| < 2.4. The first level of the CMS trigger
system, composed of custom hardware processors, is designed to select the most interesting
events in less than 3 µs, using information from the calorimeters and muon detectors. The High
Level Trigger processor farm further reduces the event rate to a few hundred Hz before data
storage.

Several Monte Carlo event generators are used to simulate the signal and background pro-
cesses. For all of them, the detector response is simulated using a detailed description of the
CMS detector, based on the geant4 package 14. Minimum bias events are superimposed on the
simulated events to emulate the additional pp interactions per bunch crossing (pile-up). These
samples are re-weighted to represent the pile-up distribution as measured in the data. The
average number of pile-up events per beam crossing in the 2011 data is about 10, and in the
2012 data it is about 20.

3 Object selection

The selection requirements to define the objects in the different final states depend on their
specific characteristics, both in terms of the signal topology and the background processes.
Nevertheless, the general strategy to select the different objects is common for all of them, and
it is described below.

Signal candidates are selected online by trigger paths requiring the presence of one or several
electrons or muons. The use of a combination of them make the efficiencies for events satisfying
the analysis selection above 95% for the final states under study.

Muon candidates are reconstructed combining two algorithms, one in which tracks in the
silicon detector are matched to hits in the muon system, and another in which a global fit
is performed on hits in both the silicon tracker and the muon system. Muons are required
to be isolated to distinguish between muons from W/Z boson decays and those from QCD
background processes, which are usually in or near jets. For each muon candidate, the scalar
sum of the transverse energy of all particles compatible with originating from the primary
vertex is reconstructed in cones of several widths around the muon direction, excluding the
contribution from the muon itself. This information is combined using a multivariate algorithm
which exploits the differences in the differential energy deposition between prompt muons and
muons from hadron decays inside a jet, to discriminate between signal and background.

Electron candidates are identified using a multivariate approach based on variables which
exploit information from the tracker, the ECAL, and the combination of these two detectors.
Electron isolation is characterized by the ratio of the sum of the transverse energy of the particles
reconstructed in a cone around the electron, excluding the contribution from the electron itself,
and the transverse energy of the electron. Isolated electrons are selected by requiring this ratio
to be below a threshold.

For both electrons and muons corrections are applied to account for the contribution to the
energy in the isolation cone from the pile-up. A median energy density (ρ) is determined event
by event and the pile-up contribution is estimated as the product of ρ and an effective isolation
cone area. This contribution is subtracted 15 from the transverse energy in the isolation cone.

Hadronically decaying τ leptons are reconstructed and identified using an algorithm16 which



targets the main decay modes by selecting candidates with one charged hadron and up to two
neutral pions, or with three charged hadrons.

The lepton candidates are required to originate from the primary vertex of the event, which
is chosen as the vertex with the highest

∑
p2T, where the sum runs over all tracks associated

with the vertex.

Photon candidates are reconstructed from clusters of channels in the ECAL around channels
with significant energy deposits, which are merged into superclusters. The clustering algorithms
result in almost complete recovery of the energy of photons in spite of the large fraction of
Bremsstrahlung and converted photons. In the endcaps, the preshower energy is added where
the preshower is present (|η| > 1.65). The observables used in the photon selection are: isolation
variables based on the particle flow algorithm 17, the ratio of hadronic energy in the hadron
calorimeter towers behind the supercluster to the electromagnetic energy in the supercluster,
the transverse width of the electromagnetic shower, and an electron veto to avoid misidentifying
an electron as a photon.

Jets are reconstructed using the anti-kT clustering algorithm 19 with distance parameter
∆R = 0.5, as implemented in the fastjet package 20. A similar correction as for the lepton
isolation is applied to account for the contribution to the jet energy from pile-up events. Jet
energy corrections are applied as a function of the jet ET and η 21. Events are classified according
to the number of selected jets with ET > 30 GeV and |η| < 4.7.

Neutrinos escape detection, and result in large missing transverse energy, Emiss
T , defined

as the modulus of the negative vector sum of the transverse momenta of all reconstructed
particles (charged or neutral) in the event 17. Since the Emiss

T resolution is degraded by pile-up,
the minimum of two different observables is used. The first includes all particle candidates in
the event 17. The second uses only the charged particle candidates associated with the primary
vertex. The use of both variables exploits the presence of a correlation between the two variables
in signal events with genuine Emiss

T , and its absence otherwise, as in Drell-Yan events.

To suppress the top-quark background, a top tagging technique based on soft-muon and b-jet
tagging 22 is applied. The first method rejects events with soft muons which likely come from
semileptonic b-decays coming from top-quark decays. The second method uses a b-jet tagging
algorithm which looks for tracks with large impact parameter within jets. For the second method
jets with ET > 15 GeV are considered. The rejection factor for the top-quark background is
about 50% in the 0-jet category and above 80% for events with at least one jet passing the
selection criteria.

4 H→ ZZ→ 4` analysis

The H→ ZZ→ 4` analysis23 presented here relies critically on the reconstruction, identification,
and isolation of leptons. The high lepton reconstruction efficiencies are achieved for a ZZ system
composed of two pairs of same-flavour and opposite-charge isolated leptons, in the measurement
range m4`,m2`2τ > 100 GeV. One or both of the Z bosons can be off-shell. The background
sources include an irreducible four-lepton contribution from direct ZZ (or Zγ∗) production via
qq annihilation and gg fusion. Reducible contributions arise from Z + bb̄ and tt̄, where the
final states contain two isolated leptons and two jets producing secondary leptons. Additional
background of instrumental nature arises from Z + jets, Z + γ + jets and WZ + jets events,
where jets are misidentified as leptons.

A matrix element likelihood approach 10,30,31 is used to construct a kinematic discriminant
(KD) based on the probability ratio of the signal and background hypotheses, KD = Psig/(Psig+
Pbkg), where the likelihood ratio is defined for each value of m4`, being Psig and Pbkg the signal
and background probabilities, respectively.

To improve the sensitivity to the production mechanisms, the event sample is split into two



categories based on the jet multiplicity: events with fewer than two jets, and events with at least
two jets. In the first category the transverse momentum divided by the mass of the four lepton
system (pT/m4`) is used to discriminate VBF and VH from gluon fusion. In the second category
a linear discriminant (VD) is formed combining two VBF sensitive variables, the difference in
pseudo-rapidity and the invariant mass of the two leading jets. The discriminant is tuned to
separate vector boson from gluon fusion processes.

In summary, m4`, KD, and the two distributions after splitting into two categories based on
the jet multiplicity are used to discriminate between signal and background. The reconstructed
four-lepton invariant-mass distributions for the 4` and 2`2τ final states are shown in Figure 1
and compared with the expectation from SM background processes. The observed distribution
is in good agreement with the expectation. The Z → 4` resonance peak is observed with
normalization and shape as expected. The measured distribution at higher mass is dominated
by the irreducible ZZ background. A clear peak around m4` = 126 GeV is seen.
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Figure 1: Distribution of the 4` (left) and 2`2τ (right) reconstructed mass in the full mass range. Points represent
the data, shaded histograms represent the background and unshaded histogram the signal expectation.

The distributions of the kinematic discriminant KD versus m4` are shown for the selected
events and compared to SM background expectation in Figure 2. The distributions of pT/m4`

and the VBF discriminant VD are presented in Figure 3.

The local p-values, representing the significance of local excesses relative to the background
expectation, are shown as a function of mH in Figure 4. The minimum of the local p-value is
reached around m4` = 125.8 GeV, and corresponds to a local significance of 6.7σ (for an expec-
tation of 7.2 σ). This constitutes an observation of the new boson in the four-leptons channel
alone. As a cross-check, the 1D (m4`) and 2D (m4`, KD) models are also studied, and observed
a local significance of 4.7 and 6.6 σ, for an expectation of 5.6 and 6.9 σ, respectively. The upper
95% confidence level (CL) limits obtained from the combination of the 4` and 2`2τ channels
using the modified frequentist construction CLs method 24,25,26 are also shown in Figure 4. The
SM-like Higgs boson is excluded by the four-lepton channels at 95% CL in the range 130–827 GeV
(for an expectation of 114–778 GeV). The signal strength µ, relative to the expectation for the
SM Higgs boson, is measured to be µ = 0.91+0.30

−0.24 at 125.8 GeV.

The mass measurement of the new resonance is performed with a three-dimensional fit using
for each event the four-lepton invariant mass, the associated per-event mass uncertainty, and
the kinematic discriminant. Per-event uncertainties on the four-lepton invariant mass are calcu-
lated from the individual lepton momentum uncertainties. Figure 5 shows the one-dimensional
likelihood scan versus SM Higgs boson mass performed under the assumption that its width is
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Figure 2: Distribution of the kinematic discriminantKD versusm4` in the low-mass region. The contours represent
the expected relative density of signal events for mH = 126 GeV (left) and for background events (right). The
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Figure 3: Distributions for the pT/m4` in the first category for the VBF discriminant in second category. Only
events in the mass region 121.5 < m4` < 130.5GeV are considered.

much smaller than the detector resolution. The resulting fit gives mH = 125.8±0.5 (stat.) ±0.2
(syst.) GeV. The systematic uncertainty accounts for the effect on the mass scale of the lepton
momentum scale and resolution.

The jet categorization and the utilization of the transverse momentum spectrum and vec-
tor boson fusion sensitive variables are used to disentangle the production mechanisms of the
observed new state. The production mechanisms are split into two categories depending on
whether the production is induced by vector bosons (VBF, VH) or fermions (gluon fusion loop
with quarks, tt̄H). Two respective signal strength modifiers (µF , µV ) are introduced as scale
factors to the SM expected cross section. A two dimensional fit is performed for the two signal
strength modifiers assuming a mass hypothesis of mH = 125.8 GeV. Figure 5 shows the result
of the (µV , µF ) fit, leading to the measurements µV = 1.0+2.4

−2.3 and µF = 0.9+0.5
−0.4.
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5 H→WW→ 2`2ν analysis

The search strategy for H→W+W− is based on the final state in which both W bosons decay
leptonically 27, resulting in a signature with two isolated, oppositely charged, high pT leptons
(electrons or muons) and large missing transverse momentum, Emiss

T , due to the undetected
neutrinos.

To improve the signal sensitivity, the events are separated according to lepton flavor into
e+e−, µ+µ−, and e±µ∓ samples and according to jet multiplicity into 0-jet and 1-jet samples.

To reduce the background from WZ production, any event that has a third lepton passing
the identification and isolation requirements is rejected. The contribution from Wγ production,
when the photon is misidentified as an electron, is reduced by about 90% in the dielectron final
state by γ conversion rejection requirements. The background from low mass resonances is
rejected by requiring a dilepton mass (m``) greater than 12 GeV. A minimum requirement on



the dilepton transverse momentum (p``T ) is applied to reduce the W + jets background.

The Drell-Yan process produces same-flavor lepton pairs (e+e− and µ+µ−). In order to
suppress this background, a few additional cuts are applied in the same-flavor final states. First,
the resonant component of the Drell-Yan production is rejected by requiring a dilepton mass
outside a 30 GeV window centered on the Z pole. Then, the remaining off-peak contribution is
suppressed by exploiting different Emiss

T -based approaches.

To enhance the sensitivity to a Higgs boson signal, a cut-based approach is chosen for the
final “Higgs” selection in all categories. Because the kinematics of signal events change as a
function of the Higgs mass, separate optimizations are performed for different mH hypotheses
in a cut–based analysis. In addition, a two-dimensional shape analysis technique is also pursued
for the different-flavor final state in the 0-jet and 1-jet categories. This second analysis is more
sensitive to the presence of a Higgs boson and is used as a baseline for the final results.

In the cut-based approach extra requirements, designed to optimize the sensitivity for a SM
Higgs boson, are placed on p`,max

T , p`,min
T , m``, ∆φ`` and the transverse mass mT, defined as√

2p``TE
miss
T (1− cos ∆φEmiss

T ``), where ∆φEmiss
T `` is the difference in azimuth between Emiss

T and

the transverse momentum of the dilepton system. The m`` and mT distributions in the 0-jet in
the different-flavor final state are shown in Figure 6 for a SM Higgs boson with mH = 125 GeV.
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Figure 6: Distributions of dilepton mass (left) and the transverse mass (right) in the 0-jet category, in the
different-flavor final state for a mH = 125 GeV SM Higgs boson and for the main backgrounds. The cut-based

H→W+W− selection, except for the requirement on the variable itself, is applied.

The two-dimensional shape analysis for the different-flavor final state uses two independent
variables, mT and m``. It allows for a simpler physical interpretation of the observed data with
a sensitivity comparable to other more complex techniques. The two-dimensional distributions
for the mH = 125 GeV Higgs signal hypothesis and background processes are shown in Figure 7
for the 0-jet bin.

After applying the Higgs selection, upper limits are derived for the ratio of the product of the
Higgs boson production cross section and the H → W+W− branching fraction, σH × BR(H →
W+W−), and the SM Higgs expectation, σ/σSM . For the shape approach, the analysis in the
different-flavor final state in the 0-jet and 1-jet categories is combined with the cut-based analysis
in all other categories.

The 95% observed and median expected CL upper limits for the shape analysis are shown
in Figure 8, which excludes a Higgs boson in the mass in the range 128–600 GeV at 95% CL.
The expected exclusion range for the background only hypothesis is 115–575 GeV. An excess
of events is observed for hypothetical low Higgs boson masses, which makes the observed limits
weaker than the expected ones. Due to the poor mass resolution of this channel the excess
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Figure 7: Two-dimensional mT − m`` distributions in the 0-jet bin for the mH = 125 GeV SM Higgs signal
hypothesis (left) and the background processes (right).

extends over a large mass range.

The observed (expected) significance for a SM Higgs with a mass of 125 GeV is 4.0 (5.1)
standard deviations for the shape-based analysis. The observed and expected significances and
for each Higgs mass hypothesis is shown in Figure 8. The observed µ value for mH = 125 GeV
using the shape-based analysis is 0.76 ± 0.13 (stat.) ± 0.16 (syst.) = 0.76 ± 0.21 (stat.+syst.).
The statistical component is obtained by fixing all the nuisance parameters to their fit values and
recomputing the likelihood profile. Then, the systematic component comes from a subtraction
in quadrature of the full uncertainty and the statistical component.
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6 WH→WWW→ 3`3ν analysis

In the WH → WWW → 3`3ν channel 28, events are selected by requiring three charged lepton
candidates, electrons or muons, with total charge equal to ±1 are required, with pT >20 GeV
for the leading lepton and pT >10 GeV for the other leptons. The data analysis is performed



by using a shape-based approach, with a cross check from a single bin counting experiment. To
further improve the sensitivity the events are split into two categories: all events that have an
opposite-sign same-flavor lepton pair are classified in one category (OSSF), everything else is
classified as in the same-sign same-flavor category (SSSF). While 1/4 of the events are selected
in the second category, the expected background is rather small since physics processes leading
to this final state have small cross section.

Events are required to have Emiss
T above 40 (30) GeV in the OSSF (SSSF) category. To

reduce the background from top decays, events are rejected if there is at least one jet with ET

above 40 GeV. The WZ → 3`ν background is largely reduced by requiring that all the OSSF
lepton pairs have a dilepton mass at least 25 GeV away from mZ. To reject the Z/W + γ∗

background, the dilepton mass of all opposite-charge lepton pairs are required to be greater
than 12 GeV. Finally, the signal region is defined by requiring in addition to all the above cuts
that the smallest dilepton mass m`` is less than 100 GeV and that the smallest distance between
opposite-charge leptons ∆R`+`− is less than 2.

A shape-based analysis is carried out as a main analysis due to its superior performance
with respect to a simple counting experiment. In this analysis a cut on ∆R`+`− is not applied,
and instead it is used as the final discriminant. Tests have shown this variable to provide the
best discrimination between signal and background events, in terms of both expected limits and
significance.

No significant excess of events is observed with respect to the background prediction, and
95% CL upper limits are calculated for the Higgs boson cross section with respect to σ/σSM . The
expected and observed upper limits are shown in Figure 9. Since the analysis is independent of
Higgs mass, and the shape of the ∆R`+`− distribution changes just slightly for the Higgs signal,
only small fluctuations are expected between different Higgs mass hypotheses. For the cut-based
analysis, the observed (expected) upper limit at the 95% CL is 3.7 (3.6) times larger than the
SM expectation for mH = 125 GeV. For the shape-based analysis, the observed (expected)
upper limit at the 95% CL is 3.3 (3.0) times larger than the SM expectation for mH = 125 GeV.
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Figure 9: Upper limits at 95% CL in the WH→ 3`3ν final state for the cut-based analysis (left) and shape-based
analysis (right)

7 H→ Zγ analysis

The H→ Zγ decay channel 29 is a clean final state, with the Z boson decaying into an electron
or a muon pair, plus an isolated photon.

The invariant mass of at least one `+`− pair is required to be greater than 50 GeV. If two



dilepton pairs are present, the one closest to the Z mass is taken. The invariant mass of the
`+`−γ system, m``γ , is required to be between 100 and 180 GeV. Other conditions that combine
the information from the photon and the leptons are: (1) the ratio of the photon transverse
energy to m``γ must be greater than 15/110, this requirement allows us to reject backgrounds
without significant loss in signal sensitivity and without introducing a bias in the m``γ spectrum;
(2) the ∆R separation between each lepton and the photon must be greater than 0.4 in order
to reject events with initial-state radiation avoiding photon influence lepton isolation; and (3)
final-state radiation events are rejected by requiring a minimum of 185 GeV on the sum of m``γ

and m``.

The sensitivity of the search is enhanced by subdividing the selected events into classes
according to indicators of the expected mass resolution and the signal-to-background ratio, and
then combine the results in each class. For this purpose, four mutually exclusive event classes
are defined: in terms of the pseudo-rapidity of the leptons and the photon and on the shower
shape of the photon for one of the topologies. The background model fit to the mµµγ distribution
for two event classes is shown in Figure 10.

No excess over the background is observed, and therefore the data are used to derive upper
limits on the proton-proton Higgs boson production cross section times the H→ Zγ branching
fraction, σH × BR(H → Zγ). The expected and observed limits are both shown in Figure 10.
The expected exclusion limits at 95% confidence level are between 6 and 19 times the standard
model cross section and the observed limit fluctuates between about 3 and 31 times the SM
cross section.

 (GeV)Hm
120 125 130 135 140 145 150

S
M

 B
R

]
×σ

/[
95

%
C

L
 B

R
]

×σ[

0

5

10

15

20

25

30

35

40
Observed

Median Expected

σ 1 ±Expected 

σ 2 ±Expected 

CMS Preliminary
-1 = 7 TeV L = 5.0 fbs

-1 = 8 TeV L = 19.6 fbs

Electron + muon channels

Figure 10: Background model fit to the mµµγ distribution for two event classes (left). The statistical uncertainty
bands shown are computed from the data fit. Exclusion limit on the cross section of a SM Higgs boson decaying

into Z-boson and a photon as a function of mH (right).

8 Summary

The status of the SM Scalar Boson search in the bosonic decay channels at the CMS experiment
at the LHC has been presented. The results are based on proton-proton collisions data corre-
sponding to integrated luminosities of up to 5.1 fb−1 at

√
s = 7 TeV and 19.6 fb−1 at

√
s = 8

TeV. The observation of a new boson at a mass near 126 GeV is confirmed by the analysis of
the new data and first measurements of the boson properties have been shown.
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ATLAS studies on Higgs to diboson states
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The latest studies on the observed Higgs-like boson performed by the ATLAS experiment in
diboson channels are reported. Emphasis is given to the property measurements (mass, spin-
parity, couplings) of the new boson, that are driven by these channels. Most of them exploit
the whole data sample of 20.7 fb−1 collected at the LHC in 2012 at

√
s = 8 TeV and 4.8 fb−1

collected in 2011 at
√
s = 7 TeV.

1 Introduction

Diboson states were at the core of the Higgs-like boson discovery published last Summer by
the ATLAS and CMS collaborations 1,2, based on γγ, ZZ(∗) → 4l and WW (∗) → lνlν final
states. Since then, ATLAS Higgs to diboson states analyses mostly focused on refining the
property measurements (mass, spin-parity, couplings) of the new boson, that are driven by
these channels. In the following, updated H → γγ and H → ZZ(∗) → 4l analyses are reported,
exploiting the whole LHC proton-proton collision dataset of 20.7 fb−1 at

√
s = 8 TeV and

4.8 fb−1 at
√
s = 7 TeV recorded by the ATLAS detector3. Besides the benefit from an increased

data sample, they have been further improved to be more sensitive to the vector-boson fusion
(qq′ → qq′H, denoted VBF) and Higgs-strahlung (qq′ → WH/ZH, denoted VH) production
modes, largely sub-dominant (∼ 10%) with respect to the gluon fusion process (gg → H, denoted
ggF) in the Standard Model (SM). These updated results are complemented with an analysis
in the H → WW (∗) → lνlν channel and a first search in the H → Zγ decay channel. Diboson
states are also at the core of dedicated Higgs boson searches at high mass (150 − 1000 GeV),
that need to be re-interpreted in light of the new boson discovery. In this respect, an updated
H → ZZ → 4l analysis, using the whole data sample and searching for other possible signals of
beyond Standard Model Higgs(es) at high mass, is reported.

2 Updated results in the H → γγ channel and property measurements

The H → γγ decay channel provides a clean final-state topology with two isolated photons with
high transverse energy, allowing the resonance mass to be reconstructed with high precision.
The analysis 4 exploits the whole data sample of 20.7 fb−1 collected in 2012 at

√
s = 8 TeV and

4.8 fb−1 collected in 2011 at
√
s = 7 TeV. It searches for a localized excess of diphoton events over

a smoothly falling background due to prompt diphoton production and to events with at least
one jet misidentified as a photon. The two main experimental handles are therefore background
reduction and invariant mass resolution. For the former, pile-up robust photon identification
criteria are associated with track- and calorimeter-based isolation requirements, resulting in a
∼40% signal event efficiency. This allows to reduce the γ-jet and jet-jet backgrounds well below



(∼25%) the irreducible γγ-continuum (∼75%), as measured with data-driven techniques over
the explored mass range from 100 GeV to 160 GeV. The angular term in the diphoton mass
resolution is negligible thanks to the use of the calorimeter longitudinal segmentation to com-
pute the so-called ’photon pointing’, that is further fed in a multivariate discriminant exploiting
also tracking information. This allows to reconstruct the diphoton primary vertex location with
high efficiency even in high pile-up conditions. The overall inclusive diphoton mass resolution,
dominated by the energy resolution, is 1.77 GeV, shown to be very stable with time and pile-up
conditions. The signal-to-background ratio in a mass window around mH = 125 GeV contain-
ing 90% of the expected signal is 3%. The inclusive invariant mass distribution of the 142 681
diphoton candidates reconstructed in the range 100 < mγγ [GeV]< 160 is shown in Figure 1
(left) with overlaid signal-plus-background fit.

To increase the sensitivity of the signal measurement, the selected events in the 8 TeV data
sample are divided into 14 exclusive categories based on event properties (the 7 TeV analysis is
unchanged with respect to Ref. 5). The categorisation has been re-optimised to favour coupling
measurements, five categories being designed to increase the sensitivity to the VBF and VH pro-
duction processes. They are based on the selection of different objects, like one lepton or high
missing transverse energy or two jets with small rapidity separation for the VH mode. None of
the categories targeting a particular production mode are 100% pure and all have an admixture
of other production mechanisms. Compared to the previous analysis 5, new categories enriched
in associated production with vector bosons have been introduced and a multivariate analysis -
exploiting the full event topology and the correlation between photon and jet kinematic quan-
tities - is performed to improve the sensitivity to the VBF production mode. As an example,
the expected purity in VBF events is improved to 75% in the best dedicated category, where 8.1
signal events are expected. The nine other categories differ in signal-to-background ratio (from
1% to 16%) as well as invariant mass resolution (from 1.4 to 2.5 GeV). In each category, the
signal is extracted by a signal-plus-background fit to the invariant mass distribution.

The excess of events around mH = 126.5 GeV seen in Figure 1 (left) is quantified in Figure 1
(right), showing the local p0 value, i.e. the probability of the background fluctuating beyond
the observation in the combined 7 TeV and 8 TeV dataset. The largest local significance is
observed to be 7.4 σ at mH = 126.5 GeV, while the expected significance is 4.1 σ. The largest
observed (expected) local significance for the inclusive analysis is 6.1 (2.9) σ. The best-fit values
of the signal strength µ, defined as a scale factor of the number of signal events expected from
the SM Higgs boson hypothesis, and mH are shown in Figure 2 (left). The measured value of
the mass is 126.8 ± 0.2(stat)±0.7(syst) GeV, where the systematic error is largely dominated
by the uncertainties on the photon energy scale. At this best-fit mass, the signal strength µ is
measured to be 1.65+0.34

−0.30, consistent across the various categories within their uncertainties. The
total uncertainty is fairly shared between the statistical component (±0.24) and the systematic
one (+0.25

−0.18), which includes experimental uncertainties on the signal yield, signal resolution and
migration between categories and theoretical uncertainties on the inclusive Higgs boson produc-
tion cross section and decay branching ratio. The compatibility in the signal strength parameter
between the data and the SM Higgs boson signal plus background hypothesis is estimated to be
at the 2.3 σ level.

The event categories targeting different Higgs production modes allow to perform measure-
ments on the signal strength of these individual modes. In Figure 2 (right), the ggF and ttH
processes (resp. the VBF and VH processes), involving the coupling between a Higgs boson
and top quarks (resp. gauge bosons), are grouped together to share the same signal strength
parameter µggF+ttH (resp. µV BF+V H). The fitted signal strengths are multiplied by a common
scale factor B/BSM , where B is the branching ratio for H → γγ and BSM is the branching
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Figure 1: Left: Invariant mass distribution of the selected diphoton candidates in the combined
√
s = 7 TeV

and
√
s = 8 TeV data samples. The result of a fit including a signal component fixed to mH=126.8 GeV and a

background one described by a fourth order Bernstein polynomial is superimposed. The bottom inset displays the
data residuals with respect to the fitted background. Right: Observed (full line) and expected (dashed line) local
p0-value as a function of mH , for the categorised analysis (red) and the fully inclusive analysis (black). Ref.4.

ratio predicted by the SM. The best fit to the full dataset is in agreement with the SM expecta-
tions at the 2 σ level. The measurement has also been performed separating the VBF and VH
production modes and the best-fit values for the signal strengths, displayed in Figure 3 (left),
are:

µggF+ttH ×B/BSM = 1.6+0.3
−0.3(stat)+0.3

−0.2(syst)

µVBF ×B/BSM = 1.7+0.8
−0.8(stat)+0.5

−0.4(syst)

µVH ×B/BSM = 1.8+1.5
−1.3(stat)+0.3

−0.3(syst)

(1)

Compared to the last public results5, the related uncertainties have been improved by ∼30%
(∼45%) for the VBF (VH) production signal strengths, thanks to the use of the full 2011+2012
statistics and to the re-optimised categorisation. The sensitivity to the VBF production mode
is further quantified in Figure 3 (right), showing the local pV BF0 value as a function of mH for
a SM Higgs boson signal produced in VBF. The other Higgs production modes are considered
as background and their respective signal strengths are treated as nuisance parameters. The
observed (expected) significance at the best-fit mass mH = 126.8 GeV is 2.0 σ (1.3 σ).

A first measurement of the fiducial cross section for the production of the observed particle
times branching ratio to the two photon decay mode has been performed, using 20.7 fb−1

of data at
√
s = 8 TeV. The fiducial region is defined, for isolated photons, by the kine-

matic range Eγ1
T > 40 GeV, Eγ2

T > 30 GeV and |ηγ | < 2.37. The measurement, 56.2 ±
10.5(stat)±6.5(syst)±2.0(lumi) fb, is compatible with the SM Higgs signal prediction measured
using the same sample.

The spin property of the new particle is studied in the γγ decay channel by comparing
the distribution of the photon polar angle θ∗ in the resonance rest frame measured in the data
to those predicted by the SM and by specific spin-2 models (graviton-like spin-2 state with
minimal couplings). The analysis presented here 5 uses 13 fb−1 of 8 TeV data a. It is per-
formed without categorisation in the signal region defined by the diphoton invariant mass range
[123.8,128.6] GeV around the resonance peak. The background | cos θ∗| distribution is deter-
mined from data, using the events in the sidebands of the diphoton invariant mass distribution.
The main systematic uncertainty arises from the statistical component of the extrapolation pro-
cedure from the sidebands to the signal region. The observation is fully compatible with the

aIt has been updated with the full statistics shortly after the conference, see Ref. 6.
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SM 0+ hypothesis, which is slightly favoured over the spin-2+ hypothesis. The discrimination is
largest for a spin-2 state produced via gluon fusion (with a 87% exclusion confidence level using
CLS), and decreases as expected with an increasing fraction of quark annihilation production
process.

3 Updated results in the H → ZZ(∗) → 4 leptons channel and property measure-
ments

The H → ZZ(∗) → 4l (l = e, µ) decay channel provides a clean signature (two pairs of opposite-
sign same-flavour isolated leptons) with a very low level of background and a fully reconstructed
final state with excellent mass resolution. The analysis 7 exploits the whole data sample of
20.7 fb−1 collected in 2012 at

√
s = 8 TeV and 4.8 fb−1 collected in 2011 at

√
s = 7 TeV. Because

of the small SM cross section times branching ratio (∼2.5 fb at
√
s = 8 TeV for mH = 125 GeV),

high lepton acceptance, reconstruction and identification efficiencies are crucial down to low pT
(set to 6/7 GeV for muons/electrons in this analysis). The combined signal reconstruction and
selection efficiency for a SM Higgs boson with mH = 125 GeV in the 8 TeV data is ∼40% for
the 4µ channel and ∼20% for the 4e channel. The impact on the reconstructed invariant mass
of photon emission from final state radiation (FSR) is modelled by the simulations. All leading
di-muon pair candidates with 66 < mµµ [GeV]< 89 are corrected for FSR by including in the



invariant mass any selected photon with a reconstructed transverse energy above 1 GeV. This
correction applies to ∼4% of all H → ZZ(∗) → 4µ candidate events, in good agreement between
data and Monte Carlo. The 4-lepton invariant mass resolution is improved by applying a Z-mass
constrained kinematic fit to the leading lepton pair for m4l < 190 GeV and to both lepton pairs
for higher masses. The typical mass resolutions for mH = 125 GeV are 1.3% and 1.9% for the
4µ and 4e sub-channels, respectively.

The largest background comes from continuum (Z(∗)γ∗)(Z(∗)γ∗) production, referred to here-
after as ZZ(∗), estimated using MC simulations normalised to the theoretical cross section. For
low masses there are also important background contributions from Z+jets and tt̄ production,
where charged lepton candidates arise either from decays of hadrons with b- or c-quark content,
from photon conversions or from jet mis-identification. Such reducible backgrounds are sup-
pressed with impact parameter and track- and calorimeter-based isolation requirements. They
are measured from various background-enriched control regions in data, whose yields are extrap-
olated to the signal region through transfer factors obtained from MC simulations and checked
in data.

The invariant mass distribution of the selected four-lepton candidates reconstructed in the
range 80 < m4l [GeV]< 250 is shown in Figure 4 (left), together with the expectations for the
backgrounds and the mH = 125 GeV signal hypothesis. In the high-mass region m4l > 160 GeV,
376 events are observed, in good agreement with the background expectations, 348± 26 events,
largely dominated by ZZ(∗). In the signal region 120 < m4l [GeV]< 130, 11.1± 1.3 background
events are expected while 15.9±2.1 events are expected for a mH = 125 GeV Higgs signal, lead-
ing to an overall signal-to-background ratio of 1.4. In this region, 32 events are observed. Their
two-dimensional distributions of leading versus subleading dilepton invariant masses, displayed
in Figure 4 (right), are in good agreement with the Monte Carlo expectations.

The excess of events around mH = 125 GeV seen in Figure 4 (left) is quantified in Figure 5
(left), showing the local p0 value as a function of the hypothesised Higgs mass. The largest
local significance is observed to be 6.6 σ at mH = 124.3 GeV - above the 5 σ mark for this
individual channel as for the γγ case -, while the expected significance is 4.4 σ. The best-fit
values of the signal strength µ and mH are shown in Figure 5 (right). The measured value of
the mass is 124.3+0.6

−0.5(stat)+0.5
−0.3(syst) GeV, the total error of ∼0.5% being slightly dominated

by the statistical component and the systematic error being dominated by the energy and mo-
mentum scale uncertainties. At this best-fit mass, the signal strength µ is measured to be 1.7+0.5

−0.4.

The use of the whole data sample allows to further split the selected events in three differ-
ent categories, designed to increase the sensitivity to the VBF and VH production processes.
Events entering in the VBF-enriched category have two reconstructed jets with a large pseudo-
rapidity separation (|∆ηjj | > 3) and a high dijet mass (mjj > 350 GeV). In the high-mass
region m4l > 160 GeV, 6 events are observed in this category, in good agreement with the
background expectations, 3.8 ± 1.3 events, largely dominated by ZZ(∗). In the signal region
120 < m4l [GeV]< 130, 0.71± 0.10 events are expected for a mH = 125 GeV Higgs signal, with
a 60% purity in VBF-produced events and a signal-to-background ratio around 5. In this region,
1 event is observed. This categorisation allows to perform measurements on the signal strength
of the different Higgs production modes. In Figure 6 (left), the ggF and ttH processes (resp. the
VBF and VH processes), involving the coupling between a Higgs boson and top quarks (resp.
gauge bosons), are grouped together to share the same signal strength parameter µggF+ttH (resp.
µV BF+V H). The fitted signal strengths are muliplied by a common scale factor B/BSM , where
B is the branching ratio for H → ZZ(∗) → 4l and BSM is the branching ratio predicted by the
SM. The measured values for µggF+tt̄H×B/BSM and µVBF+VH×B/BSM are 1.8+0.8

−0.5 and 1.2+3.8
−1.4,
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signal expectation for a SM Higgs with mH = 125 GeV is also shown. Right: Distribution of the leading versus
subleading dilepton invariant masses, before the application of the Z- mass constrained kinematic fit, for the 32
selected candidates in the m4l range 120-130 GeV. The expected distributions for a SM Higgs with mH = 125 GeV
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respectively. Further coupling interpretations of these results are presented elsewhere 8.

This channel provides a good sensitivity to search for an additional Higgs-like boson over a
wide mass range. As no excess is observed in the data over the expected background in the mass
range 200 GeV-1 TeV, upper limits are set on the production cross sections times branching
ratio, assuming the signal to have a SM-like width, estimated using the complex-pole-scheme
(CPS) 9. The limits are derived separately for the ggF and the combined VBF/VH production
mechanisms using the event categorisation described above, as illustrated in Figure 6 (right) for
the gluon fusion production case.

A spin-parity analysis is performed on the 43 events with a reconstructed four-lepton invari-
ant mass in the range 115 < m4l [GeV]< 130. It exploits the kinematics of the production and
decay of the events (one production angle, four decay angles and the two Z(∗) boson masses) to
build discriminants sensitive to the new boson spin-parity. Hypothesis tests comparing the SM
0+ hypothesis with 0−, 1+, 1−, 2+ and 2− have been performed, assuming a pure gluon fusion
production. The scalar 0+ hypothesis has also been compared to the 2+ hypothesis for varying
fractions of gluon fusion and quark annihilation production. The expected separation is found
to be independent of the production fractions. The Higgs-like boson is found to be compatible
with the SM expectation of 0+ when compared pair-wise with 0−, 1+, 1−, 2+ and 2−. The 0−

and 1+ states are excluded at the 97.8% confidence level or higher using CLS in favour of 0+,
as illustrated in Figure 7 for the pseudo-scalar 0− case.

4 Analysis in H →WW (∗) → lνlν channel with 13 fb−1 of 8 TeV data

The signature for the H → WW (∗) → lνlν channel is two high pT opposite-charge leptons and
a large missing transverse energy in the event due to the escaping neutrinos. This channel has a
high rate, but limited mass resolution and a complex mixture of large backgrounds. The analysis
presented here 10 uses 13 fb−1 of 8 TeV data b, so only a short description is given. It uses final
states with different-flavour leptons and 0 or 1 jet. The main backgrounds (WW , tt̄, W+jets)

bIt has been updated with the full statistics shortly after the conference, see Ref. 11.
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are estimated from signal-free control regions in data. A broad excess of events is observed
over the expected background, as seen in Figure 8 (left). It is quantified in Figure 8 (right),
showing the local p0 value as a function of the hypothesised Higgs mass. Due to the limited
mass resolution in this channel, the p0 distribution is rather flat around mH = 125 GeV. The
local observed (expected) significance of the excess is 2.6 σ (1.9 σ) at mH = 125 GeV. At this
mass value, the signal strength µ is measured to be 1.5 ± 0.6, where the total error is slightly
dominated by the systematic uncertainty.
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5 First search for the SM Higgs boson in the H → Zγ decay channel

The large integrated luminosity of the whole data sample (20.7 fb−1 at
√
s = 8 TeV and 4.6 fb−1

at
√
s = 7 TeV) is exploited to perform a first search in the rare decay channel H → Zγ,

Z → l+l− (l = e, µ) 12. This decay occurs through loop diagrams, making it particularly sensi-
tive to the potential presence of new heavy particles and complementary to the H → γγ decay
channel. The SM cross section times branching ratio is ∼2 fb at

√
s = 8 TeV for mH = 125 GeV.

With a ∼30% event selection efficiency, 15 signal events are therefore expected to be selected
in the whole data sample. The main SM backgrounds originate from Z + γ events and produc-
tion of Z+jets with one jet misidentified as a photon. The latter contribution is measured with
data-driven techniques to be well below (∼17%) the irreducible Z+γ contribution (∼82%). The
total amount of background is directly fitted to the data mass spectrum, using the difference
∆m between the final state three-body invariant mass mllγ and the di-lepton invariant mass
mll as discriminating variable. No significant deviation from the SM background prediction is
observed, as illustrated in Figure 9 (left) in the muon channel for the

√
s = 8 TeV data sample.

Upper limits on the cross section of a Higgs boson with a mass between 120 and 150 GeV are
therefore derived, as shown in Figure 9 (right). For a Higgs boson mass of 125 GeV, the observed
(resp. expected) limit is 18.2 (resp. 13.5) times the Standard Model. The results are dominated
by the statistical uncertainties.
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6 Summary

First and preliminary analyses of the Higgs-like boson in γγ and ZZ(∗) → 4l channels have
been performed with the whole LHC dataset of 20.7 fb−1 at

√
s = 8 TeV and 4.8 fb−1 at√

s = 7 TeV recorded by the ATLAS detector, allowing for refined property measurements.
The signal observation is established in both individual channels with a significance above 6 σ.
The new boson mass measurements reach a 0.5% accuracy in both channels, their compatibility
and combination being discussed elsewhere 8. Measurements of the signal strengths in different
production processes are all consistent with a Standard Model Higgs boson, while spin-parity
analyses do favour the SM expectation of 0+ when compared pair-wise with 0−, 1+, 1−, 2+ and
2−. These H → γγ and H → ZZ(∗) → 4l results are complemented with an analysis in the
H →WW (∗) → lνlν channel and a first search in the H → Zγ decay channel.

Updated measurements of the properties of the Higgs-like boson combining the diboson
channels with fermionic decay studies 13 are reported elsewhere 8.
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We study the indirect effects of new physics on the phenomenology of the recently discovered
“Higgs-like” particle. Assuming that the observed state belongs to a light electroweak doublet
scalar and that the SU(2)L⊗U(1)Y symmetry is linearly realized, we parametrize these effects
in terms of an effective Lagrangian at the electroweak scale. We choose the dimension–six
operator basis which allows us to make better use of all the available data to constrain the
coefficients of the dimension-six operators. We perform a global 6–parameter fit which allows
simultaneous determination of the standard model scalar couplings to gluons, electroweak
gauge bosons, bottom quarks, and tau leptons. The results are based on the data released at
Moriond 2013. Moreover, our formalism leads to strong constraints on the electroweak triple
gauge boson couplings.

1 Low energy effective Lagrangian: the right of choice

The 2012 discovery of a new state resembling the standard model scalar (SMS) marks the
beginning of the direct study of the electroweak symmetry breaking (EWSB) sector 1. In order
to determine whether this new particle is the state predicted by the standard model (SM)
we must determine its properties like spin, parity, and couplings. Here we use a bottom–up
approach to study the SMS couplings by parametrizing the deviations of the SM predictions by
an effective Lagrangian.

We assume that the newly observed state is part of an electroweak scalar doublet and the
gauge SU(2)L ⊗ U(1)Y is linearly realized. The lowest order operators that modify the SMS
couplings are of dimension–six 2. It is well known 3 that there are 59 independent dimension–six
operators up to Hermitian conjugation and flavor indices once we assume the conservation of P
and C, as well as, of baryon and lepton numbers. However, there is a freedom in the choice of
the basis of operators since operators connected by the equations of motion lead to the same S–
matrix elements4. Thus, the determination of physical observables like production cross sections
or branching ratios would be independent of the choice of basis. Nevertheless independent does
not mean equivalent in real life. For this reason, we advocate that in the absence of theoretical
prejudices it turns out to be beneficial to use a basis that allows us to use the largest dataset
in our analyses. Therefore, a sensible (and certainly technically convenient) choice is to leave in
the basis used to analyze the SMS couplings those operators which are more directly related to
the existing data, in particular to the bulk of precision electroweak measurements which have
helped us to establish the SM.

aTalk given by O. Éboli at the Rencontre de Moriond EW 2013.



In our analysis we write the deviations from the SM predictions as

Leff =
∑
n

fn
Λ2
On , (1)

where the dimension–six operators On involve gauge–bosons, the SMS and/or fermionic fields
with couplings fn and where Λ is a characteristic scale. Our fit to the available datasets leads to
constraints on fn/Λ

2 that can be easily translated into SMS properties and into bounds on triple
gauge boson couplings. The basic building blocks for the dimension–six operators are the SMS

doublet Φ and its covariant derivative, DµΦ =
(
∂µ + i1

2g
′Bµ + ig σa2 W

a
µ

)
Φ in our conventions, as

well as, the hatted field strengths defined as B̂µν = ig
′

2 Bµν and Ŵµν = ig2σ
aW a

µν . We denote the
SU(2)L (U(1)Y ) gauge coupling as g (g′) and the Pauli matrices as σa. The fermionic degrees
of freedom are the lepton doublets L, the quark doublets Q and the SU(2)L singlet fermions fR.

Here we directly present our choice of basis, however the detailed discussion of this choice can
be found in this reference 5. In this basis the bosonic operators modifying the SMS interactions
with the gauge bosons are

OGG = Φ†Φ GaµνG
aµν , OWW = Φ†ŴµνŴ

µνΦ , OBW = Φ†B̂µνŴ
µνΦ ,

OW = (DµΦ)†Ŵµν(DνΦ) , OB = (DµΦ)†B̂µν(DνΦ) , OΦ,1 = (DµΦ)†Φ Φ† (DµΦ) ,

(2)

while the dimension–six operators relevant for the SMS interactions with fermions are

OeΦ,ij = (Φ†Φ)(L̄iΦeRj ), O(1)
ΦL,ij = Φ†(i

↔
DµΦ)(L̄iγ

µLj), O(3)
ΦL,ij = Φ†(i

↔
Da

µΦ)(L̄iγ
µσaLj),

OuΦ,ij = (Φ†Φ)(Q̄iΦ̃uRj ), O(1)
ΦQ,ij = Φ†(i

↔
DµΦ)(Q̄iγ

µQj), O(3)
ΦQ,ij = Φ†(i

↔
Da

µΦ)(Q̄iγ
µσaQj),

OdΦ,ij = (Φ†Φ)(Q̄iΦdRj), O(1)
Φe,ij = Φ†(i

↔
DµΦ)(ēRiγ

µeRj ),

O(1)
Φu,ij = Φ†(i

↔
DµΦ)(ūRiγ

µuRj ),

O(1)
Φd,ij = Φ†(i

↔
DµΦ)(d̄Riγ

µdRj ),

O(1)
Φud,ij = Φ̃†(i

↔
DµΦ)(ūRiγ

µdRj ),

(3)

where we define Φ̃ = σ2Φ∗, Φ†
↔
DµΦ = Φ†DµΦ− (DµΦ)†Φ and Φ†

↔
Da

µΦ = Φ†σaDµΦ− (DµΦ)†σaΦ
and where we denote the family indices by i, j. In addition to the above operators the dimension–
six basis also contains four–fermion interactions, dipole operators, as well as, the operator
OWWW that leads to anomalous triple gauge couplings but does not modify the SMS inter-
actions 5.

One important property of this choice of basis is the presence of the operators OW and OB
that modify the SMS couplings to gauge boson pairs, as well as, the triple electroweak gauge
couplings (TGC). This allows us to use the available TGC data to constrain the SMS properties.
Moreover, the SMS data also have an impact on the present determination of the TGC as shown
below 5,6.

Now we take advantage of all available experimental information in order to reduce the
number of relevant parameters in the analysis of the SMS data:

• Considering that the Z couplings to fermions are in agreement with the SM at the per mil
level 7, the coefficients of all operators that modify these couplings are so constrained that
they will have no impact in the SMS physics with the present statistics. Consequently, we

remove the operators (O(1)
Φf ,O

(3)
Φf ) from our analyses.

• The precision electroweak parameters S and T strongly constrain the coefficients of OBW
and OΦ,1, therefore, we also neglect their contributions.

• The off–diagonal part ofOfΦ is strongly constrained by data on low–energy flavor–changing
interactions. Consequently we also discard them from our basis.



• Flavor diagonal OfΦ from first and second generation only affect the present Higgs data
via their contribution to the SMS–gluon–gluon and SMS–γ–γ vertex at one loop. The
loop form factors are very suppressed for light fermions and correspondingly their effect
is totally negligible in the analysis. Consequently, we keep only the fermionic operators
OeΦ,33, OuΦ,33 and OdΦ,33.

• The tree level information on htt̄ production still has very large errors. So the parameter
fuΦ,33 effectively contributes only to the one–loop SMS couplings to photon pairs and gluon
pairs. At present these contributions can be absorbed in the redefinition of the parameters
fg and fWW , therefore, we set fuΦ,33 ≡ ftop ≡ 0. In the future, when a larger luminosity
is accumulated, it will be necessary to introduce ftop as one of the parameters in the fit.

Therefore, at the end of the day, the effective Lagrangian relevant to our analyses is

Leff = −αsv
8π

fg
Λ2
OGG +

fWW

Λ2
OWW +

fW
Λ2
OW +

fB
Λ2
OB +

fbot

Λ2
OdΦ,33 +

fτ
Λ2
OeΦ,33 , (4)

that contains 6 unknown parameters (fg, fWW , fW , fB, fbot, fτ ).

In order to obtain the present constraints on the six unknown parameters we construct a
chi-square function 5 using all available data on the SMS production and decay coming from
LHC and Tevatron 8 and also on TGC 9 and electroweak precision data (EWPD). The details of
the statistical analyses are presented in reference 5.

2 Results

In order to compare the bounds on the SMS couplings coming from ATLAS and CMS data we
considered a scenario where the SMS couplings to fermions assume their SM values, i.e., we set
fbot = fτ = 0 and fit the available data with {fg, fW , fB, fWW } as free independent parameters.
Figure 1 depicts the ∆χ2 as a function of the four free parameters after marginalizing over the
three undisplayed ones. As we can see in the left panel, the ∆χ2 as a function of fg possesses
two degenerate minima caused by the interference between SM and anomalous contributions. In
the case of the chi–square dependence on fWW there is also an interference between anomalous
and SM contributions, however, the degeneracy of the minima is lifted since the fWW coupling
contributes to SMS decays into photons, WW ∗ and ZZ∗, as well as in V h associated and
vector boson fusion production mechanisms. Moreover, we can see from this figure that the
ATLAS, CMS and combined data exhibit a similar chi–square behavior with respect to the
fitting parameters and that the ATLAS and CMS data lead to similar bounds on the SMS
couplings at 90% CL.

The effect of combining the SMS data with the TGC data and EWPD is presented in Fig. 2
where a different set of free parameters was used for each row. In the upper row of the figure the
SMS couplings to fermions are the SM ones while in the lower row the set of fitting parameters
is augmented with the inclusion of anomalous bottom and tau couplings, fbot and fτ , i.e. we
perform a six–parameter fit in {fg, fW , fB, fWW , fbot, fτ}. When including EWPD we assumed
a scale of 10 TeV in the evaluation of the logarithms appearing in the expressions for S, T and
U ; see reference 5 for further details. Comparing the panels in the same column we can see that
the impact of the different datasets is similar in the two scenarios depicted in this figure. Since
fB and fW are the only fit parameters that modify the TGC at tree level, they are the ones that
show the largest impact of the TGC data, especially fW . Moreover, the inclusion of the EWPD
in the fit reduces significantly the errors on fB and fW , as well as lifts the near degeneracy on
fWW .

Let us explore in more detail the two scenarios presented in Figure 2, focusing on the effects
of allowing for modifications of the Higgs couplings to fermions. Comparing the panels in the
upper row with the ones in the lower row we see the allowed range for fg becomes much larger



Figure 1: ∆χ2 as a function of fg, fWW , fW , and fB assuming fbot = fτ = 0. These panels contain three lines:
the dashed (dotted) line was obtained using only the ATLAS (CMS) data while the solid line stands for the result

using all the available SMS data from ATLAS, CMS and Tevatron.

for the latter case, where the range for fbot is also large. This behavior originates from the fact
that at large fbot the SMS branching ratio into b–quark pairs approaches 1, so to fit the data for
any channel with a final state F with F 6= bb̄, the gluon fusion cross section must be enhanced in
order to compensate the dilution of the H → F branching ratios. This happens due to a strong
correlation between the allowed values of fg × fbot

5. This is illustrated in Fig. 3 which depicts
the strong correlation between the allowed values of fg × fbot.

Still from Fig. 2 we can see that allowing for fbot 6= 0 and fτ 6= 0 has a small impact on the
parameters affecting the SMS couplings to electroweak gauge bosons fW , fB and fWW as shown
by comparing the corresponding upper and lower panels. Concerning fτ , it does not possess any
strong correlation with other variables because the data on pp→ h→ τ+τ− cuts off any strong
correlation between fτ and fg. At the end, the introduction of fτ has a small impact on the
determination of the other free parameters.

We present in Fig. 4 the chi-square dependence on branching ratios and production cross
sections for the two scenarios presented in Fig. 2. The effect of fbot 6= 0 and fτ 6= 0 on physical
observables can be understood by comparing the upper and lower rows of this figure: We can
easily see that the bounds on branching ratios and cross sections get loosened, with the VBF
and VH production cross sections being the least affected quantities while the gluon fusion cross
section is the one becoming less constrained. The reason for this deterioration of the constraints
is due to the strong correlation between fg and fbot just mentioned. We summarize the bounds
on SMS production cross sections and branching ratios in the left panel of Fig. 5 that shows
that the SM predictions for the SMS properties are in good agreement with the available data.

The operators OB and OW modify not only the SMS interactions, but also give rise to TGC
as we have already commented:

∆κγ =
g2v2

8Λ2

(
fW + fB

)
, ∆gZ1 =

g2v2

8c2Λ2
fW , ∆κZ =

g2v2

8c2Λ2

(
c2fW − s2fB

)
, (5)

where s (c) stands for the sine (cosine) of the weak mixing angle. Therefore, we use our frame-
work to get bounds on TGC and we present them in the right panel of Fig. 5, where we can see
that the present SMS physics bounds on ∆κγ ⊗ ∆gZ1 show a non-negligible correlation. This
stems from the correlation imposed on the high values of fW and fB from their tree level con-
tribution to Zγ data, a correlation which is transported to the ∆κγ ⊗∆gZ1 plane. Furthermore,
the right panel of this figure also shows that the present bounds on ∆κγ⊗∆gZ1 from the analysis



Figure 2: ∆χ2 as a function of the fit parameters when we consider all SMS collider (ATLAS, CMS and Tevatron)
data (solid red line), SMS collider and TGC data (dashed purple line) and SMS collider, TGC and electroweak
precision data (dotted blue line). The columns display the ∆χ2 as a function of the fit parameter shown at the
bottom of the column. In the first row we use fg, fWW , fW , and fB as fitting parameters with fbot = fτ = 0,

while in panels of the lower row we fit the data in terms of fg, fWW , fW , fB , fbot, and fτ .

of SMS data are stronger than those coming from direct TGC studies at the LHC.

The most important lesson that we can learn from the right panel of Fig. 5 is the comple-
mentarity of the bounds on new physics effects originating from the analysis of SMS signals
and from studies of the electroweak gauge–boson couplings 6. To assess the potential of this
complementarity we combine the present bounds derived from SMS data with those from the
TGC analysis from LEP, Tevatron and LHC shown in Fig. 5. Clearly the inclusion of the SMS
data leads to stronger constraints on TGC. The combined 1σ 1dof allowed ranges are

−0.002 ≤ ∆gZ1 ≤ 0.026, −0.034 ≤ ∆κγ ≤ 0.034

which imply −0.002 ≤ ∆κZ ≤ 0.029 .

3 Discussion and conclusions

Here, we used a bottom–up approach to describe departures of the SMS couplings from the
SM predictions. Working in a model independent framework these effects can be parametrized
in terms of an effective Lagrangian, more specifically we chose a basis of the dimension–six
operators such that we could use the largest possible dataset to constrain the SMS couplings.
In this general framework the modifications of the couplings of the SMS field to electroweak
gauge bosons are related to the anomalous triple gauge–boson vertex 6. Our fit to the presently
available data show that the SMS branching ratios and cross sections are compatible with the SM
at 1σ level. Moreover, the analysis of the Higgs boson production data at LHC and Tevatron is
able to furnish bounds on the related TGC which, in some cases, are tighter than those obtained
from direct triple gauge–boson coupling analysis. In the near future the LHC collaborations will
release their analysis of TGC with the larger statistics of the 8 TeV run. The combination of those



Figure 3: We present the 68%, 90%, 95%, and 99% CL allowed regions in the plane fbot × fg when we fit the
ATLAS, CMS, Tevatron, and TGC data varying fg, fWW , fW , fB , fbot, and fτ . The stars stand for the global

minima and we have marginalized over the undisplayed parameters.

with the present results from SMS data has the potential to furnish the strongest constraints on
new physics effects on the EWSB sector until further luminosity can be accumulated b.
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NEW PHYSICS OPERATOR EVOLUTION AND
THE STANDARD MODEL SCALAR DECAY h→ γγ
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The renormalization group evolution of a set of dimension-six operators involving Standard
Model (SM) scalar boson fields and gauge fields is calculated. These operators parametrize the
effect of new physics at an energy scale Λ on gg → h, h→ γγ and h→ Zγ in an effective field
theory with renormalizable interactions given by the SM interactions. Deviations of h → γγ
from the SM rate at the ∼ 10% level are possible due to renormalization group running of new
physics operators contributing to the decay. Such effects are important for precision analysis
of decays of the SM scalar boson.

1 Introduction

In this talk, I will assume that the new scalar discovered at the LHC with mass 126 GeV is the SM
scalar h. The natural question arises: Is there any new physics associated with the SM scalar?
One can address this question in an effective field theory (EFT) of the SM with renormalizable
interactions given by the SM interactions and non-renormalizable interactions parametrized by
higher-dimension operators in the SM fields. The non-renormalizable operators of the effective
Lagrangian encode arbitrary new physics at a high-energy scale Λ larger than the experimentally
accessible energies probed at LHC to date.

The SM EFT is of the form

L = Ld≤4SM +

(
1

Λd=5

)
Ld=5 +

(
1

Λd=6

)2

Ld=6 + · · · (1)

In the EFT, higher-dimension non-renormalizable operators are suppressed by powers of 1/Λ.
For arbitrary new physics at scale Λ, integrating out the new physics particles with masses of
order Λ generates higher dimension operators with operator coefficients c (Λ) /Λd−4, where c (Λ)
are of order unity.

The new physics operators involving the SM scalar and gauge boson fields first arise at
dimension six. The complete set of independent d = 6 operators consists of 59 operators,
assuming baryon number B conservation 1,2. This talk focuses on a subset of d = 6 operators
involving the SM scalar doublet H and the SU(3) × SU(2) × U(1) gauge bosons GAµ , W a

µ and
Bµ. The d = 6 operators are given by

1

Λ2
Ld=6 =

1

2Λ2
(cGGOGG + cWW OWW + cBB OBB + cWB OWB)

+
1

2Λ2

(
c̃GG ÕGG + c̃WW ÕWW + c̃BB ÕBB + c̃WB ÕWB

)
, (2)



where

OGG = g23H
†H GAµνG

Aµν , ÕGG = g23H
†H GAµνG̃

Aµν ,

OWW = g22H
†HW a

µ νW
aµ ν , ÕWW = g22H

†HW a
µ νW̃

aµ ν ,

OBB = g21H
†H Bµ νB

µ ν , ÕBB = g21H
†H Bµ νB̃

µ ν , (3)

OWB = g1 g2H
† τaHW a

µ νB
µ ν , ÕWB = g1 g2H

† τaHW a
µ νB̃

µ ν .

The operators OGG, OWW , OBB and OWB are CP -even, whereas the operators ÕGG, ÕWW ,
ÕBB and ÕWB are CP -odd. Each operator involves two SM scalar doublet fields and two gauge
field strengths. The dual gauge field strengths are given by F̃µν ≡ 1

2 ε
µναβ Fαβ.

2 Operator Evolution

The new physics operators in Eq. 3 affect gg → h, WW ∗, ZZ∗, Zγ, γγ at tree level in the
EFT. 3 In the SM, h → gg, γγ, Zγ first occur at one loop, so production of h by gluon fusion
and the decay modes h→ γγ and Zγ are particularly sensitive to the effects of these new physics
operators. The renormalization group running of the new physics operator basis is necessary to
disentangle SM physics and new physics of h at the precision level. The renormalization group
running of this subset of operators from the high-energy scale of new physics Λ to the low-energy
scale ∼ v of electroweak symmetry breaking is calculated in the unbroken theory in Ref. 4. The
renormalization group evolution of this subset of new physics operators has implications for the
relationship of the S parameter and the decay modes h→ γγ and h→ Zγ.

An important nontrivial check on the calculation of Ref. 4 is that the operators

O+ =
β(g)

2g
FAµν F

Aµν ,

O− = g2 FAµν F̃
Aµν , (4)

are not renormalized to all orders in perturbation theory. The CP -even operator O+ is not
renormalized because it is the trace of the conserved energy-momentum tensor. The CP -odd
operator O− is multiplied in the Lagrangian by the θ-angle parameter, which is periodic with
periodicity 2π, so it also is not renormalized. At one-loop, non-renormalization of O+ implies
that g2 FAµν F

Aµν is not renormalized since β(g) ∼ g3. Note that the operators g1g2W
a
µνB

µν and

g1g2W
a
µνB̃

µν are not constrained by non-renormalization theorems.

The one-loop Feynman diagrams producing operator mixing between the operators in Eq. (3)
are shown in Fig. 1. First, consider the 4 × 4 mixing matrix of the CP -even operators.a The
one-loop renormalization group equation for the CP -even operators split into two equations,

µ
d

dµ
cGG = γG cGG, (5)

µ
d

dµ

 cBB
cWW

cWB

 = γWB

 cBB
cWW

cWB

 , (6)

aNote that only operator mixing between the operators of Eq. 3 is considered in the calculation performed in
Ref. 4. There are other dimension-six operators in the operator basis of Ref. 2 which can mix with these operators.
Calculation of the full anomalous dimension matrix of the dimension-six operator basis remains an important
open problem.



(a) (b)

(c) (d) (e) (f)

(g) (h) (i) (j)

Figure 1: One-loop diagrams for the renormalization of the operators in Eq. 3. Graph (e) has a partner graph
where the loop is on the other gauge boson line. Graphs (g,h,i,j) have partner graphs where the gauge bosons
couple to the incoming scalar line. Wavefunction graphs have not been shown. Here, the complex scalar field is
shown as a dashed line, while the gauge fields are shown as wavy lines; in each diagram, the gauge fields are the

B, W a or GA fields depending on the operator considered.



Figure 2: The function r(µ).

with anomalous dimensions

γG = 1
16π2

[
−3

2g
2
1 − 9

2g
2
2 + 12λ+ 2Y

]
,

(7)

γWB = 1
16π2


1
2g

2
1 − 9

2g
2
2 + 12λ+ 2Y 0 3g22

0 −3
2g

2
1 − 5

2g
2
2 + 12λ+ 2Y g21

2g21 2g22 −1
2g

2
1 + 9

2g
2
2 + 4λ+ 2Y

 ,
where

Y = Tr
[
3Y †uYu + 3Y †d Yd + Y †e Ye

]
≈ 3y2t (8)

is dominated by the top quark Yukawa coupling. The renormalization of these operators depends
on the λ coupling constant of the SM scalar potential as well as on the top quark Yukawa coupling
yt. Both of these effects were not obtained by previous calculations in the literature 5,6. The
one-loop renormalization group equations for the CP -odd operators are given by

µ
d

dµ
c̃GG = γG c̃GG, (9)

µ
d

dµ

 c̃BB
c̃WW

c̃WB

 = γWB

 c̃BB
c̃WW

c̃WB

 , (10)

with the same anomalous dimensions as for the CP -even operators.
The largest contribution to renormalization group running is the universal contribution ∝ Y .

One can integrate this contribution exactly by defining a function r(µ) which satisfies

µ
d

dµ
r(µ) =

3y2t (µ)
8π2 r(µ) . (11)

The function r(µ) is graphed in Fig. 2. For Λ = 1 TeV, r(µ) gives an approximately 8% correction
to the operator coefficients ci. The rest of the anomalous dimension matrix running is treated in
leading log approximation, so the operator coefficients at the low-energy electroweak scale Mh

are related to the coefficients at the high-energy scale of new physics Λ by

c(Mh) =
r(Mh)

r(Λ)

[
1− γWB(Y → 0) log

Λ

Mh

]
c(Λ) . (12)



3 The S Parameter and h→ γγ

SM scalar decay modes and electroweak precision observables are both affected by the new
physics operators. Comparison to the data at the precision level requires inclusion of renor-
malization group mixing effects of new physics operators. Present experimental measurements
are not at the precision level, but the future experimental Higgs program will be sensitive to
renormalization group mixing effects.

Earlier work in the literature 5 found the contribution of the new physics operators Eq. 3 to
be

S = −8π v2

Λ2

(
cWB(Λ)− 1

8π2
[
g22 cWW (Λ) + g21 cBB(Λ)

]
log

Λ

Mh

)
. (13)

Ref. 4 finds instead

S = −8π v2

Λ2
cWB(Mh) , (14)

with

cWB(Mh) =
r(Mh)

r(Λ)
cWB(Λ)

[
1 +

g21 − 9 g22 − 8λ

32π2
log

Λ

Mh

]
−r(Mh)

r(Λ)

1

8π2
[
g22 cWW (Λ) + g21 cBB(Λ)

]
log

Λ

Mh
. (15)

The contribution to the renormalization group running from the top quark Yukawa coupling
through the function r(µ) is missing in the earlier formula. In addition, there is a modification
of the term proportional to cWB(Λ) from wave function renormalization of the SM scalar doublet
H depending on λ and the weak gauge coupling constants times a log factor.

The experimental bounds on S are very restrictive. From the above equations, one finds
that the combination of coefficients contributing to cWB(Mh) must cancel to high precision.
Imposing cWB(Λ) = 0 is not sufficient, since cWB(Mh) is generated by operator mixing between
OWW , OBB and OWB from the high-energy scale Λ to the electroweak scale Mh.

The new physics operators also contribute to the decay mode h→ γγ,

µγγ ≡
Γ(h→ γγ)

ΓSM(h→ γγ)
'
∣∣∣∣1− 4π2v2cγγ

Λ2Iγ

∣∣∣∣2 +

∣∣∣∣4π2v2c̃γγΛ2Iγ

∣∣∣∣2 , (16)

where

cγγ = cWW + cBB − cWB, c̃γγ = c̃WW + c̃BB − c̃WB , (17)

and the integral Iγ can be found in Ref. 3. Neglecting the CP -odd contribution c̃γγ , and using
the renormalization group improved value

cγγ(Mh) =
r(Mh)

r(Λ)

{[
1 +

3

32π2
(
g21 + 3g22 − 8λ

)
log

Λ

Mh

]
cγγ(Λ)

+
1

8π2
(
3g22 − 4λ

)
log

Λ

Mh
cWB(Λ)

}
, (18)

rather than cγγ(Λ), yields a numerical version for Eq. 16 of

µγγ ' 1− 0.02S log
Λ

Mh
+ 0.02

(
1 TeV

Λ

)2 (
16π2cγγ(Λ)

)
. (19)

Note that, in Eq. 19, the S parameter includes the 1/Λ2 suppression of the new physics operators.
From Eq. 19, one sees that it is hard to get large µγγ given the present experimental bound
|S| < 0.1 and that the quantity (16π2cγγ(Λ)) obtained at the new physics scale is expected to be
order unity for weakly coupled new physics. Expressions for µZγ analogous to the ones quoted
here for µγγ appear in Ref. 4.



4 Conclusions

In summary, the couplings of the SM scalar h are beginning to be measured in a variety of
channels. New physics effects can change the predicted properties of the SM scalar boson. The
effect of arbitrary new physics at a high-energy scale Λ can be taken into account by considering
an effective field theory of the SM. The effects of new physics on the SM scalar h first arise from
higher dimension operators at d = 6 in the EFT. The complete set of independent d = 6 operators
in SM fields consists of 59 operators when baryon number conservation is assumed. The one-loop
renormalization group running of this full set of d = 6 operators needs to be performed. In Ref.4,
the one-loop renormalization group running of a subset of d = 6 operators 3 was calculated. The
eight operators considered are of particular relevance since they affect the SM scalar couplings
gg → h, h → γγ and h → Zγ at tree level in the EFT. These couplings arise only at one-loop
in the renormalizable SM interaction Lagrangian. New renormalization group contributions to
the operator running of these new physics operators are obtained in Ref. 4. In particular, the
renormalization group running of the new physics operators considered is affected by the SM
scalar coupling constant λ of the scalar potential and by the top quark Yukawa coupling yt. The
calculation of Ref. 4 shows that it is important to include operator mixing of the new physics
operators for precision analysis of SM scalar decays. Deviations of h→ γγ from the SM rate at
the ∼ 10% level are possible due to renormalization group running of the new physics operators
contributing to the decay.
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TEVATRON SM SCALAR BOSON RESULTS - UPDATED INPUTS AND

INDIVIDUAL COMBINATIONS

L. ZIVKOVIC

LPNHE, Paris Univ VI & VII, CNRS/IN2P3, France

The CDF and D0 experiments at the Tevatron pp̄ Collider were collecting data between 2002
and 2011. During that time, the extensive search for the standard model Higgs boson was
performed. Every accessible decay mode was investigated. Results from the searches for the
standard model Higgs boson with the final dataset will be presented for individual channels,
as well as combined results from the CDF and D0 experiments individually.

1 Introduction

The standard model (SM) Higgs boson was introduced to explain electroweak symmetry break-
ing.1–5 The search for the Higgs boson was a central part of the D0 and CDF Collaborations
physics program for many years. Recently both experiments finalized their searches, and pre-
pared final publications.6–29 In section 2 we will present overview of the Higgs boson search
analyses, and describe the most important channels H → W+W− (section 2.1) and V H → V bb̄
(section 2.2). We will describe validation of the searches in section 3, and present results in
section 4.

2 Overview of the searches

A list of the analyses used in this combination is given in Table 1. We summarize the analyses,
grouping them according to the Higgs boson decay mode to which the analysis is most sensitive.
All D0 (CDF) analyses use up to 9.7 (10) fb−1 of data collected between April of 2002 September
of 2011.

2.1 Search for the H → WW

The H → W+W− is the most sensitive search channel for the Higgs boson mass, MH , above
∼ 135 GeV. We divided final states according to the decay modes of theW boson pairs, where we
included H → W+W− → ℓ+νℓ−ν̄, H → W+W− → ℓνjj, and H+X → WW → µ±τ∓h + ≤ 1 jet
final states. Searches are also divided according to the production mode of the Higgs boson into
events with various jet multiplicities, and we also included searches for the final states with at
least three leptons.

The H → W+W− → ℓ+νℓ−ν̄ is the most sensitive final state among H → W+W− channels.
It is characterized by the two isolated high transverse momentum, pT , leptons and high missing
transverse energy, 6ET . At both experiments, D0 and CDF, lepton identification significantly



Table 1: Overview of the search channels for the D0 and CDF experiments.

Channel (V = W,Z and ℓ = e, µ) Luminosity (fb−1) MH (GeV)

WH → ℓνbb̄6,7 9.7 90–150
ZH → ℓℓbb̄8,9 9.7 90–150
ZH → νν̄bb̄10 9.5 100–150

H → W+W− → ℓ+νℓ−ν̄11 9.7 100–200
H +X → WW → µ±τ∓h + ≤ 1 jet12 7.3 155–200
H → W+W− → ℓνq′q̄7 9.7 100–200
V H → eeµ/µµe+X13 9.7 100–200
V H → e±µ±+X13 9.7 100–200
V H → ℓνq′q̄q′q̄7 9.7 100–200

V H → τhτhµ+X13 8.6 100–150
H +X → ℓτhjj

14 9.7 105–150

H → γγ15 9.7 100–150

CDF

WH → ℓνbb̄18 9.45 90–150
ZH → ℓℓbb̄19 9.45 90–150
ZH → νν̄bb̄20,21 9.45 90–150
H → W+W− → ℓ+νℓ−ν̄22 9.7 110–200
H → WW → eτhµτh

22 9.7 130–200
V H → eeµ/µµe+X22 9.7 110–200
H → ZZ → llll23 9.7 120–200
H → ττ24 6.0 100–150
V H → jjbb̄25 9.45 100–150
H → γγ26 10.0 100–150
tt̄H → WWbb̄bb̄27 9.45 100–150

improved over the years to allow for more efficient selection. We used multiple multivariate anal-
yses (MVA) in the Higgs boson searches to separate signal from SM backgrounds. To reduce the
most dominant background process, Z(→ ℓℓ) + jets, we use a dedicated MVA at the D0 experi-
ment (Fig. 1 (left)). Depending on the MH we select events that pass a certain threshold. Then
we divide these events based on the output of the MVA that is trained to separate diboson WW
backgrounds from other backgrounds into WW -depleted and WW -enriched regions. Another
MVA used to separate Higgs boson signal from all backgrounds then serves as a final discrim-
inant to set limits on the production cross section as shown in Fig. 1 (middle) WW -depleted
and (right) WW -enriched regions.

Figure 2 shows 95% C.L. upper limit on the Higgs boson production cross section as a ratio to
the SM cross section, σSM , as a function of the MH for (left) CDF and (right) D0 Collaboration.
The CDF experiment excludes (expects to exclude) the Higgs boson with 149 < MH < 172 GeV
(153 < MH < 175 GeV), while the D0 experiment excludes (expects to exclude) the Higgs
boson with 157 < MH < 178 GeV (155 < MH < 175 GeV). At MH = 125 GeV the expected
(observed) limit is 3.1× σSM (2.9× σSM ) at CDF, and 3.1× σSM (3.1× σSM ) at D0.

2.2 Search for the H → bb̄

Due to the overwhelming backgrounds from the multijet productions, a search for the Higgs
boson in the final state with the two b-quarks is performed in the associated production with
a vector boson V (V = W,Z). The search is divided according to the decay of the associated



0-jet DY-BDT
-1 -0.6 -0.2 0.2 0.6 1

E
ve

nt
s/

0.
10

-210

-110

1

10

210

310

410

510

610

710

810 Data
Signal
Z+jets
Diboson
W+jets
Multijet
tt

Bkg. syst.

TE, ee + -1DØ, 9.7 fb

0-jet WW-depleted Final BDT
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s/

0.
04

-110

1

10

210

310

410

Data
Signal
Z+jets
Diboson
W+jets
Multijet
tt

Bkg. syst.

TE, ee + -1DØ, 9.7 fb

0-jet WW-enriched Final BDT
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s/

0.
04

-110

1

10

210

310

410 Data
Signal
Z+jets
Diboson
W+jets
Multijet
tt

Bkg. syst.

TE, ee + -1DØ, 9.7 fb

Figure 1: Various MVA outputs in D0 H → W+W− analysis: (left) against Z + jets backgrounds, and the final
MVA for (middle) WW -depleted and (right) WW -enriched regions.
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Figure 2: Expected (median) and observed ratios for the upper limits of the cross section σH at 95% C.L. relative
to the SM values for the combined WH/ZH/H,H → W+W− analyses for the range 100 ≤ MH ≤ 200 GeV for

(left) CDF and (right) D0 experiments.

vector boson into: (a) ZH → ℓℓbb̄, (b) WH → ℓνbb̄, and (c) ZH → νν̄bb̄. One of the main
ingredients of the search in these final states is an identification of the jets originating from
the b-quarks, i.e. b-tagging. Both the CDF and D0 collaborations use MVA for b-tagging which
improved efficiency significantly. The most recent optimization of the b-tagging algorithm, called
HOBIT, at the CDF experiment led to the efficiency of the 54% (59%) for the mistag rate of
1.4% (2.9%) for the tight (loose) operating point. This represents ∼ 14% improvements over
the previous b-tagging algorithm.

The CDF Collabration recently updated ZH → νν̄bb̄ analysis using HOBIT algorithm,
which led to the improvement in sensitivity at MH = 125 GeV of 8%, and about 14% over
all mass region investigated. This analysis uses a dedicated MVA to reject dominant multijet
backgrounds (Fig. 1 (left)). Figure 3 (right) shows the final MVA used to obtain final result.

3 Validation of the results

We measure the cross sections of SM processes with similar characteristics as the Higgs boson
signal to validate our procedures and results. At the D0 experiment, we measure the cross
section of the WW process and we obtained σ = (1.02 ± 0.06) × σSM . Both the D0 and CDF
Collaborations measure the cross section of the V Z → V bb̄ processes to be σ = (0.73±0.32)×σSM
(D0) and σ = (0.59± 0.30)× σSM (CDF).



Figure 3: Expected (median) and observed ratios for the upper limits of the cross section σH at 95% C.L. relative
to the SM values for the combined WH/ZH/H,H → W+W− analyses for the range 100 ≤ MH ≤ 200 GeV for

(left) CDF and (right) D0 experiments.

4 Combined results from D0 and CDF experiments

To estimate the sensitivity of the search at the D0 experiment we use log-likelihood ratio (LLR)
test statistic for the signal-plus-background (s+ b) and background-only (b) hypotheses, defined
as LLR = −2 ln(Ls+b/Lb), and Lhy is the likelihood function for the hypothesis hy as shown in
Fig. 4 (left). Included in this figure are the median LLR values expected for the s+ b hypothesis
(LLRs+b), b hypothesis (LLRb), and the results observed in data (LLRobs). The shaded bands
represent the ±1 and ±2 standard deviations (s.d.) departures for LLRb. These distributions
can be interpreted as follows:

• The separation between LLRb and LLRs+b provides a measure of the discriminating power
of the search, and illustrates the effectiveness of the analysis to separate the s + b and b
hypotheses.

• The width of the LLRb distribution (shown here as ±1 and ±2 s.d. bands) provides an
estimate of the sensitivity of the analysis to a signal-like background fluctuation in the
data, taking the systematic uncertainties into account. For example, the sensitivity is
limited when a 1 s.d. background fluctuation is large compared to the difference between
the s+ b and b expectations.

• The value of LLRobs relative to LLRs+b and LLRb indicates whether the data distribution
appears to be more s+ b-like or b-like. The significance of any departures of LLRobs from
LLRb can be evaluated through the width of the LLRb distribution.

We present in Fig. 4 (middle) (D0) and (right) (CDF) local p-values for b hypothesis, which
provide information about the consistency with the observed data. Values greater than about
50% mean that a hypothesis is consistent with the data, while small values mean it is inconsistent.
We obtain that background is inconsistent with the data at the level of 1.7 (2.0) s.d. for D0
(CDF) experiments at MH = 125 GeV.

To estimate how big Higgs boson signal can fit the excess in data we calculate signal strength
(Fig. 5) and obtain that it is consistent with SM within one s.d. We also present signal strength
in each decay mode. Results are presented in Table 2 and in Fig. 6.

5 Summary

In summary, we presented recent results from the D0 and CDF Collaboration in the search for
the Higgs boson. Both Collaborations implemented many improvements over the years which
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Table 2: Signal strength for various decay modes for CDF and D0 experiments..

DØ CDF

Combination 1.40+0.92
−0.88 1.54+0.77

−0.73

H → γγ 4.20+4.60
−4.20 7.81+4.61

−4.42

H → τ+τ− 3.96+4.11
−4.38 0.00+8.44

−0.00

H → W+W− 1.90+1.63
−1.52 0.00+1.78

−0.00

V H → V bb̄ 1.23+1.24
−1.17 1.72+0.92

−0.87

tt̄H → tt̄bb̄ N/A 9.49+6.60
−6.28

led to the sensitivity of about 1× σSM for MH < 185 when combined.30 Excess of about 2 s.d.
between 120 and 135 GeV in both experiments is observed, consistent with the SM scalar boson
recently discovered at LHC.
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Search for the Standard Model Scalar Decaying to Fermions at CMS

Valentina Dutta for the CMS Collaboration

Massachusetts Institute of Technology, Cambridge, USA

The latest results of the search for the standard model scalar boson in fermionic decay chan-
nels at the CMS experiment are presented. The dataset used corresponds to an integrated
luminosity of 5 fb−1of proton-proton collision data collected at

√
s = 7 TeV and up to 19.4

fb−1collected at
√
s = 8 TeV. The analyses described include the searches for the standard

model scalar decaying to tau pairs and to a pair of b-quarks. In the tau-pair final state, an
excess of events is observed over a broad range of SM scalar mass hypotheses, with a maximum
local significance of 2.93 standard deviations at mH = 120 GeV. The excess is compatible with
the presence of a standard model scalar boson of mass 125 GeV.

1 Introduction

An important goal of the LHC physics program is to ascertain the mechanism of electroweak
symmetry breaking, through which the W and Z bosons attain mass. In the standard model
(SM) 1,2,3, this is achieved via the Higgs mechanism 4,5,6,7,8,9, which also predicts the existence
of a scalar Higgs boson. The masses of the fermions in the SM are generated via the Yukawa
couplings between the fermions and the Higgs field. The searches for Higgs bosons decaying
to tau pairs and to bottom quark pairs are important for testing the presence of these Yukawa
couplings. In particular, the τ -pair decay mode is ideal to probe those couplings in the case of
leptons.

On July 4, 2012, the discovery of a new boson, with mass around 125 GeV and with properties
compatible with those of a standard model Higgs boson, was announced at CERN by the ATLAS
and CMS collaborations10,11. The reported excess was most significant in the SM Higgs searches
using the ZZ and γγ decay modes. The results for the τ -pair and b-quark pair decay modes
were compatible both with the background-only hypothesis and with the background plus SM
Higgs hypothesis.

These proceedings report the results of a search for the SM Higgs boson using final states
with τ pairs and b-quark pairs in proton-proton collisions at

√
s=7 and 8 TeV at the LHC.

The H → ττ search is performed using a data sample collected in 2011 and 2012 by the CMS
experiment 12 corresponding to an integrated luminosity of about 4.9 fb−1of data taken at a
centre-of-mass energy of 7 TeV and 19.4 fb−1at 8 TeV. The H → bb search with the Higgs
being produced in association with a vector boson is performed using data collected by CMS
corresponding to integrated luminosities of 5.0 fb−1at

√
s=7 TeV and 12.1 fb−1at

√
s=8 TeV,

while the data samples used to search for the Higgs being produced in association with a top-
quark pair correspond to integrated luminosities of 5.0 fb−1at

√
s=7 TeV and 5.1 fb−1at

√
s=8

TeV. Section 2 describes the H → bb analysis while Section 3 describes the H → ττ analysis.



2 H → bb

2.1 VH analysis

Although the H → bb decay has the largest branching fraction for mH = 125 GeV, the channel
is challenging because of the overwhelming background from QCD multijet production of b
quarks. The H → bb search 13 therefore concentrates on Higgs boson production in association
with a W or Z boson, in order to suppress the QCD multijet background. The following decay
modes are studied: W(eν)H, W(µν)H, Z(ee)H, Z(µµ)H and Z(νν)H, with the Higgs decaying
to bb in each case. The Z → νν decay is identified by requiring large missing transverse energy
Emiss

T , defined as the modulus of the vector ~Emiss
T computed as the negative of the vector sum

of the transverse momenta of all reconstructed objects in the detector (leptons, photons, and
charged/neutral hadrons) which are not found to arise from additional interactions.

The Higgs boson candidate is reconstructed by requiring two b-tagged jets. The search is
divided into events where the vector bosons have medium or large transverse momentum and
recoil away from the candidate Higgs boson. A multivariate regression algorithm to better
estimate the b-jet pT is trained on jets in simulated signal events and improves the dijet mass
resolution by approximately 15%. The performance of the regression algorithm is checked in
data using W,Z+jets and tt̄ events. Events with higher transverse momentum bosons have
smaller backgrounds and a better dijet mass resolution. In the 8 TeV analysis, for all final
states except Z → ``, the large transverse momentum events are further divided depending on
whether they satisfy tight or loose b-tagging requirements. A multivariate boosted-decision-tree
(BDT) algorithm 14, trained on simulated signal and background events for several different
values of the Higgs boson mass, is used to separate signal and background events. The rates of
the main backgrounds, consisting of W/Z+jets and top-quark events, are derived from signal-
depleted control samples in data. The WZ and ZZ backgrounds with a Z boson decaying to a
pair of b-quarks, as well as the single-top background, are estimated from simulation. The BDT
output distribution is used as the final discriminant in the limit setting.

The results are obtained from combined signal and background fits to the shape of the
output distributions of the BDTs trained separately for each channel and for each Higgs boson
mass hypothesis in the 110–135 GeV range examined. In the fit the shape and normalization of
the BDT output, for signal and for each background component, are allowed to vary within the
assigned systematic and statistical uncertainties. These uncertainties are treated as nuisance
parameters in the fit, with appropriate correlations taken into account. All nuisance parameters,
including the scale factors derived from background-enhanced control regions, get adjusted by
the fit.

The results of all channels, for both the 7 TeV and the 8 TeV data, are combined to obtain
95% confidence level upper limits on the product of the VH production cross section times the
H → bb branching ratio, with respect to the expectations for a standard model Higgs boson
(σ/σSM). The observed limits at each mass point, the median expected limits, and the 1σ and
2σ bands are calculated using the modified frequentist method CLs

15,16,17. Figure 1 displays
the results. In the mass range studied, the observed 95% CL upper limits vary from 1.0 to 4.2
times the standard model prediction, and the corresponding expected limits vary from 0.9 to
1.9. At a Higgs boson mass of 125 GeV the observed limit is 2.5 and the expected limit is 1.2.
The maximum excess is observed near a Higgs boson mass of 130 GeV. Given that the resolution
for the reconstructed Higgs boson mass is ≈ 10%, the results are very compatible with a Higgs
mass of 125 GeV. This is demonstrated by the red dashed line in the figure, which shows the
observed limits obtained by replacing the data with the sum of expected background and signal
for a Higgs boson at a mass of 125 GeV.

For all channels an excess of events over the expected background contributions is indicated
by the fits of the BDT output distributions. Figure 2 shows the probabilities (p-values) that the
observed excess is due to background fluctuations alone, as a function of the Higgs boson mass
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hypothesis. For a mass of 125 GeV the excess of observed events is 2.2 standard deviations, and
is consistent with the standard model prediction for Higgs boson production. The fit also returns
the most likely value of the production cross section for a 125 GeV Higgs boson, relative to the
standard model cross section (signal strength), for each mode and for all modes combined. These
are also shown in Fig. 2. The observed signal strengths for the individual modes are consistent
with each other and the value for the signal strength for all modes combined is 1.3+0.7

−0.6.
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Figure 3 shows the distribution of dijet invariant mass for the combination of all five channels
in the combined 7 TeV and 8 TeV data using an event selection, described in Ref. 18. This
selection is more restrictive than the one used in the BDT analysis and is optimized for a
counting experiment in this observable. Figure 3 also shows the same dijet invariant mass
distribution with all backgrounds, except dibosons, subtracted. The data are consistent with
the presence of a diboson signal, with a rate approximately as expected from the standard model,
together with a small excess consistent with the production of a 125 GeV standard model Higgs
boson.



 [GeV]
bb

M
0 50 100 150 200 250

E
ve

nt
s 

/ 1
5.

0

0

50

100

150

200

250

300
Data
VH(125 GeV)
VV
VH(125 GeV)
VV

bZ + b
Z + udscg

bW + b
W + udscg
Single top
tt

MC uncert. (stat.)

CMS Preliminary
-1 = 7 TeV, L = 5.0 fbs

-1 = 8 TeV, L = 12.1 fbs
b b→ VH; H →pp 

 [GeV]
bb

M
0 50 100 150 200 250

D
at

a/
M

C

0.5
1

1.5
2

 = 0.949s = 0.370 K2
ν

χ
0

 [GeV]
bb

M
0 100 200

E
ve

nt
s 

/ 1
5.

0

-20

0

20

40

60

80
Data
Sub. stat. uncert.
VH(125 GeV)
VV
MC uncert. (stat.)

CMS Preliminary
-1 = 7 TeV, L = 5.0 fbs

-1 = 8 TeV, L = 12.1 fbs
b b→ VH; H →pp 

Figure 3: Left: dijet invariant mass distribution, combined for all channels, for the high pT(V) bin, for events
that pass an event selection optimized for this variable. Right: same distribution with all backgrounds, except
dibosons, subtracted. The solid histograms for the backgrounds and the signal are summed cumulatively. The
line histogram for signal and for VV backgrounds are also shown superimposed. The data is represented by points

with error bars.

2.2 ttH analysis

The search for H → bb is also performed using events where the Higgs boson is produced in
association with a top-quark pair 19. This signature is interesting for a number of reasons. The
rate of this process depends on the couplings of the Higgs boson to both the top quark and the
bottom quark, the two largest couplings in the SM. These are two key couplings that must be
measured in order to establish consistency with SM expectations. Because of the large mass of
the top quark, ttH production represents the only opportunity to directly probe the ttH vertex
without making assumptions on contributions beyond the SM. The ttH signature provides a
probe that is complementary to the VH channel for the H → bb search.

This analysis uses events where the top-quark pair decays to either the lepton-plus-jets (tt̄→
`νjjbb) or dilepton (tt̄ → `ν`νbb) final state. The major background in this search is top-pair
production accompanied by extra jets. An artificial neural network (ANN) is used to discriminate
between background and signal events. The rates of background processes are estimated from
theoretical expectations, and are further constrained in-situ through the inclusion of background
enriched samples in the extraction of the final limit. A simultaneous maximum-likelihood fit
to the ANN output distributions in the lepton+jets and dilepton channels is performed for the
limit-setting using a modified-frequentist approach. Systematic uncertainties are handled as
nuisance parameters in the fit. Figure 4 shows the limits obtained as a function of the Higgs
boson mass with their uncertainty bands.

3 H → ττ

The H → ττ search 20 is performed using the final-state signatures eµ, µµ, eτh, µτh and τhτh,
where electrons and muons arise from leptonic τ -decays and τh denotes τ decaying hadronically.
Each of these categories is further divided into two exclusive sub-categories based on the number
and the type of the jets in the event: (i) events with one forward and one backward jet, consistent
with the topology of vector boson fusion (VBF) production, (ii) events with at least one high
pT hadronic jet but not selected in the previous category. The second category is further
split in two bins of reconstructed τ pT. The search involves looking for a broad excess in the
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Figure 4: The expected 95% CL upper limits on the signal strength parameter µ = σ/σSM for lepton + jets and
dilepton channels combined using the 2012 dataset.

reconstructed ττ mass distribution in each of these categories. The zero-jet category is used
to constrain background normalizations, identification efficiencies, and energy scales. The main
irreducible background, Z → ττ production, and the largest reducible backgrounds (W+jets,
multijet production, Z → ee) are evaluated from various control samples in data.

A statistical procedure based on a profile-likelihood ratio test statistic is used to search for
the presence of a SM Higgs boson signal 21. The mττ distributions obtained for each category
of the five channels at 7 TeV and 8 TeV are combined in a binned likelihood, involving for each
bin the expected number of background events and the expected number of signal events, scaled
by a signal strength parameter µ. In the dimuon channel, the binned likelihood includes the
two-dimensional distribution of mττ versus the dimuon invariant mass mµµ. The systematic
uncertainties are represented by nuisance parameters. A log-normal constraint function is as-
sumed for the nuisance parameters affecting the background normalization. Uncertainties that
contribute to mass spectrum shape variations are related to the lepton and τh energy scales.
These systematic uncertainties are represented by nuisance parameters whose variation results
in a continuous perturbation of the spectrum shape 22, and which are assumed to be distributed
with a Gaussian prior.

An dedicated search for H → ττ decays produced in association with a W or Z boson is
conducted in events with three or four leptons in the final state 23. The WH analysis selects
events in the following three-lepton final states: eµτh, µµτh, eτhτh, and µτhτh. The ZH analysis
is performed in events with an identified Z → ee or Z → µµ decay and a Higgs boson candidate
with one of the following final states: eµ, eτh, µτh, or τhτh. The main irreducible backgrounds
to the WH and ZH searches are WZ and ZZ diboson events, respectively. The irreducible
backgrounds are estimated using simulation, corrected by control samples in data. The reducible
backgrounds in both analyses are W, Z, and tt̄ events with at least one quark or gluon jet
misidentified as an isolated e, µ, or τh. These backgrounds are estimated solely from data by
measuring the probability for jets to be misidentified as isolated leptons in background-enriched
control regions, and weighting the selected events which fail the lepton requirements by the
misidentification probability.

The best-fit value for the signal strength combining all channels is µ̂ = 1.1 ± 0.4 at mH =
125 GeV. Figure 5 shows the compatibility of fits performed independently in each channel, and
in each category. The 0-jet category is included in each of these fits to constrain the nuisance
parameters, except in the τhτh channel for which no such category exists. These compatibility
tests do not constitute measurements of any physics parameter per se, but rather show the
consistency of the various observations with the expectation for the SM Higgs boson.
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Figure 5: Best-fit signal strength values, σ/σSMH, for independent categories (left) and channels (right). In both
plots, the green vertical line indicates the standard-model Higgs expectation. The “Combined” measurement
in both plots corresponds to the best-fit value of the signal strength µ̂ = 1.1 ± 0.4, obtained in the global fit
combining all channels included in this analysis. The combined result of the analysis with the search for a SM
Higgs boson decaying into a τ pair and produced in association with a W or Z boson decaying leptonically, is

shown at the bottom and as the red dotted line.

Figure 6 shows the combined observed and expectedmττ distributions, weighting all distribu-
tions in each category of each channel by the ratio between the expected signal and background
yields for this category in a mττ interval containing 68% of the signal. It also shows the difference
between the observed data and expected background distributions, together with the expected
distribution for a SM Higgs boson signal with mH = 125 GeV. In this figure, the integral of the
expected distribution of signal events multiplied by µ̂ is equal to the number of signal events
observed in the 1-jet and VBF categories after the fit.
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distributions obtained in each category of each channel are weighted by the ratio between the expected signal
and background yields in the category. The insert shows the corresponding difference between the observed data
and expected background distributions, together with the expected signal distribution for a standard-model Higgs

signal at mH = 125 GeV, with a focus on the signal region.

Figure 7 shows the observed 95% CL upper limit obtained using the modified frequentist
construction CLs

24,25, together with the expected limit obtained in the background hypothesis.



An excess is visible in the observed limit with respect to the limit expected for the background
hypothesis. The figure also shows the observed and expected limits obtained in the signal plus
background hypothesis, and in an hypothesis where all SM processes, including Higgs boson
production, are considered as background. The latter case is equivalent to a search for a second
Higgs boson. These two plots confirm that the excess is compatible with the presence of a SM
Higgs boson with mH = 125 GeV. This excess is quantified in Fig. 8, which shows the p-value
1-CLb for Higgs-boson mass hypotheses ranging from 110 to 145 GeV. These results include
the search for a SM Higgs boson decaying into a τ pair and produced in association with a
W or Z boson decaying leptonically 23. The minimum p-value is observed at mH = 120 GeV,
corresponding to a significance of 2.93 standard deviations. For mH = 125 GeV, the significance
is 2.85σ.
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Figure 7: Combined observed 95% CL upper limit on the signal strength parameter µ = σ/σSM, together with
the expected limit obtained in the background hypothesis (top), the signal plus background hypothesis for a SM
Higgs boson with mH = 125 GeV (bottom left), and a background hypothesis including this SM Higgs boson
signal as a background (bottom right). The bands show the expected one- and two-standard-deviation probability
intervals around the expected limit. These results include the search for a SM Higgs boson decaying into a τ pair

and produced in association with a W or Z boson decaying leptonically.
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Figure 8: Observed and expected p-value 1-CLb, and the corresponding significance in number of standard
deviations. These results include the search for a SM Higgs boson decaying into a τ pair and produced in

association with a W or Z boson decaying leptonically.

4 Summary

The status of the SM scalar boson search in the fermionic decay channels at the CMS exper-
iment at the LHC has been presented. The results are based on proton-proton collision data
corresponding to integrated luminosities of up to 5.0 fb−1at

√
s=7 TeV and up to 19.4 fb−1at√

s=8 TeV. In the τ -pair final state, an excess of events is observed over a broad mass range,
with a maximum local significance of 2.93 standard deviations at mH = 120 GeV. This excess
is compatible with the presence of a standard model Higgs boson of mass mH = 125 GeV, for
which the local significance is 2.85σ. This is an indication that the new boson discovered on
July 4, 2012 couples to τ leptons, with a strength compatible with the one predicted by the
standard model.
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Searches for the Higgs boson into fermions at ATLAS

Victoria J. Martin, On behalf of the ATLAS Collaboration.
School of Physics and Astronomy, University of Edinburgh,

Edinburgh, EH9 3JZ, United Kingdom

The discovery of a Higgs-like boson by the ATLAS Collaboration at the LHC relies on evidence
from di-boson decays: γγ, ZZ∗ and WW ∗. The Standard Model predicts that the Higgs boson
withmH ∼ 125 GeV should also have significant branching ratios to pairs of bottom and charm
quarks, tau-leptons and muons. Decays to these final states are significantly more challenging
to detect due to large backgrounds and the requirement to search for associated production
of the Higgs boson. These proceedings review searches from ATLAS for the Standard Model
Higgs boson (H) into fermions: H → τ+τ−, H → µ+µ−, H → bb̄, in association with top-
quark pairs and vector bosons and into invisible final states, H → invisible, using up to 4.7 fb−1

of
√
s = 7 TeV and up to 21 fb−1 of

√
s = 8 TeV proton-proton collision data from the LHC.

No observation of events above backgrounds expectations is observed in any of the searches.
Limits are set on the Higgs boson production in the mass range 100 GeV < mH < 150 GeV.

1 Introduction

The search for the Standard Model Higgs boson (H) – as predicted by the Brout-Englert-Higgs
mechanism 1,2,3,4 – has been one of the highest priorities of the field of particle physics. The
observation of a boson of mass around 125 GeV decaying to a pair of photons and into massive
vector bosons was reported last year by the ATLAS 6 and CMS 7 Collaborations at the LHC.
Measurements from the CDF and DØ Collaborations at the Fermilab Tevatron also provide
evidence for production of a particle with mass of around 125 GeV 8.

The Higgs boson is predicted to interact with weak gauge bosons (W,Z), with fermions via
the Yukawa interaction, and also undergo triple and quartic self-interactions. A Standard Model
Higgs boson of mass mH ∼ 125 GeV is predicted to decay most frequently into fermions. The
predicted branching ratios of the Higgs into fermions are given in Table 1 9.

1.1 Notation

Throughout these proceedings, V represents a W - or Z-boson, ` represents an electron or muon
(of either charge) and j represents a hadronic jet. The symbol τhad represents the hadronic
decay of the τ -lepton: τ → hadrons + ντ and τlep represents the leptonic decay of the τ -lepton:
τ → `ν`ντ . σSM is the Standard Model production cross section of the process being discussed.



Table 1: Predicted branching ratios for the Standard Model Higgs boson, with mH = 125 GeV, into fermions.
Numbers taken from reference 9.

Decay mode Branching ratio (%)

H → bb̄ 57.7 ± 1.9
H → cc̄ 2.9 ± 0.4
H → τ+τ− 6.3 ± 0.4
H → µ+µ− 0.022 ± 0.001

2 The LHC Environment

Searches for Higgs boson production at the LHC are challenging due to a very large total cross
section. The main backgrounds to the searches presented in these proceedings come from QCD
b-jet production and Drell-Yan production to muon and tau pairs. These backgrounds have
production cross sections of around 107 and 105 times larger, respectively, than direct Higgs
boson production.

In order to increase the sensitivity of the searches and to reduce backgrounds, the analyses
presented here exploit associated Higgs boson production through vector boson fusion: pp →
jjV V → jjH, with top-quarks: pp→ tt̄H or with W or Z bosons: pp→WH, pp→ ZH.

2.1 Tau-lepton and b-jet Identification

In the search for fermionic final states of the Higgs boson, key analysis techniques include the
identification of b-quarks and hadronically decaying τ -leptons 10.

Around 65% of τ -leptons decay hadronically; jets and tracks are used to identify these τhad

candidates. The energy of such candidates is reconstructed using Monte Carlo information
calibrated using isolated hadron data. The analyses presented in these proceedings use the so-
called “60% working point” that selects 60% of τhad candidates, and only a few percent of QCD
jets and less than one percent of electrons.

The identification of b-jets relies on the reconstruction of secondary and subsequent vertices
along the b-hadron’s line of flight. The analyses presented in these proceedings use the so-called
“70% working point” that selects 70% of b-jets and has mistag rate of around 1% for light-quark
jets and around 20% for c-jets.

3 Searches for V H → V bb̄ Production

The aim of the V H → V bb̄ search is to identify the Higgs boson decaying into a pair of b-jets
in association with a W - or Z-boson. As presented in Table 2, the search uses the leptonic
final state of the W - or Z-boson, requiring either exactly zero, one or two charged leptons with
exactly two or three reconstructed high transverse momentum (pT) jets; two of the jets must
be b-tagged 11. To improve sensitivity, the analysis is performed in bins of vector boson pT; in
total 16 exclusive search regions are used in the search. In each region, the reconstructed di-b-jet
mass, mbb̄, is used as the discriminating variable.

Figure 1 shows the observed mbb̄ distribution in the most sensitive search regions. The shape
of the signal and of each of the predicted backgrounds is also shown.

3.1 Backgrounds and Systematic Uncertainties

The main backgrounds to the search for V H → V bb̄ production come from top-quark production,
and W+jets and Z+jets production. The shape of these backgrounds in each of the search
regions are taken from Monte Carlo simulations and normalised using data. The shape of QCD



Table 2: Search categories for the V H → V bb̄ analysis 11. Emiss
T is the scalar sum of the missing momentum

transverse to the beam, m`` is the invariant mass of the two charged leptons and m`ν
T is the “transverse mass” of

the charged lepton and the missing momentum. The transverse mass can be defined as (m`ν
T )2 = E`T E

ν
T − ~pT

` · ~pT
ν .

zero lepton one lepton two lepton
ZH → νν̄bb̄ WH → `νbb̄ ZH → `+`−bb̄

No electrons or muons exactly one high-pT lepton exactly two high-pT leptons
opposite charge

Emiss
T > 120 GeV Emiss

T > 25 GeV Emiss
T < 60 GeV

40 GeV < m`ν
T < 120 GeV 83 GeV < m`` < 99 GeV

multi-jet production is determined by data-driven techniques. Irreducible background from
WZ(Z → bb̄) and ZZ(Z → bb̄) production is normalised to the predicted Standard Model cross
section.

The main systematic uncertainties in the search come from b- and c-jet tagging, the jet energy
scale, and from the limited statistics of the Monte Carlo samples. Systematic uncertainties
are constrained by fitting signal and background templates of the mbb̄ distribution, derived
from Monte Carlo simulations, to the observed data in signal regions and several background-
dominated control regions.

No excess of data events, compared to expectations from backgrounds, is observed. Therefore
limits are set on the ratio of the measured cross section for V H → V bb̄ compared to the Standard
Model expectation: σ(V H → V bb̄)/σSM < 1.8 (1.9 expected) for mH = 125 GeV at 95%
confidence level. The limits as a function of the Higgs boson mass are shown in Figure 8.

3.2 Observation of V Z → V bb̄ Production

The analysis technique is validated by searching for V Z → V bb̄ production, which has a very
similar signature, but a predicted cross section around five times larger than V H → V bb̄ pro-
duction. Figure 2 shows the mbb̄ distribution with all backgrounds, except V Z and V H pro-
duction, subtracted. A clear peak in the observed events around 90 GeV can be seen. An
independent fit to the data is made, fixing the value of the Higgs boson production to the
Standard Model prediction. The fit results in an observation of V Z → V bb̄ production with
σ(V Z → V bb̄)/σSM = 1.09 ± 0.20(stat) ± 0.22(syst), corresponding to a observation with a
significance of 4.0 standard deviations.

4 Search for ZH,H → invisible Production

Although not predicted by the Standard Model with an appreciable rate, it is instructive to
search for possible invisible decays of the Higgs boson. At ATLAS, the search for invisible Higgs
boson production uses associated production with a leptonically decaying Z-boson 12. The
signature is Z → `+`− with large missing transverse momentum, Emiss

T > 90 GeV. The main
backgrounds to the search come from diboson production: ZZ → `+`−νν̄ (70%), WZ → `ν`+`−

– where one charged lepton escapes detection – (20%) and WW → `+ν`−ν̄ (5%).

The event selection is optimised to select signal-like events. The number of observed events,
and the number of expected background events are shown in Table 3. No excess of data events
is observed. The results are interpreted in two ways: a limit is set on the branching ratio of
H → invisible for a Standard Model Higgs boson of mH = 125 GeV of < 65% at 95% confidence
level (to be compared with an expected limit of < 84% at 95% confidence level). The limits
for different Higgs boson masses are shown in Figure 3. Secondly a limit on the cross section
times branching ratio, σ(ZH) · BR(H → invisible), of further Higgs-like states in the range
115 GeV < mH < 300 GeV is derived, as shown in Figure 8.



Figure 1: The di-b-jet mass distribution in different search regions from the
√
s = 8 TeV dataset used in the

search for V H,H → bb̄ production, from reference 11. Top: for search regions with zero charged leptons; middle:
for search regions with one charged lepton; bottom: for search regions with two charged leptons.

Figure 2: Background subtracted di-b-jet mass distribution, compared to predicted shapes, taken from reference11.
The peak at mbb̄ is evidence for Z → bb̄ production in association with the W - or Z-boson.



Table 3: Number of expected background and observed events for the H → invisible search 12.

expected SM background observed events
for mH = 125 GeV√

s = 7 TeV, 4.7 fb−1 32.7± 1.0(stat)± 2.6(syst) 27√
s = 8 TeV, 13.0 fb−1 78.0± 2.0(stat)± 6.5(syst) 71

Figure 3: Results from the search for ZH,H → invisible production, taken from reference 12. Left: the missing
transverse momentum distribution after an optimised event selection. The area denoted by the dashed line
corresponds to the events expected if the branching ratio for H → invisible is 100%. Right: resulting limits on the
cross section times branching ratio of a Higgs-like boson into invisible final states. The red dotted line shows σSM

for ZH production with Z → `+`− and H → invisible, assuming a branching ratio for H → invisible of 100%.

5 Searches for tt̄H,H → bb̄ Production

The production of tt̄H with H → bb̄ results in a complex final state, containing the decay
products of both the Higgs boson and the two top quarks. This search 13 uses the “single-
lepton” final state where one of the W -bosons, produced from the decay of a top quark, decays
into an electron or muon plus a neutrino, and the other W -boson decays hadronically. The final
state therefore consists of one charged lepton, six jets – of which four are b-jets – and missing
transverse momentum.

For events with at least six reconstructed jets, and at least three b-tags, a kinematic likeli-
hood fitter is used to reconstruct the W -bosons and top quarks. The fitter employs knowledge
of particle decay widths and detector resolutions to identify the best assignment of the recon-
structed jets, lepton and missing transverse momentum to the W -boson and top quarks. The
invariant mass of the two remaining jets, mbb̄, is then considered as the Higgs candidate mass
and is used as the discriminating variable.

Events with less than six reconstructed jets, or less than three b-tags, are also used in the
analysis to improve sensitivity and constrain backgrounds. In these regions, Hhad

T , the scalar
sum of the jet-pT, is examined.

The main background to the search comes from tt̄ production and the main systematic
uncertainties are due to b-jet and c-jet tagging. The systematic uncertainties and background
contributions are constrained by fitting the mbb̄ and Hhad

T distributions. Figure 4 shows the
invariant di-b-jet mass before and after the fit to the observed data is performed.

Using 4.7 fb−1 of data at
√
s = 7 TeV, no deviation from Standard Model backgrounds is

observed. Therefore a limit is set on σ(tt̄H,H → bb̄)/σSM at 95% confidence level of 13.1 for
mH = 125 GeV. The expected limit for the dataset used in the search is 10.5 at 95% confidence
level.



Figure 4: Di-b-jet mass distributions from the tt̄H,H → bb̄ search, taken from reference 13. The upper plots show
events with at least six high-pT jets of which exactly three are b-tagged; the lower plots show events with at
least six high-pT jets of which exactly four or more are b-tagged. Plots on the left show the distributions before
the fit; plots on the right show the distributions after the fit. The data points are the same on the left- and

right-hand-sides.



Figure 5: The reconstructed mττ distribution, as calculated by the missing mass calculator technique, in two
event categories used in the H → τ+τ− search, taken from reference 14.

6 Searches for H → τ+τ− production

The search for H → τ+τ− at ATLAS 14 uses 4.6 fb−1 of data at
√
s = 7 TeV and 13.0 fb−1

of data at
√
s = 8 TeV. The search uses around ten exclusive analysis categories. The event

categories are defined using the final states of the two τ -leptons, the number of additional jets
and kinematic features. The different categories are optimised to be sensitive to different Higgs
boson production mechanisms including Higgs boson production through vector boson fusion
(VBF), “boosted” Higgs boson production (where the Higgs boson has a large momentum boost
in the transverse plane) and associated production with a W - or Z-boson. In all categories, the
di-τ invariant mass, mττ , is used as the discriminating variable.

The variable mττ is reconstructed using the missing mass calculator technique15 which takes
into account the measured momentum, the measured missing transverse momentum, Emiss

T , and
the simulated distribution of angle between visible and missing momenta.

The most sensitive category in the search is the H → τhadτlep VBF category. In addition
to the H → τhadτlep candidate, this category requires two additional forwards jets with a high
rapidity gap (∆η > 3). This category of events is particularly sensitive to Higgs boson production
via vector-boson fusion. Figure 5 shows the reconstructed mττ distribution in some of the VBF
search categories.

6.1 Backgrounds and Systematic Uncertainties

The main background to the search for H → τ+τ− production is due to Z → τ+τ− production.
This background is studied using a data-driven technique. Measured Z → µ+µ− events are
used, with the muons replaced by τ -lepton decay signatures taken from simulation. Further
background contributions come from Z → `+`− + jet production, top-quark production and
di-boson production. Each of these backgrounds are estimated from Monte Carlo samples, with
corrections from data. QCD multi-jet production is estimated using a data-driven technique.

The main systematic uncertainties are due to the knowledge of the τ -lepton energy scale
and from theoretical uncertainties.

6.2 H → τ+τ− Production Properties

The results of the search are interpreted as an observation of H → τ+τ− production, and
shown in Figure 6. As the different categories involved in the search are sensitive to different



Figure 6: Results from the H → τ+τ− search, taken from reference 14. Left: The observed and expected local p0

values as a function of the Higgs boson mass. The dashed blue line is the expected p0 for the value of the Higgs
boson on the x-axis. The dotted magenta line shows the expected p0 calculated for a Higgs boson signal with
mH = 125 GeV. Right: Likelihood contours in the (µggF ×B/BSM, µVBF+VH ×B/BSM) plane for 68% and 95%

confidence levels. The Standard Model expectation and expectation for background only is also shown.

Higgs boson production modes, a measurement is also made of the strength of the Higgs boson
production cross section in association with vector bosons (vector boson fusion and associated
production with W - and Z-bosons) versus direct Higgs boson production from gluon fusion for
mH = 125 GeV. The results are also shown in Figure 6 and are consistent with Standard Model
expectations.

As no significant excess above background predictions was observed, a measured (expected)
limit is set on σ(H → τ+τ−)/σSM at 95% confidence level of 1.9 (1.2).

7 Searches for H → µ+µ− Production

Using 20.7 fb−1 of pp collision data at
√
s = 8 TeV, a search was performed for H → µ+µ−

production16. The main background to this search is from Drell-Yan production Z/γ∗ → µ+µ−.
Studies of simulated data were used to determine the resolution with which ATLAS could
reconstruct a narrow di-muon resonance. For a decay of a 125 GeV object into muons, the
resolution would be 2.3 GeV. As shown in Figure 7, no significant observation above the
Standard Model backgrounds is observed and therefore a 95% confidence level limit is set on
σ/σSM for mH = 125 GeV of 9.8 measured (8.2 expected). The limits as a function of mH are
shown in Figure 8.

8 Summary and Outlook

No evidence for Standard Model Higgs boson production, decaying into fermion or invisible final
states has been observed in the range 100 GeV < mH < 150 GeV. However, given the amount
of data analysed in these searches, no observation was expected. The results are summarised in
Table 4 and in Figure 8.

The study of the full 21 fb−1 dataset collected by ATLAS in 2012 is underway for the
V H → V bb̄, tt̄H,H → bb̄ and H → τ+τ− searches. Further sensitivity to Higgs bosons produc-
tion into leptons can be achieved by adding further final states, such as tt̄H → `+νb `−ν̄b bb̄,
and with a better understanding of flavour tagging and tau reconstruction. In addition, using
advanced data-driven techniques to understand systematic uncertainties and gain better sep-



Figure 7: The invariant di-muon mass distribution used in the search for H → µ+µ− production; also shown are
the estimated contributions from the signal and Standard Model backgrounds, and the ratio between data and

Standard Model predictions, taken from reference 16.

Figure 8: The observed and expected limits on Higgs boson production as a function of mH for each of the
searches presented in these proceedings 11,13,14,16. In each plot, the solid black line represents the observed limit,
the dashed line represents the expected limit and the coloured bands represent the ±1σ and ±2σ uncertainties

on the expected limit.



Table 4: Summary of ATLAS searches from Higgs boson decays into fermions 11,12,13,14,16. Left: 95% CL limits
on Higgs boson production for mH = 125 GeV on σ/σSM. Right: 95% CL limits on Higgs boson branching ratios

for mH = 125 GeV.

observed expected

V H,H → bb̄ 1.8 1.9
tt̄H,H → bb̄ 13.1 10.5
H → τ+τ− 1.9 1.2
H → µ+µ− 9.8 8.2

observed expected

H → invisible < 65% < 84%

aration between signal and background will help improve sensitivity. At ATLAS studies are
underway to use multivariate event selection, exploiting b-jet likelihoods and using kinematic
fits of the observed final states.

The very small Higgs boson production cross section and the huge backgrounds at the
LHC make Higgs boson searches into leptons very challenging. If the Higgs-like boson with
mH ∼ 125 GeV is indeed the Standard Model Higgs boson, data from the post-LHC-shutdown
period will be required to finally determine the Yukawa couplings 17.
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Maximal deviations of the scalar boson couplings if no further particle is seen
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In the light of the discovery of a Higgs boson like particle and no evidence of particles beyond
the Standard Model the question arises: How much can the coupling of the Higgs boson to
other particles deviate from the Standard Model Higgs couplings if no further particles will be
discovered at the LHC and how precise have Higgs coupling measurements to be to capture
these deviations? In the context of three different models (a model with a singlet Higgs boson
mixed-in, a composite Higgs boson model and the Minimal Supersymmetric Standard Model)
these questions will be answered.

1 Introduction

Last year, a particle has been discovered 1 which is compatible with the Standard Model Higgs
boson. The Higgs boson is the physical particle connected to the gauge invariant mass generation
mechanism2 and the last missing piece in the Standard Model (SM). Besides this great discovery,
no further particles have been found yet at the LHC. Moreover, electroweak precision test
constrain possible deviations from the Standard Model. At this point, the properties of this new
particle have to be measured to ensure that it actually is the Higgs boson or, maybe, a Higgs
boson embedded in a different way than in the Standard Model. Questions arising are: Can
Higgs couplings give a hint about the underlying model? And how large can the deviations of
the couplings actually be if no further particle will be found at the LHC? - leading to the follow-
up question of how precisely at least the Higgs couplings have to be measured to capture these
deviations. Of course, these questions cannot be answered completely model independently and
will be discussed in the context of three different models: “Mixed-in Singlet Model”, “Composite
Higgs Model” and “Minimal Supersymmetric Standard Model (MSSM)” 3. A discussion of how
much the triple Higgs self couplings can deviate can be found in 4.

2 Higgs Couplings in a Mixed-in Singlet Model

Additionally to the Standard Model part, this model contains a hidden sector with no Standard
Model quantum numbers. The hidden sector exhibits an extra gauge symmetry which is broken
via a Higgs boson singlet 5,6. The only observable sign of this hidden sector at a collider are
the physical components of this Higgs singlet. The Higgs singlet S mixes with the Standard
Model Higgs doublet HSM via the operator |HSM |2|S|2. This mixing leads to two CP-even mass
eigenstates h, H and can be described by a mixing angle θh. The couplings squared g2h, g2H to

aspeaker
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Figure 1: The solid line indicates the estimated LHC reach for the Higgs boson; for smaller masses of the heavy
Higgs boson mH the heavy Higgs boson is detectable. For parameter values of mH and s2h corresponding to the

region below the dashed line the electroweak precision constraints (S and T parameter) are fulfilled.

all other particles will then be suppressed with respect to the SM one, g2SM,

g2h = c2h g
2
SM , g2H = s2h g

2
SM . (1)

with sh = sin θh and ch = cos θh. In the following we will assume that h is the SM-like Higgs
boson and hence, c2h ≥ 0.5 . The other Higgs boson is assumed to be heavier and might be
detectable at the LHC if it is light enough.

In Fig. 1 an estimate of the discovery potential of the heavy Higgs boson for the 14 TeV LHC
and a luminosity of 100 fb−1 based on Ref. 6 is shown as well as the s2h–mH region for which the
electroweak precision constraints are fulfilled. The latter has been determined by calculating
the S and T parameters

S = c2hSSM (mh) + s2hSSM (mH) (2)

T = c2hTSM (mh) + s2hTSM (mH) (3)

where the one-loop expressions of Ref. 7 have been used. We fixed the Higgs mass to mh = 125
GeV and imposed the requirement that the contributions to the S and T parameters are within
the 90% CL S − T contour in Ref. 8 where U is appropriately fixed to 0.

The maximal value for the sine squared of the mixing angle for which neither the heavy
Higgs boson will be discovered nor the electroweak precision tests are violated can be read of
Fig. 1 as

s2h = 0.12 (4)

which corresponds to a maximal deviation of

∆gh
gSM

≈ −s
2
h

2
≈ −6 % . (5)

with ∆gh = gh − gSM. All couplings of the Higgs boson to other particles will be affected in the
same way.

3 Higgs Couplings in Composite Higgs Models

In a Composite Higgs Model the Higgs boson is a pseudo-Goldstone boson stemming from a
Higgs multiplet belonging to a strong sector which exists in addition to the SM vector bosons
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and fermions. To be independent of the exact realisation of the model we study the deviations
of the couplings adapting the effective Lagrangian for a strong interacting light Higgs boson
(SILH) 9. Here, we list only the operators relevant for our study:

LSILH =

(
cyyf
f2

H†SMHSM f̄LHSMfR +
cSgg

′

4m2
ρ

(
H†SMσIHSM

)
BµνW

Iµν + h.c.

)
+
cH
2f2

∂µ
(
H†SMHSM

)
∂µ
(
H†SMHSM

)
+ . . . (6)

with yf and g (g′) being the Yukawa coupling and the SU(2) (U(1)) gauge coupling. The Higgs
boson doublet, the right- and the left-handed fermion fields, the U(1) and the SU(2) gauge field
strength are denoted as HSM , fR and fL, Bµν and W Iµν , respectively. The decay constant f ,
analogous to the pion decay constant, is given by

mρ = gρf (7)

where mρ and gρ are the mass and the coupling of the new resonance. The coefficients cy, cS
and cH are of the order O(1) according to the Naive Dimensional Analysis 9,10.

In Fig. 2, the region in the parameter plane mρ-gρ which is not allowed by electroweak
precision tests is shown in yellow. Two constraints result in this region: The coupling of the
second operator in Eq. (6), cS/m

2
ρ, is proportional to the S parameter and the constraint mρ ≥

3 GeV can be derived 9. The second constraint comes from cancellations between Higgs boson
and gauge boson contributions which occur completely in the Standard Model but only partially
in the Composite Higgs Models due to the reduced couplings to gauge bosons. This leads to a
logarithmically divergent contribution to the precision observables11. At 90% CL this results in
the constraint 12 cHξ ≤ 0.15 with a Higgs mass of 125 GeV. Direct LHC probes are expected to
be much less sensitive.

The maximal deviation of the coupling of the Higgs boson to the gauge bosons is then
∆gV /g

SM
V ≈ −(cHξ)/2 ≈ −8%, where ∆gi is the difference ∆gi = gi − gSMi with i indicating

the specific coupling. From that we can also calculate the deviations of the fermion couplings as
∆gf/g

SM
f ≈ −cHξ/2 + cyξ ≈ −8%− 15% cy/cH . The loop-induced coupling of the Higgs boson

to gluons receives the same deviations as the one to fermions as the coupling is mediated by



Figure 3: Deviation of the Higgs coupling to bottom quark normalized to the Standard Model value in dependence
on tanβ. The colour code is the following: Red means several Higgs bosons can be discovered at the LHC, only
a single one for all other points. Blue points denote exclusion by the branching ratio of BR(b→ sγ). Lightblue,
yellow and green stand for at least one stop quarks is lighter than 1 TeV, both are heavier than 1 TeV but not

all heavier than 1.5 TeV, and all are heavier than 1.5 TeV, respectively.

fermion loops, ∆gg/g
SM
g ≈ −cHξ/2 + cyξ ≈ −8%− 15% cy/cH . The coupling of Higgs bosons to

photons is mediated by fermion and gauge boson loops. Taking both contributions into account
gives the deviation ∆gγ/g

SM
γ ≈ −cHξ/2 + 0.3cyξ ≈ −8%− 5%cy/cH .

4 Higgs Couplings in the Minimal Supersymmetric Standard Model

The minimal supersymmetric extension of the Standard Model, the MSSM, contains two Higgs
doublets in order to give mass to up-type as well as down-type fermions and to keep the theory
anomaly-free. These two Higgs doublets result in five physical Higgs bosons where the lightest
one is neutral and CP-even (in the case of real parameters). In the following we will assume
that the lightest Higgs boson, h, is the SM-like one. Depending on the point in parameter space
the other Higgs bosons can be discovered at the LHC. We modelled the Higgs boson discovery
potential for 300fb−1 and a 14 TeV LHC after Fig. 1.21 in Ref. 14 (which has been taken from
Ref. 13). Additionally the MSSM comprises superpartners, partner fields to the Standard Model
fields, which might be discovered at the LHC. For the discussion of the Higgs coupling deviations
the most relevant superpartner are the top squarks, the superpartners of the top quarks. We
discuss the maximal deviations depending on the mass of the top squark to get an estimate on
how much a non-discovery of top squarks will influence the maximal deviations.

In Fig. 3, the deviations of the coupling of the Higgs boson to bottom quarks and to tau
leptons normalised to the Standard Model one, ∆gb/g

SM
b and ∆gτ/g

SM
τ , are shown on the left

and right, respectively. Points shown in red correspond to parameter regions in the tanβ-MA

plane (where tanβ is the ratio of the Higgs vacuum expectation values of the two Higgs doublets
and MA the mass of the CP-odd Higgs boson) for which several Higgs bosons are expected to be
discovered while all other parameter points correspond to the single Higgs boson discovery region.
The blue points for large tanβ indicate an exclusion by the branching ratio of BR(b → sγ) 15.
The lightblue, yellow and green points indicate stop quarks where at least one is lighter than
1 TeV, both are heavier than 1 TeV but not all heavier than 1.5 TeV, and all are heavier than
1.5 TeV, respectively. The scan has been performed using the program FeynHiggs2.8.6 16 and
the scanned parameters are the CP-odd Higgs boson mass MA from 200 to 800 GeV, tanβ from
2 to 45, the diagonal soft breaking top squark masses MLQ̃3

= MRt̃
from 100 to 3000 GeV, the

Higgs superfield mixing parameter µ between ±1 TeV, and the top squark mixing parameter Xt

between ±150GeV · nmax where nmax is the nearest smaller integer to 2MLQ̃3
/150GeV. All the

points fulfil the Higgs mass constraint of 123 GeV ≤ mh ≤ 127 GeV.

The largest deviation, up to 100%, can be found for tanβ = 5. At this point the single Higgs
boson discovery region reaches to the lowest value of the CP-odd Higgs boson mass of 200 GeV.



Table 1: Summary of the approximate maximal coupling deviations in the three different models if no other
particle is found at the LHC: Mixed-in Singlet Model, Composite Higgs Model, MSSM. For the ∆hb̄b values in
the MSSM, the superscript a refers to large tanβ > 20 and heavy top squarks and b to all other cases with a
maximum of 100% for tanβ = 5. The last line gives the anticipated 1 σ sensitivities at the 14 TeV LHC with

3 ab−1 of accumulated luminosity.

∆hV V ∆ht̄t ∆hb̄b

Mixed-in Singlet Model 6% 6% 6%

Composite Higgs Model 8% tens of % tens of %

MSSM < 1% 3% 10%a, 100%b

LHC 14 TeV, 3 ab−1 8% 10% 15%

As the deviation of the Higgs coupling to bottom quarks as well as to tau leptons decreases with
1/M2

A, a lower value of the CP-odd Higgs boson mass leads to a larger deviation. For larger
tanβ the maximal deviations are of the order of 10%.

For lighter top squarks, larger deviations can be found for large tanβ in the case of the
Higgs coupling to bottom quarks. This is due to tanβ enhanced ∆b effects 17 which arise
due to a loop-induced coupling of the Higgs field Hu to the bottom quarks, where Hu is the
Higgs field coupling to only the up-type quarks at tree-level. As the bottom squark masses are
not completely independent of the top squarks masses, heavier top squarks lead to at least one
heavier bottom squark which diminishes the ∆b effect. In the case of the coupling to tau leptons,
no corresponding effects are taken into account. They are expected to be smaller as they are
pure electroweak effects.

The maximal deviations of the Higgs coupling to the gauge bosons are very small, below
1%, and for the Higgs coupling to top quarks they amount to roughly 3%.

5 Conclusion

The question of how large the maximal deviations from the SM Higgs couplings can be if no new
physics is discovered by the LHC experiments has been discussed in the context of three different
models, the Mixed-in Singlet Model, the Composite Higgs Model and the MSSM. In Tab. 1 the
found approximate maximal deviations are summarized and for comparison the anticipated 1 σ
sensitivities at the LHC with center of mass energy of 14 TeV with 3 ab−1 of accumulated
luminosity 18 are listed. The deviations of the Higgs coupling to gauge bosons are less than
10% in all cases and tiny in the case of the MSSM. For the Higgs coupling to top quarks, the
deviations can be several tens of percents in the case of the Composite Higgs Model depending
on the actual scenario and less then 10% in all other cases. The largest variation can be found
for the Higgs coupling to bottom quarks that can be of the order of several percents in the
Composite Higgs model and, for tanβ = 5, up to 100% in the MSSM. For larger values of tanβ
and heavier top squarks the deviations can reach about 10 % in the MSSM.
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Tevatron Combination and Higgs Boson Properties

Weiming Yaoa
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We present the Tevatron combination of searches for the Higgs boson and studies of its proper-
ties. The searches use up to 10 fb−1 of Tevatron collider Run II data. We observe a significant
excess of events in the mass range between 115 and 140 GeV/c2. The local significance cor-
responds to 3 Gaussian standard deviations at the mass of 125 GeV/c2. Furthermore, we
separately combine searches for the Higgs boson decaying to bb̄, τ+τ−, W +W−, and photon
pairs in the final states. The observed signal strengths in all channels are consistent with
the presence of a standard model scalar boson with a mass of 125 GeV/c2. Studies of the
couplings at the Tevatron are consistent with SM predictions and are complementary to those
performed at LHC.

1 Introduction

The standard model (SM) Higgs boson was first proposed in 1964 as the remnant of a scalar

field (H) that could be responsible for the electroweak symmetry breaking 1. The quest for the
Higgs boson particle, the last missing piece of the standard model, has been a major goal of
particle physics and a central part of the Fermilab Tevatron collider physics program for several
decades. Both CDF and D0 collaborations have finished their direct searches for the standard
model Higgs boson using the complete Tevatron Run II dataset with an integrated luminosity
of 10 fb−1 of proton-antiproton data. The results reported here are close to the final word on
the Higgs studies at the Tevatron, which have been recently submitted for publication 2. The
searches are performed for assumed Higgs masses between 90 and 200 GeV/c2.

In the standard model, the mass of the Higgs boson (mH) is a free parameter and is indirectly

constrained to be less than 152 GeV/c2 at the 95% conference level (CL)3 by the global fit of the
electroweak precision data including the recent top-quark mass and W boson mass measurements
from the Tevatron4,5. The direct searches from LEP26 set the limit of Higgs mass above 114.4
GeV/c2 at the 95% CL. On fourth of July 2012, the ATLAS and CMS collaborations announced

the observation of the Higgs-like particle7,8 with a mass of approximately 125 GeV/c2. Much of
the power of the LHC searches comes from gg → H production and Higgs boson decays to γγ,
W+W−, and ZZ, which probes the couplings of the Higgs boson to other bosons. The Tevatron
has recently reported a 3.1 sigma excess of H → bb̄ events in association with a vector boson
production, which may provide the first evidence of Higgs coupling to b quarks 9.

1.1 Higgs Search Strategies

The dominant Higgs boson production processes at the Tevatron are gluon-gluon fusion (gg →
H) and the associated production with a W or Z boson 10. Figure 1 shows the Higgs boson

aOn behalf of the CDF and D0 Collaborations
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Figure 1: SM Higgs production cross sections at the Tevatron (left) and its decay branching ratio (right) as a
function of the Higgs boson mass.

production cross sections at the Tevatron as a function of Higgs boson mass and the Higgs decay
branching ratio in the standard model 11. The Higgs boson decay is dominated by H → bb̄ in
the low-mass range (mH < 130 GeV/c2) and by H → W+W− or ZZ∗ in the high-mass range
(mH > 130 GeV/c2). A search for a low-mass Higgs boson in the gg → H → bb̄ channel is
extremely difficult because the bb̄ QCD production cross section is many orders of magnitude
higher than the Higgs production. Requiring the leptonic decay of the associated W or Z boson
greatly improves the expected signal over background ratio in the bb̄ channel, which makes it
to be the most promising channel for the low-mass searches at the Tevatron. Other searches in
the secondary channels for H → γγ, τ+τ−, and tt̄H are also considered. We have to combine
all searches in many different channels in order to obtain the best sensitivity.

The difficulty for the Higgs search at the Tevatron is due to the fact that the Higgs signal is so
small compared to other standard model processes with the same final states. Search strategies
employed by CDF and D0 have been constantly improving over time. We first maximize the
signal acceptances by using efficient triggers, excellent lepton identifications, and b-tagging.
Then we use multivariate analysis (MVA) to exploit the kinematic differences between signal
and background, which can further enhance the signal-to-background ratio from 1% up to the
10% level in the high score regions. The procedures are iterated with improvements for every
major update until the best sensitivity is achieved.

Figure 2 shows the evolution of achieved and projected median expected upper limits on the
SM Higgs boson cross section as a function of the luminosity used for the low-mass searches (left)
and the high-mass searches (right). The solid lines are the luminosity projection assuming there
is no further improvement available. In the past, we have constantly introduced and improved
analysis techniques to gain sensitivity far beyond expectation from increased luminosity. The
orange band corresponds to our conservative and aggressive projections based on 2007 summer
results. The last update with full dataset indicates we have exceeded our most optimistic
expectations.

1.2 CDF and D0 Searches

Event selections are similar in the CDF and D0 analyses, typically consisting of a preselection
based on event topology and kinematics. Multivariate analysis (MVA) techniques are used
to combine several discriminating variables into a single final discriminant that is used in the
analysis. The gain of sensitivity from MVA is about 10-25%, compared to use a single best
variable, such as the dijet mass. Each channel is then divided into exclusive sub-channels
according to various lepton, jet multiplicity, and different b-tagging categories. This procedure
groups events with similar signal-to-background ratio to optimize the overall sensitivity. For
H → bb̄ signatures we look for a bb̄ mass resonance in associated with a W or Z boson where the
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W decays into lν, the Z decays into l+l−, and νν̄. The WH → lνbb̄ channel is the most sensitive
channel and we apply b-tagging and use advanced multivariate analysis (MVA) to suppress the
W+jets and top backgrounds.

For high mass Higgs signatures, we look for Higgs boson decaying into W+W− pair in
the inclusive gg → H events that lead to many interesting final states. The most sensitive
channel is both W decaying leptonically that gives an opposite-sign dilepton, a large missing
transverse energy, and plus some jets in the final state. Due to the miss neutrinos, we can not
reconstruct the Higgs mass and have to rely on the event kinematic that distinguishes signal
from background. For example, the opening angle between two leptons in the signal events is
generally smaller than that in background events due to the fact that the Higgs boson is a scalar
particle. Furthermore, the missing energy of momentum is larger and the total transverse energy
of the jets is lower than they are typically in background events. We combine all these variables
into a single final discriminant, which improves the sensitivity significantly in the high-mass
channel.

Although the primary sensitivity for mH < 130 GeV/c2 is provided by the H → bb̄ analyses
and for mH > 130 GeV/c2 by the H → W+W− analyses, additional sensitivity is achieved
by the inclusion of other channels. Both collaborations contribute analyses searching for Higgs
boson decaying into tri-lepton final states, τ -lepton pairs, diphoton, and tt̄H.

2 Combination Procedures

We combine searches in many channels with different production cross section and decay branch-
ing ratio, and set limits with respect to nominal SM prediction. We combine the results using a
combined likelihood formed from a product of likelihoods for the individual channels. System-
atic uncertainties are treated as nuisance parameters with truncated Gaussian. The common
systematic between CDF and D0 are the luminosity, theoretical cross sections, and PDF uncer-
tainties, which are treated as correlated. Other sources of systematic are experiment dependent,
treated uncorrelated between experiments, but correlated within the experiment, such as lep-
ton identification, b-tagging efficiency, jet-energy scale (JES), detector related efficiencies, and
instrumented backgrounds. Most systematic parameters are constrained by the data in the
background dominated regions.

In order to check the consistency between data and background, we rebin the final discrimi-
nant from each channel in terms of signal-to-background ratio (s/b) so that the data with similar
s/b may be added without loss of sensitivity. The resulting data distributions before and after
background subtraction are shown in Figure 3. There seems to be a small excess of Higgs boson
candidate events in the highest s/b bins relative to the background-only expectations, and the
excess seems consistent with the expected signal of mH = 125 GeV/c2.
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3 Diboson Searches

To validate our background modeling and search methods, we additionally perform a search for
Z → bb̄ in association with a W or Z boson using the same final states of the SM H → bb̄
searches. The data sample, reconstruction, background models, uncertainties, and sub-channel
divisions are identical to those of the SM Higgs boson search, but the discriminant functions
are trained using the signal of Z → bb̄ instead. The measured cross sections of WZ + ZZ is
3.0 ± 0.6 ± 0.7 pb using the MVA discriminant, which is consistent with the SM prediction of
4.4 ± 0.3 pb 12. The combined dijet-mass distributions before and after background-subtracted
for the WZ + ZZ analysis is shown in Figure 4. The signal and the background contributions
are fit to the data, and the fitted background is then subtracted. The contribution expected
from a SM Higgs signal with mH = 125 GeV/c2 is also included. The diboson cross sections

measured by the high mass analysis are also in good agreement with SM predictions 13.

4 Combined Tevatron Searches

There are no major changes in the analyses since the last update reported at the HCP conference
last November 14. Both collaboration have done many cross checks and are focusing on to get
the final analyses out for publication. Figure 5 shows the combined limit from each experiment.
They have very similar search sensitivities and comparable results.

The ratio of the 95% CL limit on SM Higgs boson production to the SM expected rate is
extracted as a function of mH in the range 90-200 GeV/c2, as shown in Figure 6 after combining
the CDF and D0 analyses together. We are able to exclude the regions of Higgs boson masses



1

10

100 110 120 130 140 150 160 170 180 190 200

1

10

mH (GeV/c2)
95

%
 C

L 
Li

m
it/

S
M

CDF Run II Preliminary, L ≤ 10 fb -1

Expected
Observed
±1σ Expected
±2σ Expected

CDF
Exclusion

SM=1

February 27, 2012

 (GeV)HM
100 120 140 160 180 200

S
M

σ
 / 

Hσ
95

%
 C

L 
Li

m
it 

on
  

1

10

DØ Exclusion

-1 9.7 fb≤ 
int

DØ, L

SM Higgs Combination

Observed

Expected w/o Higgs

=125 GeV
H

Expected w/M

1 s.d.±Expected 

2 s.d.±Expected 

Figure 5: The combined upper limit as a function of the Higgs boson mass between 100 and 200 GeV/c2 Solid
black: observed limit/SM; Dashed black: median expected limit/SM. Colored bands: +-1, 2 sigma distributions

around median expected limit from each experiment: CDF (left) and D0 (right).

1

10

100 120 140 160 180 200

1

10

mH (GeV/c2)

95
%

 C
L 

Li
m

it/
S

M

Tevatron Run II Preliminary SM Higgs Combination, Lint ≤ 10 fb-1

Observed
Expected w/o Higgs
±1 s.d. Expected
±2 s.d. Expected
Expected if mH=125 GeV/c2

SM=1

1

10

90 100 110 120 130 140 150

1

10

mH (GeV/c2)

95
%

 C
L 

Li
m

it/
S

M

Tevatron Run II Preliminary H→bb
–
, L ≤ 10 fb-1

Observed

Expected w/o Higgs

Expected if mH=125 GeV/c2

Expected ±1 s.d.

Expected ±2 s.d.

SM=1

1

10

110 120 130 140 150 160 170 180 190 200

1

10

mH (GeV/c2)

95
%

 C
L 

Li
m

it/
S

M

Tevatron Run II Preliminary H→WW, L ≤ 10 fb-1

Observed
Expected w/o Higgs
Expected if mH=125 GeV/c2

±1 s.d. Expected
±2 s.d. Expected

SM=1

Figure 6: Observed and median expected 95% C.L. upper limits on the production times branching ratio respect
to the SM prediction as a function of Higgs boson mass for the combined CDF and D0 searches in all decay
channels (left), in the bb̄ channels only (center), and in the W +W− channels only (right), respectively. The dark-
and light- shaded bands indicate the one and two standard deviation probability regions in which the limits are
expected to fluctuate in the absence of signal. The blue short-dashed line shows median expected limits assuming

the SM Higgs boson is present at mH = 125 GeV/c2.

at 95% CL in 90-107 GeV/c2 and 149-182 GeV/c2. The expected exclusion regions are 90-
121 GeV/c2 and 140-184 GeV/c2. There is a broad excess observed of events between 115-140
GeV/c2. We also separate CDF and D0’s searches into combination limits on the H → bb̄,
H → W+W−, H → γγ, and H → τ+τ− decay modes, as shown in Figure 6 and Figure 7.

We quantify the excess by calculating the local p-value for the background-only hypothesis.
Figure 8 shows the local p-value as a function of Higgs boson mass where the solid curve is for
data and the dash curve is what expected from the SM Higgs boson. At mH=125 GeV/c2, we
have a minimum local p-value corresponding to 3 σ standard deviation. The broken line is what
expected if a Higgs signal of 125 GeV/c2 is present, which has similar shape to the data.

To further check the compatible with the SM Higgs signal of mH=125 GeV/c2, we com-
pared the log-likelihood-ratio (LLR) after injecting mH=125 GeV/c2 signal into background-
only pesudo-experiment, as shown in broken line in Figure 8. The shape seems very similar to
what observed in the data and is quite broad due to the fact that MVA is not optimized for
mass, but for signal-to-background separation.

The observed excess of mH from 115 to 140 GeV/c2 is driven by an excess of data events with
respect to the background predictions in the most sensitive bins of the discriminant distributions.
We fit this excess with the signal-plus-background hypothesis and obtain the best-fit signal
strength as a function of mH , shown in Figure 9. The data are consistent with the expectation
of a SM Higgs boson in the mass range 115-140 GeV/c2. At mH = 125 GeV/c2, the measured
signal strength is 1.44+0.59

−0.56.

We also fit to data in separate channels for H → γγ, W+W−, τ+τ−, and bb̄ for a Higgs
mass of 125 GeV/c2, as shown in Figure 9. The results are consistent with each other, with the
full combination, and with the production of the SM Higgs boson as well. It’s worth noting that
the best-fit rate cross section for (σWH + σZH) × B(H → bb̄) has measured to be 0.19+0.08

−0.09 pb
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for mH = 125 GeV/c2 , which is slightly lower, but consistent with the value of 0.23 ± 0.09 pb

obtained previously 9 due to the updated ZH → νν̄bb̄ analysis from CDF 15.

5 Higgs Boson Properties

In SM, the Higgs boson coupling to other particles is proportional to their mass. Probing
its coupling may provide sensitivity to understand what the new particle is, which can be
parametrized through coupling factors respect to SM predictions. Most searches at the Tevatron
are sensitive to the product of fermion and boson coupling strengths. In the V H → V bb̄ channels,
the production depends on the coupling of the Higgs boson to the weak vector bosons, while
the decay is to fermions. In the gg → H → W+W− channels, the production is dominated by
the Higgs boson couplings to fermions via the quark loop process, but the decay is to bosons.
We follow the procedures of the LHC Higgs cross section WG 16 and assuming uniform prior
for all coupling’s. Figure 10 shows the constraining of the custodial symmetry λWZ , the ratio of
Higgs coupling to W boson and Z boson, by fixing all fermion coupling to SM predictions for the
combined Tevatron searches for a Higgs mass of 125 geV/c2 and two-dimensional constraining
of fermion and boson coupling simultaneously by fixing to λWZ = 1, respectively. The results
are consistent with SM predictions.

6 Conclusion

In conclusion, the final Tevatron results are presented based on full Run II dataset. The Tevatron
has achieved SM sensitivity over most of the accessible mass region. We observed a broad excess
in the mass range of 115 - 140 GeV/c2 relative to background-only hypothesis with a local p-
value of 3 sigma, consistent with the discovery of a Higgs boson at 125 GeV/c2. Studies of the
couplings at the Tevatron are consistent with SM predictions and are complementary to those
performed at LHC.
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We will discuss implications of the recently discovered scalar boson at 125 GeV on the physics
Beyond Standard Model(BSM). The proceedings will be focused on the constraints coming
from the measurements of the Higgs couplings at LHC on the composite and supersymmetric
theories

1 Introduction

Higgs1 field is the only missing element of the Electroweak Symmetry breaking mechanism.
Recently both collaborations at LHC reported discovery 2,3 of a new resonance, which might
be the Higgs boson of the Standard Model(SM). However the mass of the Higgs boson in the
SM suffers from the hierarchy problem, which predicts its natural value to be of the order of
the Planck scale. This issue can be addressed within various BSM scenarios, where the new
resonances at the scale of a few TeV stabilize the radiative corrections to the Higgs mass. Direct
searches for the new states at LHC put strong constraints on these theories. Discovery of the
new boson at LHC provides a new way of testing these ideas: generically the BSM Higgs boson
couplings are modified compared to the SM values and observation of the significant deviation
will be a new physics signal. In this proceedings we will discuss bounds on supersymmetry and
composite Higgs models coming from the measurements of the Higgs couplings at LHCa. The
paper is organized as follows : first we will discuss the single Higgs effective lagrangian, then
we will review the constraints on the Composite Higgs models and supersymmetric theories and
after that we will conclude.

2 Single Higgs effective theory

As we mentioned in the previous section, the generic BSM theories predict modifications of the
Higgs couplings. We can parametrize these couplings using electroweak chiral lagrangian with
all the possible additional interactions involving a singlet scalar h5. LEP constraints6,7 on ∆ρ
parameter force our lagrangian to be symmetric under custodial SU(2)L×SU(2)R symmetry, and
we will assume that the electroweak symmetry breaking pattern is SU(2)L×SU(2)R → SU(2)V .
Then the Nambu-Goldstone (NG) bosons of SU(2)L×SU(2)R/SU(2)V symmetry breaking can
be described by the 2× 2 matrix field

Σ(x) = exp (iσaχa(x)/v) , (1)

aSee for an example 4 for exhaustive list of the literature on the subject



where σa, χa are the Pauli matrices and the corresponding Goldstones bosons and v = 246 GeV.
The chiral lagrangian can then be systematically expanded in numbers of derivatives acting on
the Σ field. In our case, when we have an additional custodial singlet scalar h we should add all
the possible interactions between this field and the chiral lagrangian, which can be written as

L = −V (h) + L(2) + L(4) + . . . , (2)

where L(n) includes the terms with n derivatives and V (h) is the potential for h. At the level of
two derivatives we have

L(2) = 1
2(∂µh)2 + v2

4 Tr
(
DµΣ†DµΣ

) (
1 + 2a h

v + b h
2

v2
+ · · ·

)
− v√

2
λuij (ū

(i)
L , d̄

(i)
L ) Σ (u

(i)
R , 0)T

(
1 + cu

h
v + c2u

h2

v2
+ · · ·

)
+ h.c.

+ (uR ⇔ dR, cu ⇔ cd) + ((u, d⇔ ν, e), cu ⇔ cl) (3)

SM corresponds to the point where all a = b = ci = 1 and c2i = 0. At the level of four derivatives
the bosonic operators that lead to cubic and quartic vertices of NG bosons and gauge fields with
one or two Higgs bosons are:

O1 = Tr
[
(DµΣ)†(DµΣ)

]
(∂νF1(h))2, O2 = Tr

[
(DµΣ)†(DνΣ)

]
∂µF2(h)∂νF2′(h),

OGG = GµνG
µν FGG(h), OBB = BµνB

µν FBB(h),

OW = DµW
a
µν Tr

[
Σ†σai

←→
D ν Σ

]
FW (h), OB = −∂µBµν Tr

[
Σ†i

←→
D ν Σσ3

]
FB(h),

OWH = iW a
µν Tr

[
(DµΣ)†σaDνΣ

]
FWH(h), OBH = −i Bµν Tr

[
(DµΣ)†(DνΣ)σ3

]
FBH(h),

OW∂H = 1
2 W

a
µν Tr

[
Σ†σai

←→
D

µ
Σ

]
∂νFW∂H(h), OB∂H = −1

2 Bµν Tr

[
Σ†i

←→
D

µ
Σσ3

]
∂νFW∂B(h),

where Fi(h) = α
(0)
i + α

(1)
i h+ α

(2)
i h2 + . . . (4)

We can see that at the level of four derivatives we have ten operators, and all of them have a
priori arbitrary coefficients, however some of them are irrelevant for discussing Higgs physics
at LHC. For example O1 and O2 operators always involve at least two Higgses bosons, thus
we can safely ignore them now. OGG(OBB) are very important because they contribute to the
Higgs production from gluon fusion and decays to gluons/photons. OW and OB are constrained
from the electroweak precision S parameter6,7, so that we expect them to be small. OWH/OBH
involve at least three W bosons and we can ignore them. OW∂H/OB∂H contribute to the Higgs
couplings to Zγ,ZZ and WW and are phenomenologically important, however these operators
are generated at least at one loop level so we expect their effects in WW/ZZ couplings to be
suppressed compared to the a parameter of Eq.3, and experimental Zγ constraints are still
weak8.

3 Bounds on the Composite Higgs

One of the most attractive solutions to the SM hierarchy problem is provided in the Composite
Higgs models, where the Higgs boson appears as a composite state9 of some new strong dynamics.
The Higgs can be made much lighter than the rest of the composite resonances by implementing
Pseudo-Goldstone Mechanism9. This symmetry is explicitly broken by the SM gauge and Yukawa
interactions, which lead to the generation of the Higgs mass. Note that the same symmetry
arguments constrains heavily the operators, which can appear in the effective Higgs theory once
all the composite resonances are integrated out. For the Higgs interactions with vector bosons
we get

L =
f2

4
sin2

(
h

f

)
W+
µ W

µ−

a = cos

(
< h >

f

)
=
√

1− ξ, (5)
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Figure 1: Fit of the Higgs couplings in the (a, c) plane, coloured contours indicate the bounds coming from
individual contributions, black- 68, 95, 99% probability contours from the LHC and Tevatron, red-the same with

the data from LEP

where f is an analogue of the pion decay constant. Embedding of the SM fermions in the
composite framework is model dependent and within this paper we will consider only the theories,
where the SM fermion masses are generated using the partial compositeness mechanism10, which
protects the flavor violating observables (see for example 11 for the most recent discussion of the
constraints). The Higgs interactions with fermions within this framework are rescaled by some
trigonometric function

L ∝ ψ̄LψR sin

(
h

f

)1+2m

cos

(
h

f

)n
cψ =

1 + 2m− (1 + 2m+ n)ξ√
1− ξ

, (6)

where the parameters (m,n) are fixed by the representations of the global group and are model
dependentb. In the case when top, bottom and tau mix with the same representations of the
composite fermions, all the modifications of the Higgs couplings are characterized by only two
parameters a, c and the model space can be represented as contours in the (a, c) plane. The
Fig.1 shows fits of the couplings in the (a, c) plane as well contours for various composite Higgs
models. The point a = c = 1 corresponds to the SM and is achieved in the decoupling limit
when f → ∞. We see from the Fig.1 that electroweak precision observables push towards the
a = 1 point, which require

v2

f2
< 0.04→ f > 1.2TeV (7)

note that the strongest constraints are still from the electroweak precisions and are indirect,
thus they can be overcome with the contributions of the new resonances.

4 Constraints on Supersymmetry

The other solution to the Planck weak hierarchy problem is realized within the models with
TeV scale supersymmetry. These type of models also predict generic modifications of the Higgs

bNote that there are additional terms in the expression for the fermion mass, however they are suppressed
by the additional powers of the mass of the composite resonance M∗, so the Eq. 6 becomes exact in the limit
f/M∗ � 1
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couplings and the constraints from LHC already put interesting bounds on the susy parameter
space. Note that supersymmetric theories require the presence of the second doublet by the
holomorphy of the superpotential as well as by the anomaly freedom of the theory. The holo-
morphy of the superpotential requires that one of the Higgs doublets couples only to the up
quarks and the other doublet couples only to the down quarks, as a result couplings to down
and up quarks are modified in a different way, so we need to analyse the couplings in the three
dimensional parameter space (a, cb, cτ )

a = sin(β − α), ct =
cosα

sinβ
, cb = cτ = − sinα

cosβ
,

where tanβ = vu/vd is ratio of the vevs of two doublets and α is the mixing angle between
two CP even scalars. Generically we have also independent contributions to the OGG and OBB
operators from the loops with stops and staus, which we will ignore for the beginning. This
approximation is justified in the limit, when both stops and staus are much heavier than the
second Higgs doublet, the contribution to the cγγ of the charged Higgs is generically small and
we will ignore it here. The results of the three dimensional scan are shown on the Fig.2, where
we have marginalized over the a -Higgs coupling to the vector bosons. Note that supersymmetric
models can populate only the white regions of the plot and the MSSM is located almost always
in the region with up suppressed and down enhanced Higgs couplings. Another way to look at
the Higgs couplings in supersymmetry is to assume that “supersymmetric” parametrization of
the couplings in Eq.(8) is correct and look for the preferred direction in the (sinα, tanβ) space(
see Fig.3). In this parametrization the SM point becomes a line (β − α = π/2), which is the
MSSM in the decoupling limit, i.e. when the masses of the all new particles tend to infinity.
The plot on on Fig.3, shows generic preference for the decoupling limit, without any specific
preference for any tanβ. Note that the shape of the contours on the Fig.3 are dominated by the
constraints on cb parameter, indeed expressing α in terms of the decoupling parameter m2

Z/m
2
A

we get

a ∼ 1− 2m4
Z

m4
A

cos2 2β sin4 β
tan2 β

cb ∼ 1− 2m2
Z

m2
A

cos 2β sin2 β

ct ∼ 1 +
2m2

Z

m2
A

cos 2β sin2 β
tan2 β

. (8)
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4.1 Loops of new fields

So far we have been ignoring completely direct contributions of the new fields to the OGG and
OBB operators. However in the case of the light stops (or any other charged/colored resonances)
these might be the dominant modifications to the Higgs couplings. The contribution to the
cgg/cγγ coefficients can be easily calculated using the Higgs Low Energy Theorems 12 and for
example in the case of stops we get

m̃2
t ∼

(
m2
Q + y2t v

2s2β ytsβvXt

ytsβvXt m2
u + y2t v

2s2β

)

cgg ∝ ∂ Det log m̃2
t

∂ log v ∼ 1
4

(
m2
t

m2
t̃1

+
m2
t

m2
t̃2

− m2
tX

2
t

m2
t̃1
m2
t̃2

)
, (9)



where cgg = 1 corresponds to the contribution by the infinitely heavy top quark. The results
of the fit are shown on the Fig.4, where both cgg and cγγ are normalized in terms of their SM
contributions. In the case, when we have only one new particle in the loop only two regions
(unshaded on Fig.4) are possible, where region I(II) corresoponds to the large(small) mixing
((Xt) term). We can see from the Fig.4 that the SM prediction is within 68% probability
contour.

5 Summary

We have reviewed the current status of the fits of the Higgs couplings, and the corresponding
constraints on the new physics models. We have discussed the composite Higgs and supersym-
metric models, both of these models provide a solution to the hierarchy problem and can be
also tested by the measurements of the Higgs couplings. So far the experimental data prefers
SM limit of these models.
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Combination of results on the Higgs Boson in ATLAS

Bruno Mansoulié, on behalf of the ATLAS Collaboration
DSM-IRFU-SPP, CEA Saclay, 91191 Gif-sur-Yvette CEDEX France

The combination of the most recent results obtained by the ATLAS experiment at the
LHC on the Higgs boson is presented. The combined mass measurement derived from
the H→ γγ and H→ZZ(∗)→ 4` channels using the full 2011 and 2012 dataset is mH =
125.5 ± 0.2 (stat) +0.5

−0.6 (sys) GeV. The combination of all studied final states, including the

H → ττ , H → bb̄ , and H→WW (∗)→ `ν`ν channels using a partial dataset is reported. The
combined signal strength is determined to be µ = 1.43 ± 0.16 (stat) ± 0.14 (sys) at a mass
of 125.5 GeV. The production modes and coupling properties of this new particle are also
studied.

1 Introduction

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at
the LHC, reported by the ATLAS 1 and CMS 2 Collaborations, is a milestone in the quest to
understand electroweak symmetry breaking3,4,5. In Refs. 1,6 the ATLAS Collaboration reported
first measurements of the mass of this particle and its coupling properties. Updated results
are presented at this conference, for the bosonic decay modes 7 and the fermionic ones 8. This
document presents an update of the combined measurements of the mass and signal strength
of the observed new particle9, including the updated analyses of H→ γγ10 and H→ZZ(∗)→ 4 1̀1

using about 4.8 fb−1 of pp collision data at
√
s = 7 TeV and 20.7 fb−1 at

√
s = 8 TeV . The

measured yields are analysed in terms of the signal strengths, for different production and decay
modes and for their combination. Finally the couplings of the newly discovered boson are probed
with fits to the observed data under several assumptions.

2 Statistical method

The results are based on the same statistical model as in Refs. 1,6. A parameter of interest (or
vector of parameters) µ is estimated by maximizing a profile likelihood function:

Λ(µ) =
L
(
µ,

ˆ̂
θ(µ)

)
L(µ̂, θ̂)

(1)



where θ represents the vector of nuisance parameters. In the denominator both µ and θ have
been adjusted to find the global maximum of the likelihood function L. Their best-fit values are
noted µ̂, θ̂. In the numerator, for a chosen µ, the nuisance parameters θ are adjusted to maxi-

mize L, and their value is then noted
ˆ̂
θ. The ratio Λ(µ) is then a function of the parameter(s)

of interest µ, and asymptotically, the test statistic −2 ln Λ(µ) follows a χ2 distribution with n
degrees of freedom (µ1,...,n).

In the model, one must provide the probability distribution functions (pdf) of the nuisance
parameters associated with sources of systematic uncertainty. These pdf’s are most often taken
as Gaussian, Log Normal (for positive variables), or Poisson (for discrete values), as they result
from the effect of several statistical contributions. However, for some systematic uncertainties
it is useful to consider a rectangular pdf (flat distribution over an interval), for example when
the nuisance parameter is only known to be constrained between two bounds.

3 Mass systematic uncertainties

For the H→ZZ(∗)→ 4` decay mode, the mass measurement is dominated by the 4 muon decay
channel, which has the best resolution and lowest background. In this channel, the mass-scale
uncertainty comes from the muon momentum scale uncertainty, estimated to be 0.2% from the
study of J/ψ, Υ and Z samples. For the decay modes containing electrons, the mass-scale
uncertainty is related to the electron energy scale uncertainty, which will be described below.

For the H→ γγ decay mode, the mass scale uncertainties, coming from the photon energy
scale uncertainties, can be separated into two classes. In the first class, the uncertainties must
be determined for each of the analysis categories used in the H→ γγ analysis. These mainly
include: the method uncertainty (0.3%, mainly the extraction of the energy scale from Z → ee),
the uncertainty related to the amount of material in front of the calorimeter (0.3%) and the
relative calibration of the presampler detector in front of the calorimeter (0.1%). Each of the
above uncertainties receives contributions from two components: the extrapolation in energy
from that of electrons in Z → ee to the measured photon energy, and the transfer of the electron
calibration to the photon calibration. The second class contains uncertainties which can be
estimated for the whole photon sample irrespective of the analysis category. These contain the
ratio of the first to second calorimeter sampling energies, the lateral leakage of showers, the
fraction of conversions, etc., and amount to ∼ 0.32%. The overall systematic uncertainty on
mass scale for the H→ γγ mode is 0.55% or 0.7 GeV.

4 Mass measurement

4.1 Combined mass determinations from the H→ γγ and H→ZZ(∗)→ 4` channels

In the H→ γγ and H→ZZ(∗)→ 4` channels the final state can be fully reconstructed with an
excellent mass resolution. The results from these two analyses for the full 2011 and 2012 data
samples are combined, corresponding to integrated luminosities of about 4.8 fb−1 at

√
s = 7 TeV

and 20.7 fb−1 at
√
s = 8 TeV. The combination uses a common value of the Higgs boson mass,

mH , as the parameter of interest, leaving free the signal strengths of each mode. Figure 1 shows
the profile likelihood ratio as a function of mH for the H→ γγ and H→ZZ(∗)→ 4` channels and
their combination. The combined mass is measured to be

mH = 125.5± 0.2 (stat) +0.5
−0.6 (sys) GeV . (2)

4.2 Consistency of the mass determinations from H→ γγ and H→ZZ(∗)→ 4`

For the previous combination reported in Ref.12 the compatibility of the two mass measurements
was 0.8% (2.7σ). To assess the consistency of the updated measurements, a likelihood function
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Figure 1: The profile likelihood ratio −2 ln Λ(mH) as a function of mH for the H→ γγ and H→ZZ(∗)→ 4`
channels and their combination, obtained by allowing the signal strengths µγγ and µ4` to vary independently.

The dashed line shows the statistical component of the mass measurement uncertainty . From Ref. 9.

in which the mass parameters mγγ
H and m4`

H vary independently is considered first. Figure 2(a)
shows likelihood contours in mγγ

H and m4`
H around the two best-fit mass values and the line

defined by mH = mγγ
H = m4`

H .
The measurements are slightly correlated, due to the common e/γ energy scale from the

Z → e+e− based calibration between the H→ γγ mode and H→ZZ(∗)→ 4` with electrons in
the final state. Indeed, the mass consistency between the muon and electron final states in
the H→ZZ(∗)→ 4` channel causes a ∼ 0.8σ adjustment in the overall e/γ energy scale which
induces an approximate 350 MeV downward shift of mγγ

H in the combination, with respect to
the value measured from this channel alone. To quantify the consistency between the measured
mγγ
H and m4`

H values, a likelihood function Λ(∆mH) is considered for the mass difference ∆mH =
mγγ
H −m4`

H , with the average mass mH profiled in the fit. This allows the hypothesis ∆mH = 0
to be tested. The signal strengths µγγ and µ4` are again treated as independent nuisance
parameters. The likelihood is shown in Figure 2(b) as a function of the mass difference. The
estimated H→ γγ and H→ZZ(∗)→ 4` mass difference is

∆m̂H = 2.3+0.6
−0.7 (stat) ± 0.6 (sys) GeV . (3)

The mass difference is reduced with respect to the one reported in Ref.12 by about 700 MeV.
This reduction is driven by changes in the individual measurements reported in Refs. 10,11 where
the compatibility with the previously measured values is discussed.

From the value of the likelihood evaluated at ∆mH = 0, indicated in Figure 2(b), the proba-
bility for a single Higgs-like boson to produce a value of the Λ(∆mH) test statistic disfavoring the
∆mH = 0 hypothesis by more than observed in the data is found to be at the level of 1.2% (2.5σ)
using the asymptotic approximation assumption, and 1.5% (2.4σ) using Monte Carlo ensemble
tests.a Further checks, assuming the SM signal strengths for H→ γγ and H→ZZ(∗)→ 4` or
constraining the ensemble of pseudo-experiments to the observed signal strengths, yield similar
probabilities, since µ and mH are largely uncorrelated.

The significance of the mass difference is also tested using rectangular pdfs for the systematic
energy scale uncertainties coming from the Z → ee calibration method, the imperfect knowledge
of the material upstream of the electromagnetic calorimeter and the energy scale of the presam-
pler detector. The rectangular pdfs correspond to a uniform a priori likelihood in the range of

aHere 2-sided probabilities are used as both cases, mγγ
H > m4`

H and mγγ
H < m4`

H , are considered.
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Figure 2: (a) Likelihood contours as a function of mγγ
H and m4`

H . (b) Likelihood as a function of the mass
difference, ∆mH = mγγ

H −m
4`
H , profiling over the common mass mH . In both cases the signal strength parameters

µγγ and µ4` are allowed to vary independently. In (a) the masses are considered as two independent parameters
of interest (2-dimensional contours) while in (b) only one parameter of interest, the mass difference, is considered

(1-dimensional variation of the likelihood). From Ref. 9.

the ±1σ Gaussian uncertainty intervals for these three sources of systematic uncertainties and
a zero probability outside the ±1σ range. With this treatment of these energy scale systematic
uncertainties, the probability for a single Higgs-like boson to produce a value of the Λ(∆mH)
test statistic disfavoring the ∆mH = 0 hypothesis by more than observed in the data is found
to be 8%.,

5 Signal production strength

Signal strength parameters µ are defined as the yield divided by the corresponding SM value.
The best-fit signal strength parameter µ̂ is a convenient observable to test the compatibility of
the data with the background-only hypothesis (µ = 0) and the SM Higgs hypothesis (µ = 1).
Hypothesized values of the global signal strength parameter µ and the strength parameters
for each channel µi are tested with the statistic Λ(µ) as defined in Eqn. 1. This test statistic
extracts the information on the parameters of interest from the full likelihood function, assuming
a fixed, common, mH . The best-fit values of the signal strength parameter for each channel
independently and for the combination are given in Fig. 3 for the measured combined mass
mH = 125.5 GeV. The observed yield corresponds to a measured signal strength of 1.43 ±
0.16 (stat) ± 0.14 (sys) for mH = 125.5 GeV with all channels combined. This combined signal
strength is consistent with the SM Higgs boson hypothesis µ = 1 at the 3% level. Alternatively,
the consistency with the SM Higgs boson hypothesis is also tested using rectangular pdfs for the
dominant theory systematic uncertainties from gg → H QCD scale and parton density functions
variations following the recommendations in Refs. 13,14. With this treatment the consistency of
the observed signal strength with the SM hypothesis is increased to ∼11%. A compatibility test
between the signal strengths of the five channels and the Standard Model expectation of unity
for all channels gives a probability of about 8%. The compatibility between the combined best-fit
signal strength µ̂ and the best-fit signal strengths of the five channels is 32%. The dependence
of the combined value of µ̂ on the assumed mH has been investigated and is relatively weak:
changing the mass hypothesis between 124.5 and 126.5 GeV changes the value of µ̂ by about
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Figure 3: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual channels and
for their combination. From Ref. 9.

In order to test which values of signal strength and Higgs mass are simultaneously consistent
with the data for the H→ γγ and H→ZZ(∗)→ 4` channels, the profile likelihood ratio Λ(µ,mH)
is used. The resulting 68% and 95% confidence level (CL) contours are shown in Fig. 4.
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combination, including all systematic uncertainties. The markers indicate the maximum likelihood estimates

(µ̂, m̂H) in the corresponding channels. From Ref. 9.

6 Production modes

The dominant production mode of the Standard Model Higgs boson is gluon-fusion, but it
is important to search for evidence for the Vector Boson Fusion (VBF) mode. The modes
qq̄/gg → tt̄H and qq̄ → WH/ZH are expected to provide very small contributions with the
present statistics. Hence µggH and µttH have been grouped together as they scale dominantly
with the ttH coupling in the SM and are denoted by the common parameter µggF+ttH . Similarly,
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µV BF and µV H have been grouped together as they scale with the WH/ZH coupling in the
SM and are denoted by the common parameter µV BF+V H . The resulting contours for the
H→ γγ, H→ZZ(∗)→ 4` and H → ττ channels, each using analysis categories optimized for the
measurement of VBF Higgs production, are shown in Fig. 5 for mH=125.5 GeV.

It should be noted that the factors µf , the ratio of the branching ratio in a given final state f
to the SM one may have different values for different decay modes, hence a direct comparison of
the results among different final states is not possible. Such comparisons need consistent coupling
modifications in the initial and final state. It is possible, however, to use ratios to eliminate the
dependence on the branching fractions and illustrate the relative discriminating power between
ggH+ttH and V BF+V H, as well as the compatibility of the measurements across channels. The
likelihood as a function of the ratio µVBF+V H/µggF+tt̄H is shown for the H→ γγ, H→ZZ(∗)→ 4`
and H → ττ channels and their combination in Fig. 6. The measurements in the three channels
as well as the observed combined ratio of µVBF+V H/µggF+tt̄H = 0.9+0.7

−0.4 are compatible with the
SM expectation of unity.

7 Couplings

A relative coupling κi is defined as the ratio of the measured coupling to the SM one. For each
observed final state of the SM Higgs boson, the production and decay rates involve several cou-
plings. For example in the H→ γγ mode, the production rate from gluon-fusion is proportional
to the effective Higgs-gluon coupling κg

2, where κg is itself a function of the Higgs couplings to
the top κt and to the bottom κb, and mH . The production rate from VBF depends on κW

2.
The decay rate is proportional to (κW − 0.2κt)

2, with an interference between the top and W
loops. Consequently, the elementary couplings of the Higgs to the different particles cannot be
derived directly from the observed rates, but need a consistent parametrization, as proposed by
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the LHC Cross Section Working Group 15. Ideally, the measurement of all production and decay
modes would allow to derive all the couplings, but in practice some modes are inaccessible. It
is then necessary to group some couplings into consistent models to test the most important
features of the newly found boson against the SM Higgs hypothesis.

7.1 Fermion versus Vector couplings

In this model, all fermion couplings are taken equal under κF = κt = κb = κτ , and all vec-
tor couplings are taken equal under κV = κW = κZ . The model assumes that gluon-fusion
production and H→ γγ decay occur only through loops of SM particles. Figure 7 shows the
corresponding likelihood contours of the data in the κV , κF plane. Only the relative sign of
κV and κF is relevant, and the sign of κV is chosen positive. The degeneracy between the two
possible minima can only be lifted by the interference term in the H→ γγ decay mode. The
present data slightly favours the SM minimum. The (2D) compatibility of the SM hypothesis
with the best fit is 21%. With this data, the sensitivity to κF is mostly through the coupling to
the top involved in the loops. It will be much better with the forthcoming results of the bb̄ and
ττ modes.

7.2 W and Z couplings (custodial symmetry)

Identical coupling scale factors for the W and Z are an important ingredient of the Standard
Model, often referred to as custodial symmetry. In the previous model, κW and κZ are now
separated, and their ratio λWZ is probed. Figure 8 shows the likelihood distribution for λWZ .
The measured value is λWZ = 1.07+0.35

−0.27.

7.3 Contribution from non-SM particles

This model assumes that all couplings to SM particles have their standard value, i.e. κi = 1,
but the effective couplings to gluon and photon, κg and κγ are taken as independent, allowing
for additional contributions from new particles in the gluon-fusion production and H→ γγ decay
diagram loops. As a first step, the model assumes that these particles do not contribute to the
total width through undetected modes. Figure 9 shows the likelihood contours in the κg , κγ
plane. The best fit values, profiling over the other parameter, are κg = 1.1+0.2

−0.3 and κγ = 1.2+0.3
−0.2.



Vκ
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Fκ

-2

-1

0

1

2

3

4
SM
Best fit

) < 2.3Fκ,
V

κ(Λ-2 ln 
) < 6.0Fκ,

V
κ(Λ-2 ln -1Ldt = 5.8-5.9 fb∫ = 8TeV, s

-1Ldt = 4.8 fb∫ = 7TeV, s

ATLAS Preliminary

Figure 7: Likelihood contours of the coupling scale factors κF and κV for a 2-parameter benchmark model probing
different coupling strength scale factors for fermions and vector bosons, assuming no non-SM contribution to the

total width. From Ref. 6.

WZλ

0.5 1 1.5 2 2.5

)
W

Z
λ(

Λ
-2

 ln
 

0

1

2

3

4

5

6

7

8

9

)
WZ

λ(Λdata -2 ln 

)
WZ

λ(Λexp. -2 ln -1Ldt = 5.8-5.9 fb∫ = 8TeV, s

-1Ldt = 4.8 fb∫ = 7TeV, s

ATLAS Preliminary

Figure 8: Likelihood distribution of λWZ = κW /κZ for a benchmark model probing the custodial symmetry
with independent κF , κW , κZ . From Ref. 6.

The compatibility of the SM hypothesis (2D) with the best fit point is 18%. In a second step,
the assumption on the total width is released. The free parameters are κg, κγ and BRinv.,undet.,
where the latter represents the branching ratio to possible invisible and undetected decay modes.
Profiling over κg and κγ , the 68% CL (resp. 95%) upper limits on BRinv.,undet. are found to be
0.68 (resp. 0.84).

8 Conclusion

An update of the properties of the newly discovered Higgs-like boson using the dataset corre-
sponding to about 4.8 fb−1 of pp collision data recorded by ATLAS at

√
s = 7 TeV and up to

20.7 fb−1 recorded at
√
s = 8 TeV is presented. The measured mass, based on the high mass reso-

lution channels H→ γγ and H→ZZ(∗)→ 4`, is mH = 125.5±0.2 (stat) +0.5
−0.6 (sys) GeV. The mea-

surements of the signal strengths for the final statesH→ γγ, H→ZZ(∗)→ 4`, H→WW (∗)→ `ν`ν,
H → ττ and H → bb̄ have been combined, giving an average value of 1.43±0.16 (stat)±0.14 (sys)
obtained at the mass of 125.5 GeV. A compatibility test between this combined signal strength
and the Standard Model expectation of unity gives a probability of about 3%. A more conserva-
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tive treatment of the gg → H related theory systematic uncertainty, using rectangular pdfs for
the QCD scale and PDF related errors, improves the compatibility to the level of ∼11%. The
measured cross section ratio between vector boson mediated and gluon (top) mediated Higgs bo-
son production is found to be µVBF+V H/µggF+tt̄H = 0.9+0.7

−0.4 . The couplings of the new particle,
studied on a partial dataset with simplified benchmark models, are found to be in agreement
with that of the SM Higgs boson.
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Recent next-to-next-to-leading-order studies have shown that, for the current experimental
values of the Higgs mass, top quark mass and strong coupling, the Standard Model (SM)
scalar potential has a second minimum, deeper than the electroweak one. I will review a
simple and efficient mechanism to stabilize the electroweak vacuum. The mechanism involves
an extra scalar singlet and can be easily at work in existing beyond the SM scenarios like the
see-saw neutrino mechanism, invisible axion and unitarized Higgs inflation models.

1 Introduction

The Higgs sector of the Standard Model (SM) is the part of the theory that has been less
confronted with the experiments. Interestingly, some of the most prominent theoretical problems
arise from the Higgs sector. In particular, the measured mass Mh ≈ 125 GeV of the Higgs
particle recently discovered, by the experiments ATLAS 1 and CMS 2, is rather intriguing from
the point of view of the stability of the electroweak (EW) vacuum of the Standard Model (SM).
The stability of the EW vacuum is very sensitive to the Higgs mass mh, the top mass Mt and
the strong coupling αs, in order of decreasing sensitivity.

The state-of-the-art analyses of the SM vacuum stability after the latest LHC data is done at
the nex-to-next-to-leading order level 3. The main result of such a study 3 is that for the current
central experimental values of the relevant SM experimental inputs (mh, Mt, gauge couplings
and the Fermi constant GF ), the EW vacuum is unstable: there is a minimum deeper than the
EW one at large field values φ ∼ 1011 GeV.

Although the Higgs vev at the EW scale (ΛEW ≈ 246GeV) is sitting in an unstable minimum,
this is not necessarily a problem; the reason is at least two-fold. Firstly, the SM is likely to be
embedded in a more fundamental theory not far from the ∼TeV scale. The infamous EW
scale fine-tuning problem is the main motivation for such new physics at the ∼TeV scale. And
secondly, most probably the vacuum is not very unstable: the age of the universe ∆t over the
vacuum’s life time τ is really small, ∆t/τ ∼ 10−90±10. This is because the Higgs quartic coupling
λ becomes negative along its Renormalization Group (RG) flow, but its absolute value remains
small, λ(µ) & −0.01.

However, although there is not any physical problem with an unstable vacuum that is suffi-
ciently long lived, we wold like to understand how it might be stabilized in different extensions
of the SM which have different motivations than the stability issue. Furthermore, it can be
desirable to cure the Higgs instability at large field values to avoid:

- cosmological constrains,



- an upper bound for the supersymmetric SM matching scale 3,4,5,

- constraints in the upper bound of see-saw neutrino partners 6,7,

- tension between models of Higgs inflation and the scale of inflation 8,

There are many ad hoc possibilities to modify the Higgs potential and rise the instability
scale. For instance, additional bosonic fields change the behaviour of the Higgs quartic coupling
in such a way that it tends to be greater when it is evolved from low to high energies (for
recent analyses, see 9,10 and references therein). In reference 8 a simple and robust mechanism to
stabilize the EW vacuum was proposed. It is based on a tree-level scalar threshold effect which
can be easily at work in generalizations of the SM that have independent motivations from the
instability of the EW vacuum.

In this note, we will review the main results presented in 8, that is: we will explain the
aforementioned mechanism to stabilize the EW vacuum and provide examples of beyond the
SM scenarios in which the mechanism can be operative.

2 Stabilizing the Higgs by a scalar threshold effect

To explore the impact of an additional singlet scalar on the stability of the Higgs potential, we
consider a tree-level scalar potential of the form

V0 = λH

(
|H|2 − v2/2

)2
+ λS

(
|S|2 − w2/2

)2
+ λHS

(
|H|2 − v2/2

)(
|S|2 − w2/2

)
. (1)

Here H is the Higgs doublet and S is a complex scalar field. V0 is the most general dimension-four
potential that respects a global Abelian symmetry under which only S is charged. Although we
will consider here a single complex scalar, most of our conclusions remain valid also in the case
of multi-Higgs doublets or real singlet fields (with a Z2 parity replacing the abelian symmetry).

The analysis will be performed at leading order: one-loop improved effective potential,
i.e. tree-level potential with its couplings evaluated at µ ∼ φ by means of the one-loop beta
functions, plus tree level matching conditions. By φ we denote the scalar field background, in
some direction of the H−S field space. Working at leading order is sufficient to show the points
we are interested in and it has the advantage that we will be able to show analytical and simple
expressions.

For λH , λS > 0 and λ2HS < λHλS , the minimum of V0 is at

〈H†H〉 = v2/2 , 〈S†S〉 = w2/2 , (2)

and the potential is normalized such that at its minimum V0|min = 0. A nonzero vacuum
expectation value (vev) of S, which is crucial for the mechanism to work, spontaneously breaks
the global symmetry, giving rise to a potentially dangerous Goldstone boson. Gauging the
symmetry of S or explicitly breaking it by small terms in V0 can be used to evade these problems,
but does not conceptually modify our results. For simplicity, we restrict our considerations to
the potential in Eq. 1, but generalizations are straightforward.

At the minimum, the mass matrix is:

M2 = 2

(
λHv

2 λHSvw
λHSvw λSw

2

)
; (3)

its eigenvalues are:

m2
h = 2v2

(
λH −

λ2HS
λS

)
+O

(
v4

w2

)
,

M2
s = 2λSw

2 + 2(λ2HS/λS)v2 +O
(
v4

w2

)
.

(4)



We will consider w2 � v2 such that, at tree level, mh ∼ v ∼ ΛEW and Ms ∼ w.
The presence of the new scalar field S modifies the analysis of the stability conditions of the

Higgs potential. As already mentioned in the introduction, the presence of new bosonic degrees
of freedom change the running of the Higgs quartic coupling, above the mass scale of the new
bosons, in such a way that the potential tends to be more stable. This is so because loops of
scalars contribute positively to the beta function of the Higgs quartic coupling. These are the
one-loop beta function of the quartic couplings of the Lagrangian defined in Eq. 1, above the
mass scale of S:

16π2
λH
dlnµ

=
(

12y2t − 3g′
2 − 9g2

)
λH − 6y4t +

3

8

[
2g4 + (g′

2
+ g2)2

]
+ 24λ2H + 4λ2HS ,

16π2
λS
dlnµ

=
1

2

(
12y2t − 3g′

2 − 9g2
)
λHS + 4λHS (3λH + 2λS) + 8λ2HS ,

16π2
λHS
dlnµ

= 8λ2HS + 20λ2S .

(5)

If the singlet mass MS is below the SM instability scale ΛI and (λHS
4π )2ln (ΛI/MS) is large

enough, the positive contribution of λHS to the RGE equation for λH can prevent it from
becoming negative.

2.1 Threshold effect

Besides the loop contribution to the running of λ(µ) discussed above, there is a related tree-level
effect through which the new singlet can affect the stability bound. Let us consider the limit in
which MS is much larger than the Higgs mass (w2 � v2). Then, we can integrate out the field
S at the scale MS . At the order of precision we are working this is equivalent to substituting S
in Eq. 1 by its equations of motions. Making such substitution we obtain the effective potential,
below the scale MS ,

Veff = λ
(
|H|2 − v2/2

)
(6)

and the matching condition, imposed at the scale MS ,

λ = λH −
λ2HS
λS

. (7)

The effective potential Eq. 6 is nothing but the SM Higgs potential. As we will make clear in the
following pages, the crucial point is that the matching condition of the Higgs quartic coupling
corresponds to a positive shift as it is evolved from low to high energies. And, this effect does
not decouple: it is independent of the mass MS .

In the low energy theory (Eq. 6), below MS , the condition to ensure stability of the EW
vacuum is the same as in the SM. The instability in the SM appears for Λ2

I � v2. Therefore, at
the level of precision we are working the stability condition takes the simple form λ(φ) > 0, for
v � φ < MS .

Naively, as the tree-level shift δλ corresponds to a larger Higgs quartic coupling above
MS , the chances of keeping it positive seem improved. However, as we show below, the tree-
level conditions for stability change from λ > 0 in the effective theory below MS to λH > δλ
in the full theory above MS . Thus, it appears that the threshold correction δλ does not help
stability at all. To understand what happens, one has to reexamine the stability conditions more
carefully. First of all, recall that the tree-level potential V0 in Eq. 1 is a good approximation
to the full potential if we evaluate couplings and masses (collectively denoted by λi below)
at a renormalization scale of the order of the field values of interest. Once we express the
scalar potential as V0[λi(µ = ϕ), ϕ], potentially large logarithms of the form lnmi(ϕ)/µ (where



mi(ϕ) ∼ ϕ is a typical field-dependent mass) are kept small. Roughly speaking, this means that
V0 with a fixed µc will be reliable as long as one examines ϕ ∼ µc and restricts field excursions to
|ϕ−µc| < µce

8π2λ0/λ21 (where λ0 denotes a coupling in the tree-level potential and λ1 a coupling
affecting the radiative corrections, e.g. the top Yukawa coupling squared). By adjusting µ ∼ ϕ
one can evaluate reliably the potential at all field values, but the previous estimate tells us when
we can use V0[λi(µc), ϕ], which has a simpler field dependence.

In the full theory, Eq. 1, above the MS scale, the first two obvious stability conditions are

λH > 0 and λS > 0, (8)

to avoid unbounded from below directions for large field values, along the H and S directions.
Then, for the mixing term, we can distinguish two cases: λHS > 0 or λHS < 0. Now we discuss
each case in turn a.

◦ Case λHS > 0

In this case, V0 can become negative only when |S| < w/
√

2 (neglecting corrections propor-
tional to v). In this situation, the most dangerous field configuration is well approximated
by setting S = 0 in Eq. 1, such that

V0(H, 0) ≈ λH |H|4 −
λHS
2λS

M2
S |H|2 +

M4
S

16λS
. (9)

The extra stability condition (V0 > 0) is then

λ2HS(µ) < λH(µ)λS(µ) . (10)

Note that this can be rewritten as λH > δλ = λ2HS/λS and ensures that the light scalar
state does not become tachyonic, see Eq. 4. If this condition were violated at some scale
µ∗, it would lead to an instability for field configurations with

|S| < MS

2
√
λS
, µ− < |H| < µ+, µ2± =

M2
SλHS

4λHλS

(
1±

√
1− λHλS

λ2HS

)∣∣∣∣∣
µ∗

, (11)

which could be trusted provided µ− < µ∗ < µ+. Note that, if µ∗ � µ±, this would
not mean that there is an instability to worry about, as it would be located outside
the range of validity of the tree-level approximation V0(λi(µ∗), ϕ). Thus, as long as the
condition in Eq. 10 is satisfied for renormalization scales within a relatively narrow range
of energies around MS (which fixes the mass scale of µ±), there is no instability even if
this condition were eventually violated at higher scales. Only if parameters happen to lie
near a critical point in which at least one of conditions (Eq. 10 or 11) is barely satisfied,
radiative corrections can become important and invalidate the stability analysis performed
with the tree-level potential. In this case one should resort to the one-loop approximation
of the potential; otherwise, our analysis is reliable.

◦ Case λHS < 0

A similar analysis can be performed for this case. Provided Eq. 8 is fulfilled, the potential
can only be negative at field values |S| > w/

√
2. The stability condition is:

−λHS(µ) <
√
λH(µ)λS(µ) . (12)

aThis separation makes sense because λHS renormalizes multiplicatively, since it is the only coupling connecting
both sectors: the new singlet and the SM Higgs sector. Therefore λHS does not flip sign along the running.



If this condition is not fulfilled at some scale µ∗ an instability occurs with

|S| > MS

2
√
λS
, c− <

|H|
|S|

< c+, µ2± =
−λHS
λH

(
1±

√
1− λHλS

λ2HS

)∣∣∣∣∣
µ∗

. (13)

Eq. 13 determines a direction in field space along which the potential becomes unbounded
from bellow. Therefore, the condition of Eq. 12 has to be fulfilled for arbitrarily high
scales.
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Figure 1: Running of the Higgs quartic coupling in the SM and in the model with a scalar singlet, here assumed
to have the mass MS = 108 GeV. Left: if λHS > 0, thanks to the tree level shift at the singlet mass, the coupling
never enters into the instability region, even assuming that singlet contributions to the RG equations are negligible.
Right: if λHS < 0 the instability can be shifted away or avoided only by singlet contributions to the RG equations.

In Fig. 1 we show two realistic plots of the running of the Higgs quartic coupling as a function
of the renormalization scale for both cases λHS > 0 (left) and λHS < 0 (right). The red region
is the instability region. If the quartic coupling enters in that region for some field value, there
is a minimum deeper than the EW vacuum at such field value. The left plot shows that the
mechanism just described is potentially very effective in stabilizing the SM vacuum. As it was
mentioned before, apart from the matching condition there is the related RGE effect, which also
tends to increase the value of λH .

3 Examples

In this section we discuss a situation of physical interest where this mechanism can naturally
operate. This is the see-saw mechanism for neutrino masses. This is the simplest version of the
see-saw mechanism:

δL = iN̄γ∂N + yνLNH +
MN

2
N2 + h.c. (14)

In the above equation, we have coupled a very massive Majorana fermion N, of mass MN , to the
SM Higgs H and lepton doublet L. Then, when the Higgs takes vev, the interaction term mixes



the mass terms of the SM neutrinos and N. Upon diagonalizing, the SM neutrinos get mass

mν =
y2νv

2

MN
, (15)

which is small provided MN � v.
The impact of the see-saw mechanism on the stability of the EW vacuum has been discussed

in the literature 6. The new neutrinos tend to make the potential more unstable, because they
change the RGE flow of the quartic coupling above their mass scale. Their impact depends
on the value of the Yukawa couplings, which increase as yν ∝

√
MN , and becomes sizeable for

MN & 1013 GeV.

Mt = (173.2 ± 0.9) GeV
Αs = 0.1184 ± 0.0007
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Figure 2: In red, the SM instability scale ΛI as a function of the Higgs mass. The central curve correspond to
Mt = 173.2 GeV and αs(MZ) = 0.1184 and the side-bands to 1-sigma deviations (with larger deviation for the
top mass). In black, the three dashed lines correspond to the lower limits of the mass of the lightest right-handed

neutrino coming from thermal leptogenesis. The green band is the experimentally favoured Higgs mass.

We do not know what originated the large MN mass, but an appealing way of giving mass
to N is through a Higgs-like mechanism with a scalar S which gets a large vev. This scalar,
apart from giving mass to the right-handed neutrinos, is coupled to the Higgs in a way that
it can stabilize the SM vacuum by the threshold effect we described in the preceding section.
Obviously, if the new scalar is to stabilize the Higgs potential, its mass scale should be smaller
than the instability scale ΛI ∼ 1011 GeV. Interestingly, there are lower bounds coming from lep-
togenesis 11 (if this explains the baryon asymmetry and for hierarchical right handed neutrinos),
which are compatible with the upper bound.

In Fig. 2 we show a plot of the SM instability scale as a function of the Higgs mass. The
dotted lines are the different lower bounds on the mass of the right handed neutrinos, the scale
where approximately the threshold effect operates. The red band is the upper bound for the
singlet mass, if the singlet is to stabilize the vacuum. Therefore, for the experimentally favored
value of mh ∼ 125 GeV, there is room for the mechanism to be naturally at work, that is: to
give mass to N and stabilize the EW vacuum.

Lastly, we want to mention that in reference 8, other beyond the SM scenarios where the
mechanism can naturally operate have been identified: invisible axion models and unitarized
Higgs inflation. See reference 8 for further details.
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Combination and Standar Model Scalar Boson Properties in CMS

Mingshui Chen for the CMS Collaboration
University of Florida, Gainesville, USA

Combination results of the recently discovered boson are presented using data samples corre-
sponding to integrated luminosities of up to 5.1 fb−1 at 7 TeV and up to 12.2 fb−1 at 8 TeV
of proton-proton collisions collected with CMS experiment at LHC. The significance of the
new boson is 6.9 σ with mass measured to be 125.8 ± 0.4 (stat) ± 0.4 (syst). The event yields
obtained by the different analyses targeting specific decay modes and production mechanisms
are consistent with those predicted for the stand model (SM) Higgs boson. The best-fit signal
strength for all channels combined, expressed in units of the SM Higgs boson cross section, is
0.88 ± 0.21 at the measured mass. The consistency of the couplins of the observed boson with
those expected for the SM Higgs boson is tested in various ways, and no significant deviations
are found. Results on the test of different spin-parity hypotheses of the observed boson are
also shown, but with updated data samples corresponding to integrated luminosities of 5.1
fb−1 at 7 TeV and 19.6 fb−1 at 8 TeV in two channels H→WW→ 2`2ν and H→ ZZ→ 4`
separately. Under the assumption that the observed boson has spin 0 and positive parity, the
pure scalar hypothesis is found to be consistent with the observed boson when compared to
other tested spin-parity hypotheses. The data in the H → ZZ → 4` channel disfavor the
pseudo-scalar hypothesis 0− with a CLs value of 0.16%, disfavor the pure spin-2 hypothesis
of a narrow resonance with the minimal couplings to the vector bosons with a CLs value of
1.5%, and disfavor the pure spin-1 hypothesis with even smaller CLs value.

1 Introduction

One of the primary goals at the Large Hadron Collider (LHC) is to understand the mechanism for
electroweak symmetry breaking. To achieve the symmetry breaking, a complex scalar doublet is
introduced in the standard model 1,2,3, leading to the prediction of the Higgs boson (H) 4,5,6,7,8,9.

In this proceeding we report on the results from the searches for the SM Higgs boson and
the measurements of the properties of the recently observed boson with a mass near 125 GeV by
CMS10 and ATLAS11. These measurements are carried out in proton-proton collisions at

√
s = 7

(2011 data) and 8 TeV (2012 data) using the Compact Muon Solenoid (CMS) detector 12 at the
LHC. All results presented here are obtained with data analysed corresponding to integrated
luminosities of up to 5.1 fb−1 at 7 TeV and 12.2 fb−1 at 8 TeV 13, except for the test of spin-
parity hypotheses of the observed boson which uses the full data corresponding to integrated
luminosities of up to 5.1 fb−1 at 7 TeV and 19.6 fb−1 at 8 TeV 14,15.

The CMS detector16 consists of a barrel assembly and two endcaps, comprising, in successive
layers outwards from the collision region, the silicon pixel and strip tracker, the lead tungstate
crystal electromagnetic calorimeter, the brass/scintillator hadron calorimeter, the superconduct-
ing solenoid, and gas-ionization chambers embedded in the steel return yoke for the detection
of muons.

This proceeding is organized as follows. Section 2 briefly describes the production and decay
modes relevant for the search channels went into this combination. Section 3 gives the concise
definitions of statistical quantities we use for characterizing the outcome of the search. Results



and summaries are presented in section 4 and 5 respectively.

2 Search channels

In pp collisions at
√
s = 7-8 TeV, the SM Higgs boson production is dominated by the gluon-

gluon fusion mode. There are also other relevant production modes : vector boson fusion (VBF),
associated WH and ZH production, and production in association with top quarks, tt̄H. The
relevant decay modes of the SM Higgs boson around 125 GeV are the following: H → γγ,
H → τ+τ− (denoted as H → ττ), followed by leptonic and hadronic decays of the τ -leptons,
H → bb̄ (denoted as H → bb), H → WW, followed by WW → `ν`ν, and H → ZZ, followed by
ZZ decays to 4`. Here and throughout, ` stands for electrons or muons. The cross section and
decay branching fractions of the SM Higgs boson, together with their uncertainties, are taken
from Ref. 17,18,19. The total cross section at

√
s =7 (8) TeV varies from 23 (29) to 15 (19) pb

for a Higgs boson mass range from 110 to 135 GeV.
Around 125 GeV, the H→ γγ and H→ ZZ→ 4` channels have the best sensitivity due to the

excellent mass resolution for the reconstructed diphoton and four-lepton final states, respectively.
The H → ZZ → 4` channel also benefits from low backgroud level. The H → WW → `ν`ν
channel also has high sensitivity, but has relatively poor mass resolution due to the neutrinos
in the final state. The bb and ττ channels have large backgrounds and poor mass resolutions,
hence less sensitivity.

The results presented in this proceeding are obtained by combining Higgs boson searches ex-
ploiting different production and decay modes. Table 1 shows modes used in the searches.
More detailed descriptions of all search analyses used in the combination can be found in
Refs. 20,21,22,23,24

Table 1: Summary of production mechanisms and decay channels explicitly targeted in searches for a low mass
Higgs boson (mH < 135 GeV). “Inclusive” searches include gluon-gluon fusion gg → H plus any phase space
not covered by searches targeting VBF, VH (V stands for W or Z), and tt̄H production. All analyses targeting

particular production mechanism have admixture, sometimes very substantial, of other mechnisms.

“inclusive” VBF VH ttH

H→ γγ X X
H→ bb X X
H→ ττ X X X
H→WW X X X
H→ ZZ X

3 Combination methodology

The description of the overall statistical methodology can be found in Refs. 25,?. Below we give
brief definitions of statistical quantities we use for characterizing the outcome of the search.
Results presented in this proceeding are obtained using asymptotic formulae 27.

3.1 Characterising an excess of events: p-values and significance

To quantify the inconsistency of the observed excess with the background-only hypothesis, we
use the statistical significance Z for a signal-like excess which is computed from the probability
p0 (known as the p-value, using the one-sided Gaussian tail convention):

p0 = P(q0 ≥ qobs0 |b), (1)

p0 =

∫ +∞

Z

1√
2π

exp(−x2/2) dx. (2)



where q0 is a test statistic based on the profile likelihood ratio defined as below:

q0 = −2 ln
L(obs | b, θ̂0)

L(obs | µ̂ · s+ b, θ̂)
, (3)

where s stands for the signal expected under the SM Higgs hypothesis, µ is a signal strength
modifier introduced to accommodate deviations from SM Higgs predictions, b stands for back-
grounds, and θ are nuisance parameters describing systematic uncertainties (θ̂0 maximizes the
likelihood in the numerator for background-only hypothesis, while µ̂ and θ̂ define the point at
which the likelihood reaches its global maximum).

Systematic uncertainties are incorporated in the analysis via nuisance parameters and are
treated according to the frequentist paradigm.

3.2 Extracting signal model parameters

Signal model parameters a (signal strength modifier µ can be one of them) are evaluated from
a scan of the profile likelihood ratio q(a):

q(a) = −2 ln
L(obs | s(a) + b, θ̂a)

L(obs | s(â) + b, θ̂)
, (4)

Parameters â and θ̂ that maximize the likelihood, L(obs | s(â) + b, θ̂) = Lmax, are called
the best-fit set. The 68% (95%) CL on a given parameter of interest ai is evaluated from
q(ai) = 1 (3.84) with all other unconstrained model parameters treated in the same way as the
nuisance parameters. The 2D 68% (95%) CL contours for pairs of parameters are derived from
q(ai, aj) = 2.3 (6).

4 Results

4.1 Significance of the observed excess

Fig. 1 (left) shows the local p-values for the various sub-combinations by decay channel and for
the overall combination. The largest significance is 6.9σ at the mass 125.8 GeV with the dataset
used in this combination, which confirms the previous observation of the new boson. The largest
contributors to the overall excess in the combination near the mass of 125 GeV are the ZZ→ 4`
and γγ channels, with maximum significances of 4.4σ and 4.0σ. The WW channel contributes
to about 3σ, and the bb and ττ contribute about 2σ each.

Table 2 summarises the median expected and observed local significances for a SM Higgs
boson mass hypothesis of 125.8 GeV for the individual decay modes and their various combi-
nations. The expected significance is evaluated for a pseudo-observation equal to the expected
background and signal rate. The ±1σ range around the most probable significance should con-
tain 68% of the statistical fluctuations that could occur in data.

Table 2: The significance of the median expected and observed event excesses in individual decay modes and
their various combinations for a SM Higgs boson mass hypothesis of 125.8 GeV.

Decay mode or combination Expected (σ) Observed (σ)

ZZ 5.0 4.4
γγ 2.8 4.0
WW 4.3 3.0
bb 2.2 1.8
ττ 2.1 1.8

γγ + ZZ 5.7 5.8

γγ + ZZ + WW + ττ + bb 7.8 6.9
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Figure 1: (Left) The observed local p-value p0 for five sub-combinations by decay mode and the overall com-
bination as a function of the Higgs boson mass in the range 110–145 GeV. The dashed lines show the expected
local p-values p0(mH), should a SM Higgs boson with mass mH exist. (Right) 1D-scans of the test statistic
q(mX) versus hypothesised boson mass mX for the combination of the γγ and 4` final states. The solid line is
obtained with all nuisance parameters profiled and, hence, includes both statistical and systematic uncertainties.
The dashed line is obtained with all nuisance parameters fixed to their best-fit values and, hence, includes only
statistical uncertainties. The crossings with the thick (thin) horizontal lines define the 68% (95%) CL interval for

the measured mass.

4.2 Mass of the observed state

In this measurement, we use the ZZ → 4` and γγ channels that have excellent mass resolution
(1 − 2%). The signal in all channels is assumed to arise from a state with mass mX. We
extract the mass mX and its uncertainty from a scan of the combined test statistic q(mX) with
independent signal strength modifiers for the gg → H→ γγ, VBF+VH→ γγ, and H→ ZZ→ 4`
processes separately. The three signal signal strength modifiers are profiled in the same way as
all other nuisance parameters. Figure 1 (right) shows the scan of the test statistic as a function
of the hypothesised mass mX. The solid curve is with all nuisance parameters profiled, while
the dashed curve is with all nuisance parameters fixed to their best-fit values. Crossings of the
q(mX) curves with horizontal thick (thin) lines at 1 (3.8) define the 68% (95%) CL intervals
for the mass of the observed particle. The intervals with solid curve include both statistical
and systematic uncertainties. The 68% CL interval is mX =125.8 ± 0.5 GeV (stat+syst). The
intervals with dashed line define the statistical error (68% CL interval) in the mass measurement:
mX = 125.8 ± 0.4 (stat.) GeV. The final mass measurement can be written as mX = 125.8 ±
0.4 (stat) ± 0.4 (syst) GeV.

4.3 Signal strength in combination and sub-combinations

Figure 2 shows the best fit value for the signal strength modifier µ̂ = σ/σSM in data, obtained
in the combination of all search channels, as well as in different sub-combinations of search
channels for mH= 125.8 GeV, organized by decay mode and by additional tags used to select
preferentially events from a particular production mechanism (Note that the expected purities
of the different tagged samples vary substantially). The observed µ̂ value of the full combination
for a hypothesised Higgs boson mass of 125.8 GeV is found to be 0.88 ± 0.21 and is consistent
with the value expected for the SM Higgs boson (µ = 1) within the ±1σ uncertainties (statis-
tical+systematic). None of the sub-combinations depart from the SM Higgs boson hypothesis,
µ = 1, by a significant deviation with respect to their current individual sensitivities.
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4.4 Compatibility of the observed data with the SM Higgs boson couplings

In this section, we follow the prescriptions of the LHC Higgs Cross section working group 28,
implement the couplings compatibility tests with the following assumptions:

• The signals observed in the different search channels are due to a single narrow resonance.

• Zero-width approximation of this observed state is used.

• The observed state is assumed to be a CP-even scalar as in the SM.

For a (production)×(decay) mode, its event yield is proportional to its production cross
section and partial decay width. We introduce scale factors κi to scale the cross section σi and
the partial decay widths Γi associated with the SM particle i by comparing to the corresponding
SM prediction as following equation:

N(xx→ H→ yy) ∼ σ(xx→ H) · B(H→ yy) ∼ Γxx Γyy
Γtot

∼
κ2
x κ

2
y

Γtot
. (5)

For current searches, there are seven scale factors (corresponding to seven partial widths
related to W, Z, top quark, b quark, τ , gluon and γ) and the total width which are relevant.
The gg → H and H→ γγ are loop induced in the SM and are directly sensitive to the presence of
new physics. The possibility of Higgs boson decays to beyond-standard-model (BSM) particles,
with a partial width ΓBSM, is accommodated by keeping Γtot as an independent parameter
so that Γtot =

∑
Γi(SM) + ΓBSM, where Γi(SM) stands for the partial widths of decays to SM

particles.
With current dataset, we present a number of combinations with a more limited number

of degrees of freedom instead of extracting all eight parameters. The remaining un-measured
degrees of freedom are either constrained to be equal to the SM Higgs boson expectations or
profiled in the likelihood scans together with all other nuisance parameters.

Test of the custodial symmetry
The SU(2)L custodial symmetry 29 requires identical coupling scale factors for W and Z

bosons, κW and κZ . To test this custodial symmetry, we probe the consistency of the ratio
λwz = κw/κz with unity.



For this test, the results presented here use both the inclusive pp→ H→ ZZ and untagged
pp → H → WW search channels. The dominant production contribution to the two channels
is gg → H. Therefore, the ratio of event yields in these channels provides a nearly model
independent measurement of λwz. The free parameters in this test are κz and λwz. κz is treated
as a nuisance parameter, while all fermionic scale factors κF =1. A likelihood scan vs λwz is
performed and the 95% CL interval for λwz is [0.57–1.65]. The data are consistent with the SM
expectation (λwz = 1).

In all combinations presented further, we assume λwz = 1 and use a common factor κV to
modify the couplings to W and Z bosons, whilst preserving their ratio.

Test for asymmetries in couplings to fermions

In models with two Higgs doublets (2HDM), the couplings of the neutral Higgs bosons to
fermions can be substantially modified with respect to the Yukawa couplings of the SM Higgs
boson. In more general 2HDMs, leptons can be made to virtually decouple from the Higgs boson
that otherwise behaves in a SM like way with respect to W/Z-bosons and quarks. Inspired by
the possibility of such modifications to the fermion couplings, we perform two combinations,
in which we allow for different ratios of the couplings to down/up fermions (λdu = κd/κu) or
different ratios of couplings to lepton and quarks (λ`q = κ`/κq). We assume that ΓBSM = 0.
Both λdu and λ`q are constrained to be positive; the 95% CL intervals for them are [0.45–1.66]
and [0.00–2.11] respectively.

Test of couplings to the vector bosons and fermions

This test assumes that ΓBSM = 0, i.e. no new Higgs boson decay modes are open. The
free parameters are the coupling scale factors κV for all vector boson and κF for all fermion
couplings. At LO, all partial widths, except for Γγγ , scale either as κ2

V or κ2
F . The partial width

Γγγ is induced via W and top loop diagrams and scales as |ακV + β κF |2.

Figure 3 shows the 2D likelihood scan over the (κV, κF ) phase space. The 68%, 95% and
99.7% confidence regions for κV and κF are shown with solid, dashed and dotted lines, respec-
tively. The data are compatible with the expectation for the standard model Higgs boson: the
point (κV , κF )=(1,1) is within the 95% confidence interval defined by data.
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Figure 3: (Left) The 2D-scan of the likelihood (test statistic) q(κV, κF ) vs the (κF, κF ) parameters. The cross
indicates the best-fit values. The solid, dashed and dotted contours show the 68%, 95% and 99.7%CL ranges,
respectively. The yellow diamond shows the SM point (κV, κF ) = (1, 1). (Right) The likelihood scan versus
BRBSM = ΓBSM/Γtot, The solid curve is the data and the dashed line indicates the expected median results in
the presence of the SM Higgs boson. The partial widths associated with the tree-level production processes and

decay modes are assumed to be unaltered (κ = 1).



Test for presence of BSM particles

New particles could contribute in loops or in new final states. The free parameters in this
test are effective scale factors κg, κγ and branching fraction BRBSM = ΓBSM/Γtot.

Figure 3 shows the likelihood scan versus BRBSM, while κg and κγ are profiled together
with all other nuisance parameters. The partial widths associated with the tree-level production
processes and decay modes are assumed to be unaltered (κ = 1). The 95% CL inerval for BRBSM

is [0.00–0.62], which shows no sign of new physics.

More coupling tests can be found in Ref. 13.

4.5 Test of different spin-parity hypotheses

In a recent CMS publication30, the data are found to be consitent with the pure scalar hypothesis
and disfavor the pure pseudo-scalar hypothesis with the assumption that the observed state is
spin 0. With the full 2011+2012 dataset, we perform a more comprehensive set of hypothesis
tests between the SM Higgs boson and other signal models with JP = 0+

h , 0−, 2+
m(gg), 2+

m(qq̄),
1−, and 1+ in the same channel 14. We also perform the hypothesis test between 0+ and 2+

m(gg)
in the H → WW → `ν`ν channel 15. The exact definition of the coupling structure of the
alternative states can be found in table 3 and in Ref. 31.

Table 3: List of models used in analysis of spin-parity hypotheses corresponding to the pure states of the type
noted in the ZZ→ 4` channel. The expected separation is quoted for two scenarios corresponding to pre-fit model
(µ=1) and post-fit model. The observed separation quotes consistency of the observation with the 0+ model or
JP model, and corresponds to the post-fit model. The last column quotes CLs criterion for the JP model.

JP production comment expect (µ=1) obs. 0+ obs. JP CLs
0− gg → X pseudoscalar 2.6σ (2.8σ) 0.5σ 3.3σ 0.16%
0+
h gg → X higher dim operators 1.7σ (1.8σ) 0.0σ 1.7σ 8.1%

2+
mgg gg → X minimal couplings 1.8σ (1.9σ) 0.8σ 2.7σ 1.5%

2+
mqq̄ qq̄ → X minimal couplings 1.7σ (1.9σ) 1.8σ 4.0σ <0.1%

1− qq̄ → X exotic vector 2.8σ (3.1σ) 1.4σ >4.0σ <0.1%
1+ qq̄ → X exotic pseudovector 2.3σ (2.6σ) 1.7σ >4.0σ <0.1%

These hypothesis tests are based on the following test statistic

q = −2 ln(LJP /LSM ) (6)

where the likelihood corresponding to the background plus SM 0+ (alternative JP signal model)
is denoted by LSM (LJP ).

The expected distribution of the test statistic under background plus signal hypothesis is
built by generating pseudoexperiments, assuming mH = 126(125) GeV in the ZZ→ 4` (WW→
`ν`ν) channel. The expected distribution is computed for two scenarios: i) the pre-fit model,
where all nuisance parameters are set to their default values before fitting the data and the µ
is set to 1, and ii) the post-fit model, where all parameters are set to their best-fit values when
fitting the data. We find the resutls from the two scenarios are consistent. Figure 4 shows the
post-fit distributions as well as the observed values of the test statistic for the six hypothesis
tests in the ZZ→ 4` channel.

A CLs criterion is defined as the ratio of the probabilities to find, under each of the hypothe-
ses, values of the test statistic equal or larger than the one observed in the data:

CLsobs. = P ( q ≥ qobs. | JP )/P ( q ≥ qobs. |SM ). (7)

The expected separation is defined as the tail probability which is calculated at the value of q
where the tails of the two distributions have identical area.



The expected and observed results in the ZZ→ 4` channel are summaried in Table 3. The
data disfavor the alternative hypotheses JP with a CLs value in the range 0.1-10%.

The observed result in the H → WW → `ν`ν channel is that the data disfavor the 2+
m(gg)

hypothesis with a CLs value 14%, with the median expected 1.8 (2.4) σ deviation from SM with
post-fit (pre-fit) scenario.

Figure 4: Post-fit model distribution of q = −2ln(LJP /LSM) for two signal types (0+ histogram to the right
and JP histogram to the left) for mH = 126 GeV shown with a large number of generated experiments. The
arrow indicates the observed value. Six alternative hypotheses are tested from top to bottom and left to right:

JP = 0−, 0+
h , 1

−, 1+, 2+
mgg, 2

+
mqq̄.

5 Conclusions

Combination results of the recently discovered boson are presented using data samples corre-
sponding to integrated luminosities of up to 5.1 fb−1 at 7 TeV and up to 12.2 fb−1 at 8 TeV
of proton-proton collisions collected with CMS experiment at LHC. The significance of the new
boson is 6.9 σ with mass measured to be 125.8 ± 0.4 (stat) ± 0.4 (syst). The event yields
obtained by the different analyses targeting specific decay modes and production mechanisms
are consistent with those predicted for the stand model (SM) Higgs boson. The best-fit signal
strength for all channels combined, expressed in units of the SM Higgs boson cross section, is
0.88 ± 0.21 at the measured mass. The consistency of the couplins of the observed boson with
those expected for the SM Higgs boson is tested in various ways, and no significant deviations
are found. Results on the test of different spin-parity hypotheses of the observed boson are also
shown, but with updated data samples corresponding to integrated luminosities of 5.1 fb−1 at 7
TeV and 19.6 fb−1 at 8 TeV in two channels H → WW → 2`2ν and H → ZZ → 4` separately.
Under the assumption that the observed boson has spin 0 and positive parity, the pure scalar
hypothesis is found to be consistent with the observed boson when compared to other tested
spin-parity hypotheses. The data in the H → ZZ → 4` channel disfavor the pseudo-scalar hy-
pothesis 0− with a CLs value of 0.16%, disfavor the pure spin-2 hypothesis of a narrow resonance



with the minimal couplings to the vector bosons with a CLs value of 1.5%, and disfavor the pure
spin-1 hypothesis with even smaller CLs value.
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We present an update of the global Standard Model (SM) fit to electroweak precision data
under the assumption that the new particle discovered at the LHC is the SM Higgs boson.
In this scenario all parameters entering the calculations of electroweak precision observalbes
are known, allowing, for the first time, to over-constrain the SM at the electroweak scale and
assert its validity. Within the SM the W boson mass and the effective weak mixing angle can
be accurately predicted from the global fit. The results are compatible with, and exceed in
precision, the direct measurements. An updated determination of the S, T and U parameters,
which parametrize the oblique vacuum corrections, is given. The obtained values show good
consistency with the SM expectation and no direct signs of new physics are seen. We conclude
with an outlook to the global electroweak fit for a future e+e− collider.

1 Introduction

The electroweak fit of the Standard Model (SM) has a long tradition in particle physics. It relies
on the predictability of the SM, where all electroweak observables can be expressed as functions
of five parameters. A tremendous amount of pioneering work from the theoretical community
in the calculation of radiative corrections, as well as from the experimental community in the
measurement of electroweak precision observables, led to a correct prediction [1] of the top-
quark mass mt before its actual discovery in 1995 [2, 3]a. This success has given confidence in
the calculations of radiative corrections, including loop-contributions from the Higgs boson.

The discovery of the top quark left the Higgs boson mass MH as the last free parameter of
the SM without experimental constraints. The focus of the electroweak fits shifted to precisely
predicting MH from electroweak precision observables (EWPO). However, while the loop cor-
rections to the W - and Z-propagators involving the top quark lead to an approximate quadratic
dependence, MH enters only logarithmically in the calculation of electroweak observables, lead-
ing to weaker constraints on MH than on mt. Nevertheless, improvements in theoretical and
experimental precision, especially on mt, MW and the hadronic contribution to the running

of the electromagnetic coupling for the five light quarks ∆α
(5)
had(s), led to a rather precise SM

prediction of MH = 96+31
−24 GeV [5].

This was the status of the electroweak fit at the discovery of the new Higgs-like boson
reported by the ATLAS and CMS collaborations [6, 7] The predicted value is in very good
agreement with its measured mass of ∼126 GeV. Most recent measurements and analyses of the
properties of this newly discovered boson, as presented at this conference, show good consistency
with the assumption that the new particle is indeed the SM Higgs boson [8].

a The observed top quark mass was 176±8(stat)±10(sys.)GeV and 199+19
−21(stat.)±22(sys.)GeV as measured by

the CDF and D0 collaborations. This is in very good agreement with the SM prediction of mt = 178+19
−22 GeV [4],

as obtained from electroweak precision data.



Supposing that the new particle is the SM Higgs boson, all parameters entering electroweak
precision observables are known, allowing a full assessment of the consistency of the SM at the
electroweak scale [9]. We interpret the new particle as the SM Higgs boson and present an
update of the SM electroweak fit using the Gfitter framework [10]. The Gfitter results shown
here have been recently published elsewhere [11].

A detailed study of the implications of the value of MH as input to the electroweak fit
shows an improvement in precision on the predictions of MW and the effective weak mixing
angle sin2θ`eff . We also report updated constraints on the oblique parameters S, T, U , which
parametrize possible contributions to oblique vacuum corrections from physics beyond the SM
(BSM) and hence allow to constrain new models through EWPO. We also use the projected
experimental uncertainties from a future e+e− facility to derive the expected precision of SM
predictions for electroweak observables.

2 The global electroweak fit with Gfitter

A detailed description of the calculations and experimental input used in the electroweak fit is
given elsewhere [11] and only the most important features are given here. The mass of the W
boson and the effective weak mixing angle are calculated at two-loop order, including leading
terms beyond the two loop calculation [12–14]. We use the full O(α4

S) calculation [15, 16] of the
QCD Adler function, which stabilizes the perturbative QCD expansion in the calculation of the
Z-boson width. An improved prediction of R0

b , the hadronic partial decay width of Z → bb,
is used, which includes the complete calculation of fermionic two-loop corrections [17]. The

calculation of the vector and axial-vector couplings, gfA and gfV , used in the calculation of the
partial and total widths of the Z and W bosons, relies on accurate parametrizations [18–21].
Theoretical uncertainties are implemented using the Rfit scheme, which corresponds to a linear
addition of theoretical and experimental uncertainties. The two uncertainties considered are due
to missing higher orders in the calculations of MW and sin2θ`eff and have been estimated to be
δthMW = 4 MeV [12] and δth sin2θ`eff = 4.7 · 10−5 [13].

The experimental input used in the fit include the electroweak precision data measured at the
Z-pole together with their correlations [22]. For the mass and width of the W boson the latest
world average is used, MW = 80.385± 0.015 GeV and ΓW = 2.085± 0.042 GeV, obtained from
measurements by the LEP and Tevatron experiments [23]. While the leptonic contribution to
the running of the electromagnetic coupling strength can be calculated with very high precision,
the value of the hadronic contribution is obtained from a fit to experimental data supplemented

by perturbative calculations, ∆α
(5)
had(M2

Z) = (2757± 10) · 10−5 [24].

For the mass of the top quark we use the average from the direct measurements by the
Tevatron experiments mt = 173.18 ± 0.94 GeV [25]. Biases in the measurement of mt due
to a mis-modeling of non-perturbative color-reconnection effects in the fragmentation process,
initial and final state radiation and kinematics of the b-quark, have been studied by the CMS
collaboration [26]. With the current precision no significant deviation is observed between the
measured values and the predictions using different models. An additional ambiguity in the
interpretation of mt originates from the top’s finite decay width, with additional uncertainty
which is difficult to estimate quantitatively. The effect of an additional theoretical uncertainty
of 0.5 GeV on mt has been studied, and the fit shows only a slight deterioration in precision.
This uncertainty is not included in the standard fit setup.

A näıve combination of the measured values of MH from the ATLAS and CMS experiments
as reported in [6, 7], gives MH = 125.7±0.4GeV, where the systematic uncertainties are treated
as fully uncorrelated. Treating them as fully correlated only changes the uncertainty to 0.5GeV,
with a negligible effect on the fit result due to the weak dependence on MH .



3 The SM fit

measσ) / meas - O
fit

(O

-3 -2 -1 0 1 2 3

)2

Z
(M

(5)

had
α∆

tm
bm
cm
b
0R
c
0R

bA
cA

0,b
FBA

0,c
FBA

)
FB

(Qlept
eff

Θ2sin

(SLD)lA

(LEP)lA

0,l
FBA
lep
0R

0
had

σ
ZΓ
ZM

WΓ
WM
HM 0.0 (-1.5)

-1.2 (-0.3)

0.2 (0.2)

0.2 (0.0)

0.1 (0.3)

-1.7 (-1.7)

-1.1(-1.0)

-0.8 (-0.7)

0.2 (0.4)

-1.9 (-1.7)

-0.7 (-0.8)

0.9 (1.0)

2.5 (2.7)

0.0 (0.0)

0.6 (0.6)

0.0 (0.0)

-2.4 (-2.3)

0.0 (0.0)

0.0 (0.0)

0.4 (0.0)

-0.1 (0.0)

 measurementHwith M
 measurementHw/o M

Plot inspired by Eberhardt et al. [arXiv:1209.1101]

G fitter SM

F
eb 13

Figure 1: Differences between the SM
prediction and the measured parameter, in
units of the uncertainty for the fit includ-
ing MH (color) and without MH (grey).

The SM electroweak fit is performed in three scenar-
ios [11]. In the first scenario all input parameters are
used, allowing to test the validity of the SM. The re-
sults are compared to the second scenario, where the fit
is performed without the inclusion of MH to assess the
effect of knowing MH in the electroweak fit. In the third
scenario individual observables are removed one by one
from the fit which allows for an indirect determination
of these with an accurate uncertainty calculation.

The SM fit including all input data converges with a
minimum value of the test statistics of χ2

min = 21.8, ob-
tained for 14 degrees of freedom. Calculating the näıve
p-value gives Prob(21.8, 14) = 0.08. The smallness of
the p-value with respect to previous results [5] is not
due to the inclusion of MH , but rather due to the new
calculation of R0

b which has a very small dependence on
MH , as described below.

Performing the fit without MH as input parame-
ter, the fit converges at a minimum of χ2

min = 20.3
for 13 degrees of freedom, corresponding to a p-value
of 0.09. In this case the fit converges for a value of
MH = 94+25

−22 GeV, in good agreement with the direct
measurement.

The result of the fit is shown in Fig. 1 in terms of the
pull value, which is defined as deviation between the SM
prediction and the measured parameter in units of the
measurement uncertainty. The fit results are shown for
both scenarios, including the MH measurement (colored
bars) and without MH (grey bars), where in general the
result of the fit does not change significantly between
the two scenarios. Very small pull values, as for example
observed for the light quark masses but also for MH , indicate that the input accuracy exceeds
the fit requirements. No single pull value exceeds 3σ, showing an overall satisfying consistency
of the SM.

The largest deviations between the SM prediction and the measurements are observed in
the b-sector. Both observables directly sensitive to Z → bb, the forward-backward asymmetry
A0,b

FB and the partial width R0
b , show large deviations of 2.5σ and −2.4σ, respectively. While

the effect in A0,b
FB has been known for a long time, the large deviation in R0

b is new, owing to
the improved two-loop calculation which exhibits an unexpected large negative correction [17].
Using the one-loop result for R0

b only, the pull value is −0.8σ. Both parameters show only very
little dependence on the inclusion of MH , with deviations of 2.7σ and −2.3σ in the fit scenario
without including MH .b

In order to assess the validity of the fit we use Monte Carlo simulation to generate pseudo
experiments. For each simulation we generate SM parameters according to Gaussian distributed
values around their expected values with standard deviations equal to the full experimental
uncertainty. The obtained χ2

min distribution for all toy datasets is shown in Fig. 2(a). Good
agreement between the MC simulation and the idealized distribution for 14 degrees of freedom

b It is intriguing to observe that an increase of the right-handed coupling of the Z → bb vertex of 25%, while
leaving the left-handed coupling unchanged, can resolve both deviations.
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Figure 2: Distribution of the χ2
min value obtained from pseudo Monte Carlo simulations (a). Shown are

distributions obtained by including (hatched) and excluding (green) the theory uncertainties δth, com-
pared with the idealized χ2 distribution assuming Gaussian distributed errors with 14 degrees of freedom.
The arrows indicate the χ2

min value obtained from the fit to data. The result from a determination of
MH using only the given observable is shown in (b).

is found. The result from the fit to data is indicated as red arrow and the obtained p-value is
consistent between the MC simulation and the idealized χ2 distribution. The influence of the
theoretical uncertainties on the p-value of the full SM fit amounts to about 0.01.

Except for the value of MH itself, the largest change in the result due to the inclusion of MH

is the prediction of MW . For this observable the pull value changes from −0.3 to −1.2, due to the
small value of MH preferred by the MW measurement. This effect is shown in Fig. 2(b), where
indirect determinations of MH are displayed, obtained by removing all sensitive observables
from the fit except the given one. For comparison, also the indirect fit result using all input
parameters except for MH (grey band) and the direct measurement (green line) are shown. The
values obtained from the fit including the measurements of the leptonic asymmetries A`, as
measured by the LEP and SLD collaborations, and MW show good agreement. The value of
MH obtained from the hadronic forward-backward asymmetry A0,b

FB shows a tendency towards
large values of MH , with a discrepancy of 2.5σ.

4 Predictions for key observables

The inclusion of MH in the fit results in a large improvement in precision for the indirect deter-
mination of several SM parameters. Without the inclusion of MH , the indirect determination
of the top mass gives mt = 171.5+8.9

−5.3 GeV. Including the knowledge about MH , the fit value
obtained is

mt = 175.8 +2.7
−2.4 GeV, (1)

where the uncertainty is reduced by a factor of 2–3. The value of mt agrees well with the direct
determination [25] and the cross-section based determination under the assumption that there
is no new physics contributing to the cross section measurement [27].

The ∆χ2 profiles versus MW and sin2θ`eff without using the corresponding measurements
are shown in Fig. 3. For the indirect determination of sin2θ`eff all observables directly sensitive
to sin2θ`eff , like asymmetry parameters and the full and partial decay widths, are excluded
from the fit. Solid blue lines show the result of the fit including MH , where the effect of
the theory uncertainty is shown as blue band. The same fit, without information on MH is
shown in grey. An improvement in precision of more than a factor of two can be observed
for the indirect determination of MW and sin2θ`eff . Also shown are the direct measurements
of the aforementioned W mass and the LEP/SLD average of the effective weak mixing angle
sin2θ`eff = 0.23153± 0.00016 [22], which show good agreement with the obtained values.
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Figure 3: ∆χ2 profiles for the indirect determination of MW (a) and sin2θ`eff (b). The result from a fit
including MH as input parameter is shown in blue and the fit without MH is shown in grey. The dotted
lines indicate the fit result by setting the theoretical uncertainties δth to zero and the band corresponds
to the full result. Also shown are the direct measurements and the SM prediction using a minimal set of
parameters (black solid lines).

The fit value obtained for MW is

MW = (80.3593± 0.0056mt ± 0.0026MZ
± 0.0018∆αhad

± 0.0017αS ± 0.0002MH
± 0.0040theo) GeV ,

= (80.359± 0.011tot) GeV , (2)

which exceeds the experimental world average in precision. The different uncertainty contribu-
tions originate from the uncertainties in the input values of the fit. The dominant uncertainty
is due to the top quark mass, followed by the theory uncertainty of 4 MeV. Due to the weak,
logarithmic dependence on MH the contribution from the uncertainty on the Higgs mass is very
small compared to the other sources of uncertainty. The deviation between the value of MW

obtained from the fit and the direct measurement is not significant with the current precision
(1.2σ). However, improvements in the determination of mt as well as reduced theoretical un-
certainties from higher-order calculations and a more precise direct determination of MW – as
expected from the analyses of the full dataset recorded by the Tevatron experiments – will reduce
the uncertainties significantly.

The indirect determination of sin2θ`eff gives

sin2θ`eff = 0.231496± 0.000030mt ± 0.000015MZ
± 0.000035∆αhad

± 0.000010αS ± 0.000002MH
± 0.000047theo ,

= 0.23150± 0.00010tot , (3)

which is compatible and more precise than the average of the LEP/SLD measurements. The total
uncertainty is dominated by that from the measurements of ∆αhad and mt. The contribution
from the uncertainty in MH is again very small.

The measurement of MH allows for a first time to predict SM observables with a minimal
set of parameters. A fit using only this minimal set of input measurements (here chosen to be

MH , αS(M2
Z), the fermion masses and MZ , GF and ∆α

(5)
had(M2

Z) for the electroweak sector) is
shown by the solid black lines in Fig. 3. The agreement in central value and precision of these
results with those from Eq. (2) and (3) illustrates the marginal additional information provided
by the other observables once MH is known.

An important consistency test of the SM is the simultaneous, indirect determination of mt

and MW . This is particularly interesting since contributions from new physics may lead to
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Figure 4: 68% and 95% confidence level (CL) contours in the mt–MW plane for the fit including MH

(blue) and excluding MH (grey). In both cases the direct measurements of MW and mt were excluded
from the fit. The values of the direct measurements are shown as green bands with their one standard
deviations. The dashed diagonal lines show the SM prediction for MW as function of mt for different
assumptions of MH .

discrepancies between the measured values and the predictions in the mt–MW plane. A scan of
the ∆χ2 profile is shown in Fig. 4 for the scenario including MH in the fit (blue) and without
MH (grey). The knowledge of MH improves the precision of the indirect determination of MW

and mt significantly. Very good agreement between the indirect determinations of MW and mt

and the direct measurements is observed, showing impressively the consistency of the SM and
leaving little room for signs of new physics.

5 Oblique Parameters

If the scale of new physics (NP) is much higher than the mass of the W and Z bosons, beyond the
SM physics appears dominantly through vacuum polarization corrections, also known as oblique
corrections, in the calculation of EWPO. Their effects on the electroweak precision observables
can be parametrized by three gauge self-energy parameters (S, T, U) introduced by Peskin and
Takeuchi [28, 29]. The parameter S describes new physics contributions to neutral current
processes at different energy scales. T is sensitive to isospin violation and U (S+U) is sensitive
to new physics (NP) contributions to charged currents. U is only sensitive to the W mass and
width, and is usually very small in NP models (often: U = 0).

Constraints on the S, T, U parameters are derived from the global fit to the electroweak
precision data, namely from the difference between the oblique vacuum corrections determined
from the experimental data and the corrections expected in a reference SM (defined by fixing mt

and MH). The reference SM for the S, T, U calculation is now updated to MH,ref = 126 GeV
and mt,ref = 173 GeV. With this one finds for S, T, U :

S = 0.03± 0.10 , T = 0.05± 0.12 , U = 0.03± 0.10 , (4)

with correlation coefficients of +0.89 between S and T , and −0.54 (−0.83) between S and U
(T and U). Fixing U = 0 one obtains S|U=0 = 0.05 ± 0.09 and T |U=0 = 0.08 ± 0.07, with a
correlation coefficient of +0.91.

Fig. 5 shows the 68%, 95% and 99% CL allowed regions in the (S, T ) plane for freely varying
U (a) and the constraints found when fixing U = 0 (b). For illustration purposes, also the SM
prediction is shown. The MH measurement reduces the allowed SM area from the grey sickle,
defined by letting MH float within the range of [100, 1000] GeV, to the narrow black strip. The
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Figure 5: Experimental constraints on the S and T parameters with respect to the SM reference
(MH,ref = 126 GeV and mt,ref = 173 GeV). Shown are the 68%, 95% and 99% CL allowed regions, where
the third parameter U is left unconstrained (a) or fixed to 0 (b). The prediction in the SM is given by
the black (grey) area when including (excluding) the MH measurements.

experimental constraints on S, T, U can be compared now to specific NP model predictions.
Since the oblique parameters are found to be small and consistent with zero, possible NP models
may only affect the electroweak observables weakly.

6 Prospects of the SM fit for a future e+e− collider

The SM leaves many questions open which can only be addressed by BSM physics, which is
expected to play a role at the electroweak scale of O(1) TeV. So far no direct signs of new
physics have been observed at the LHC and also the SM shows good self-consistency at the
loop-level up to very high precision. A future e+e− facility would help tremendously to precisely
measure the production mechanisms and branching ratios of the Higgs boson. Furthermore, it
would allow for precise measurements of the EWPO, such as mt, sin2θ`eff , R0

` and MW , to further
assert the validity of the SM through the electroweak fit.

In the following we study the impact of expected EWPO measurements on the SM elec-
troweak fit assuming the design parameters and predicted precisions obtained for the Interna-
tional Linear Collider (ILC) with the GigaZ option [30–32]. This study aims at a comparison
of the accuracies of the measured and predicted electroweak observables. Two scenarios are
considered. In the first scenario the central values of the input observables are chosen to agree
with the SM prediction for a Higgs mass of 125.8 GeV according to the present measurement.
In the second scenario it is assumed that the central value of the SM prediction for MH does
not change and all SM parameters are chosen to agree with MH = 94 GeV.

Total experimental uncertainties of 6 MeV for MW , 13 · 10−5 for sin2θ`eff , 4 · 10−3 for R0
` , and

100 MeV for mt (interpreted as pole mass) are assumed [31]. The exact achieved precision on
the Higgs mass is irrelevant for this study. For the hadronic contribution to the running of the

QED fine structure constant at the Z pole, ∆α
(5)
had(M2

Z), an uncertainty of 4.7 ·10−5 is assumed,c

compared to the currently used uncertainty of 10 · 10−5 [24]. The other input observables to the
electroweak fit are taken to be unchanged from the current settings.

The most important theoretical uncertainties in the fit are those affecting the MW and
sin2θ`eff predictions arising from unknown higher-order corrections. We assume in the following
that theoretical developments have led to improved uncertainties of only half the present values,

c The uncertainty on ∆α
(5)
had(M2

Z) will benefit below the charm threshold from the completion of BABAR
analyses and the ongoing program at VEPP-2000. At higher energies improvements are expected from charmonium
resonance data from BES-3, and a better knowledge of αS from the R0

` measurement and reliable lattice QCD
predictions [33].
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Figure 6: ILC projection of the ∆χ2 profiles as a function of the Higgs mass for electroweak fits
compatible with an SM Higgs boson of mass 125.8 GeV (a) and 94 GeV (b). The measured Higgs
boson mass is not used as input in the fit. The grey bands show the results obtained using present
uncertainties [11], and the yellow bands indicate the results for the hypothetical future scenario (a) and
corresponding input data shifted to accommodate a 94 GeV Higgs boson but unchanged uncertainties
(b). The thickness of the bands indicates the effect from the theoretical uncertainties treated according
to the Rfit prescription. The long-dashed line in each plot shows the curves when treating the adding
the theoretical uncertainties in according to Gaussian distributed values.

δthMW = 2 MeV and δth sin2θ`eff = 1.5 · 10−5.

The indirect prediction of the Higgs mass at 126 GeV achieves an uncertainty of +12
−10 GeV.

Keeping the present theoretical uncertainties in the prediction of MW and sin2θ`eff would worsen
the accuracy of the MH prediction to +20

−17 GeV, whereas neglecting theoretical uncertainties
altogether would improve it to ±7 GeV. This emphasizes the importance of theoretical updates.

For MW the prediction with an estimated uncertainty of 5 MeV is similarly accurate as
the assumed measurement, while the prediction of sin2θ`eff with an uncertainty of 4 · 10−5 is
three times less accurate than the expected experimental precision. The fit would therefore
particularly benefit from additional experimental improvement in MW . The accuracy of the
indirect determination of the top mass is 1.2 GeV, which is similar to that of the present ex-
perimental determination. The fit would therefore benefit significantly from a reduction of the
uncertainty on mt to a value of about 100 MeV. The measurement of R0

` would result in a pre-
cision measurement of the strong coupling constant with an experimental uncertainty of 0.4%
and a theoretical uncertainty of only 0.1%, which has been achieved already today owing to the
full O(α4

S) calculation of the QCD Adler function [15, 16].

Profiles of ∆χ2 as a function of the Higgs mass for present and future electroweak fits com-
patible with a SM Higgs boson of mass 125.8 GeV and 94 GeV are shown in Fig. 6(a) and (b),
respectively. The measured Higgs boson mass is not used as input in these fits. If the experi-
mental input data, currently predicting MH = 94 +25

−22 GeV, were left unchanged with respect to
the present values, but had uncertainties according to the ILC expectations, a deviation of the
measured MH exceeding 4σ could be established with the fit, see Fig. 6(b). Such a conclusion
does not strongly depend on the treatment of the theoretical uncertainties (Rfit versus Gaussian,
i.e. quadratic addition) as can be seen by comparison of the solid yellow and the long-dashed
yellow ∆χ2 profiles.

Additionally to establishing a precise statement about the compatibility of the directly mea-
sured value of MH and the SM prediction, the high precision measurements of EWPO at the
ILC would significantly improve the indirect determination of SM parameters which has a high
sensitivity to additional contributions of new physics on the loop-level and complements direct
searches for new physics. Prospects for the precision of the simultaneous indirect determination
of mt and MW are shown in Fig. 7(a) together with the present and expected precision of the
mt and MW measurements. The gain in precision of the indirect measurements is about a factor
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Figure 7: ILC projection of the contour lines of 68%, 95% CL allowed regions in the mt–MH plane.
Shown are the current indirect determinations (blue) and the expected precision using prospects for
ILC measurements of EWPO (orange). The present direct measurements together with the experimental
uncertainties are shown as light green bands, the prospects for the uncertainties on mt and MH are shown
as dark green bands. Contour lines of 68%, 95% and 99% CL allowed regions on the S and T parameters
for U = 0 with respect to the SM reference (MH,ref = 126GeV and mt,ref = 173GeV) (b). The prediction
in the SM is given by the black (grey) area when including (excluding) the MH measurements.

of three with respect to the current determinations. Assuming that the central values of mt and
MW do not change from their present values, a deviation between the SM prediction and the
direct measurements would be prominently visible.

The precisely measured EWPO would also help to constrain new physics through oblique
corrections. The expected constraints on the S and T parameters are shown in Fig. 7(b), where
an improvement of more than a factor of 3 seems to be possible.

7 Conclusion

Assuming the newly discovered particle at ∼126 GeV to be the Standard Model (SM) Higgs
boson, all SM parameters entering electroweak precision observables are known. For the first
time, the fit can over-constrain the SM at the electroweak scale and evaluate its validity. We
reported here on the most recent results from the electroweak fit [11].

The measured value of the Higgs mass agrees at 1.3σ with the indirect prediction from the
electroweak fit. The global fit to all the electroweak precision data and the measured Higgs
mass results in a goodness-of-fit p-value of 7%. Only a fraction of the contribution to the
“incompatibility” stems from the Higgs mass. The largest deviation between the best fit result
and the data is introduced by A0,b

FB – a known tension – and by R0
b . A revisit of these two

quantities would be very interesting, both theoretically and experimentally.

The knowledge of the Higgs mass dramatically improves the SM predictions of several key
observables, in particular of the top mass, the W -mass, and sin2θ`eff . The predicted uncertainties
decrease by a factor of ∼ 2.5, from 6.2 to 2.5 GeV, 28 to 11 MeV, and 2.3 · 10−5 to 1.0 ·
10−5 respectively. Theoretical uncertainties due to unknown higher-order electroweak and QCD
corrections contribute approximately half of the uncertainties in the MW and sin2θ`eff predictions.

The observed agreement of these quantities between the indirect determinations and mea-
surements demonstrates the impressive consistency of the SM. The improved accuracy of the
indirect determination of MW sets a benchmark for new direct measurements.

Updated values for the oblique parameters S, T, U have been presented, using the measured
value of the Higgs mass as a reference, and indicate that possible new physics models may affect
the electroweak observables only weakly.

Finally, the perspectives of the electroweak fit considering a future e+e− collider running



also at energies at the Z-pole have been analyzed. Assuming a good control over systematic
effects results in improved accuracy of the predictions for the top mass, the W -mass, sin2θ`eff

and αS(M2
Z) with a factor of three or greater. We point out that, in order to fully exploit the

experimental potential, theoretical developments are mandatory, in particular in the accuracy
of MW and sin2θ`eff , requiring the calculation of higher order electroweak and QCD corrections.
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SUSY PHENOMENOLOGY TODAY

D.I.KAZAKOV

Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research,
141 980, Dubna, Moscow region, Russia

The review of the SUSY phenomenology today is given with the emphasis on generic properties
of SUSY models, SUSY searches at the LHC and in astrophysics. Due to the absence of any
definite SUSY signal at accelerators and other experiments, we describe the allowed regions in
the MSSM and NMSSM parameter space and discuss the possibilities of SUSY manifestation
in the near future.

1 Introduction. Why SUSY?

First of all, let me remind you why we continue to explore SYSY despite the absence of any of
its manifestations in experiments.
SUSY at TeV scale:

• Provides unification of the gauge couplings

• Solves the hierarchy problem

• Explains the electroweak symmetry breaking

• Provides the Dark matter candidate
SUSY in particle physics:

• Provides unification with gravity

• Required for the String/Brane picture

• Maximal SUSY theories might be integrable - a way to non-perturbative solutions and
quantum gravity.

It should be noted that while an application of supersymmetry to particle physics is still
questionable, mathematical supersymmetric theories exist and promise many new discoveries due
to their remarkable properties. Here, I am going to concentrate on the SUSY phenomenology
having in mind particle physics and partially astrophysics.

To be more precise, one has to specify which SUSY model is discussed. There are many
models that pretend to describe the phenomenology of particle physics. They are all based
on the so-called N=1 supersymmetry and generalize the Standard Model of three fundamental
interactions but differ in a way how supersymmetry is broken. The incomplete list of SUSY



models consists of: MSSM, CMSSM, mSUGRA, mGMSB, mAMSB, NUHM, NMSSM, No
Scale, Split SUSY, pMSSM, etc.

Despite supersymmetric rigidity of dimensionless couplings, the arbitrariness of soft terms
makes predictions strongly model dependent! In particular, the mass spectrum of super partners
varies from model to model and in principle allows one to distinguish between them. The particle
content of all these models is the same with possible additional multiplets like in the NMSSM.
In all versions of the MSSM the particle content is

Superfield Bosons Fermions SUc(3)SUL(2) UY (1)

Gauge
Ga gluon ga gluino g̃a 8 1 0
Vk Weak W k (W±, Z) wino, zino w̃k (w̃±, z̃) 1 3 0

V′ Hypercharge B (γ) bino b̃(γ̃) 1 1 0

Matter

Li

Ei
sleptons

{
L̃i = (ν̃, ẽ)L
Ẽi = ẽR

leptons

{
Li = (ν, e)L
Ei = eR

1
1

2
1

−1
2

Qi

Ui

Di

squarks


Q̃i = (ũ, d̃)L
Ũi = ũR
D̃i = d̃R

quarks


Qi = (u, d)L
Ui = ucR
Di = dcR

3
3∗

3∗

2
1
1

1/3
−4/3

2/3

Higgs

H1

H2
Higgses

{
H1

H2
higgsinos

{
H̃1

H̃2

1
1

2
2

−1
1

One has to underline that all particles of the SM have super partners and belong to either chiral
or vector representation of the SUSY algebra and none of the SM particles is a super partner to
another.

2 Manifestation of SUSY

Search for SUSY manifestation in Nature has a long but unsuccessful history. In particle physics
it includes:
• Direct production at colliders at high energies
• Indirect manifestation at low energies
– Rare decays ( Bs → sγ,Bs → µ+µ−, Bs → τν)
– g-2 of the muon
• Search for long-lived SUSY particles

In astrophysics (provided SUSY composes the DM):
• Relic abundancy of Dark Matter in the Universe
• DM annihilation signal in cosmic rays
• Direct DM interaction with nucleons
Nothing has been found so far....
At the LHC we are looking for creation and decay of superpartners in cascade processes.

The typical processes are shown in Fig.1. The typical SUSY signature is the missing energy and
transverse momentum carried by a lightest super partner.

There are two ways of presenting and analyzing data on SUSY searches:
1. High energy input: introduce the universal parameters at high energy scale (GUT).

For example, m0,m1/2, A0, tanβ in the MSSM. Then run them down to low energies using
RG equations. The advantage is a small number of universal parameters for all masses. The
disadvantage is the strict model dependence (MSSM, NMSSM, etc).

2. Low energy input: use the low energy parameters like masses of super partners, mixings,
etc. For example, m̃g, m̃q, m̃χ or mA, tanβ. The advantage is the less model dependence. The
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Figure 1: Typical processes of super partner creation and cascade decay in the MSSM

disadvantage is the increase of parameters and process dependence.

Both the approaches are used in analyses.

3 The progress of the LHC

In the proton-proton collisions at the LHC the supersymmetric particles can be produced ac-
cording to the diagrams like those shown in Fig. 1. The “strong” production cross sections are
characterized by a large number of jets from the long decay chains and the missing energy from
the escaping neutralino. These characteristics can be used to efficiently suppress the background.
For the electroweak production, both the number of jets and the missing transverse energy are
low since the LSP is not boosted so strongly as in the decay of heavier strongly interacting
particles. Hence, the electroweak gaugino production needs the leptonic decays to reduce the
background, so these signatures need more luminosity and cannot compete at present with the
sensitivity of the “strong” production of the squarks and gluinos.

We present here some examples of superparticle searches in various scenarios depicted as
exclusion plots. Everywhere in these plots the excluded region is the one below the corresponding
curve (lower masses, lower values of parameters). We first demonstrate the results obtained along
the first (or high energy) approach. They are typically presented in the m0−m1/2 plane keeping
the other parameters either fixed or adjusted at each point (see Fig.2). These constraints on the
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values of m0,m1/2 are equally valid for any process, but refer to the CMSSM framework 1,2.

The second (low energy) approach corresponds to particular processes, as shown in Fig.3.
Direct searches for super partners at the LHC in different channels have pushed the lower limits
on their masses, mainly of the gluinos and the squarks of the first two generations, upwards to
the TeV range. The fisrt example is the gluino pair production pp → g̃g̃ and g̃ → tt̄χ̃0

1 decay.
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Figure 3: Upper row: 95% CL exclusion limits for MSUGRA/CMSSM models with tanβ = 10, A0 = 0 and
mu > 0; Left: ATLAS exclusion limits at 95% CL for 8 TeV analyses in the mg̃−mχ̃0

1
plane for the Gtt simplified

model where a pair of gluino decays via off-shell stop to four top quarks and two neutralinos (LSP). Right: CMS
exclusion limits at 95% CL for 7 TeV analyses of gluino decay g̃ → qqχ̃0

1, assuming mq̃ >> mg̃.

Four different final states (0 leptons with ≥ 3 b-jets; 3 leptons with ≥ 4 jets; 0 leptons with
≥ 6-9 jets; and a pair of the same-sign leptons with more than 4 jets) are considered 1,2. The
analysis was performed using 13.0 fb−1 data results in the non-observation of the gluino lighter
than 900 GeV (conservative limit) or even 1200 GeV for the lightest neutralino mass less than
around 300 GeV, and squarks of the first two generations lighter than 1500 GeV.

On the other hand, for the third generation the limits are rather weak and the masses
around a few hundred GeV are still allowed, as can be seen in the right bottom panel of Fig.3
and Fig.4. This is due to different decay modes originated from large Yukawa couplings of
the third generation. The exclusion limits at 95% CL are shown in the t̃1 − χ̃0

1 mass plane.
Depending on the stop mass there can be two different decay channels. For relatively light
stops with masses below 200 GeV, the decay t̃1 → b+ χ̃±1 , χ̃±1 →W ∗ + χ̃0

1 is assumed with two
hypotheses on the χ̃±1 , χ̃0

1 mass hierarchy, m(χ̃±1 ) = 106 GeV and m(χ̃±1 ) = 2m(χ̃0
1)

4. For the
heavy stop masses above 200 GeV, the decay t̃1 → t+ χ̃0

1 is assumed to dominate.

All the exclusion plots discussed above can give direct limits on the masses of supersymmetric
particles under certain assumptions (mass relations, dominant decay channels, modified or/and
simplified models, etc.). The latest mass limits for the different models and final state channels
obtained by the CMS collaboration are shown in Fig. 5 2,3.

The total cross-section for strongly interacting particles is shown in Fig. 6 together with the
excluded region from the direct searches for SUSY particles at the LHC5. One observes that the



Figure 4: Stop and bottom searches at the LHC

Figure 5: Best exclusion limits for the gluino and squark masses, for mχ0 = 0 GeV (dark blue) and m(mother)−
mχ0 = 200 GeV (light blue), for each topology, for the hadronic results

excluded region (below the solid line) follows rather closely the total cross-section indicated by
the colour shading. From the colour coding one observes that the excluded region corresponds
to the cross-section limit of about 0.1− 0.2 pb.

The drop of the excluded region at large values of m0 is due to the fact that in this region
the squarks become heavy. Here only higher energies will help, and doubling the LHC energy
from 7 to 14 TeV, as planned in the coming years, quickly increases the cross-section for the
gluino production by orders of magnitude, as shown in the right panel of Fig. 6. The expected
sensitivity at 14 TeV, plotted as the exclusion contour in case nothing is found, assumes the
same efficiency and luminosity (slightly above one fb−1 per experiment) as at 7 TeV.

These limits can be translated to the squark and gluino masses and lead to the regions
indicated as not allowed ones in Fig. 7. Note that these regions are forbidden in any model
with the coupling between the squarks and gluinos, so they are not specific to the CMSSM.
The squark masses below 1.1 TeV and the gluino masses below 0.62 TeV are excluded for
the LHC data at 7 TeV, as shown in the left panel of Fig. 7. The expected sensitivities for
higher integrated luminosities at 7 and 14 TeV have been indicated as well. One observes that
increasing the energy is much more effective than increasing the luminosity. At 14 TeV the
squarks with masses of 1.7 TeV and gluinos with masses of 1.02 TeV are within reach with
1 fb−1 per experiment, as shown in the right panel of Fig. 7 5.



Figure 6: Left: The total production cross-section of the strongly interacting particles in comparison with the
LHC excluded limits for 7+8 TeV. Here the data from ATLAS and CMS were combined and correspond to the
integrated luminosity of 1.3 and 1.1 fb−1, respectively. One observes that the cross-section of 0.1 to 0.2 pb is
excluded at 95% CL. Right: the cross sections at 14 TeV and expected exclusion for the same limit on the

cross-section as at 7 TeV.

Figure 7: As in Fig. 6, but the excluded region is translated into the mq̃,mg̃ plane. The red area corresponds to
the excluded regions for the integrated luminosity slightly above 1 fb−1; the expectations for higher luminosities

have been indicated as well.

4 Indirect search for SUSY at the LHC

Indirect manifestation of SUSY presumably takes place via virtual loops containing super part-
ners. The most promising cases are the ones where the contribution of heavy super partners is
enhanced by large tanβ. One usually considers the branchings of rare decays Bs → sγ,Bs →
µ+µ−, Bs → τν and the g − 2 factor of muon. These quantities are relatively small and are
measured with high precision (see Table below).

The most intriguing situation was with the Bs → µ+µ− decay. Its branching ratio is ex-
tremely small while in the MSSM one gets an enhancement ∼ tanβ6 that seems to contradict
the measurement for relatively large tanβ. However, this is not exactly the case. The branching
ratio in the MSSM is 6
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and being enhanced by tanβ3 it is suppressed if the masses of stop1 and stop2 are degenerate.
All together this gives the forbidden region in the parameter space shown in Fig.8.



Combination of constraints following from the rare decays are shown in Fig.8 for the MSSM
and NMSSM cases. All observables were calculated with the public code NMSSMTools 7. We
show also the requirement following from the g − 2 factor confronted with the LHC data.

Figure 8: Allowed region of the parameter space in the MSSM and the NMSSM with account of electroweak
constraints. The right panel shows the region preferred by the g − 2 constraint which is almost forbidden due to

the LHC searches

5 Astrophysics search

Search for manifestation of supersymmetry in astrophysics is based on the assumption that Dark
matter is composed of a super particle - the lightest neutralino. This is a natural consequence
of R-parity preserving theories where the LSP is stable. Minor R-parity violation with long-
lived LSP is also possible. Within this scenario one has to provide the right amount of the DM
abundance and possible manifestation of DM is supposed to take place in cosmic rays and in
underground experiments.

Relic abundance of DM is given by the Boltzman equation 8

dnχ
dt

+ 3Hnχ = − < σv > (n2χ − n2χ,eq), H = Ṙ/R, (3)

where < σv > is the average annihilation cross-section. From this equation one finds that

Ωχh
2 =

mχnχ
ρc

≈ 3 · 10−27cm3sec−1

< σv >
(4)

For a given relic abundance Ωχh
2 ≈ 0.113± 0.009 9 and v ∼ 300 km/sec this gives

σ ∼ 10−34 cm2 = 100 pb

independently of the mass. Fitting this value of the cross-section one gets the distribution of
tanβ values for the MSSM and NMSSM shown in Fig.9 5.

Figure 9: Optimized values of tanβ within the MSSM (left) and the NMSSM (right). One can see that high
values of tanβ are preferred within the MSSM except for the co annihilation regions, whereas low values are

favored within the NMSSM



In the case when Dark matter has supersymmetric origin and consists of neutralino, one
expects a signal in cosmic rays due to the annihilation of DM in the halo of the Galaxy. The an-
nihilation diagrams are shown in Fig.10. This signal is rather weak, and noticeable enhancement
in cosmic ray spectra is possible if the density of DM is boosted by clumpiness. The signal was
searched in positron, antiproton and diffuse gamma-ray spectra by EGRET, FERMI, PAMELA,
PLANK and other telescopes but without definite success so far.

Figure 10: DM annihilation diagrams in MSSM and NMSSM

In the underground experiments one can hope to observe interaction with DM measuring the
recoil energy. The cross section for direct scattering of WIMPS on nuclei has an experimental
upper limit of about 10−8 pb, i.e., many orders of magnitude below the annihilation cross
section. Scattering of the LSP on nuclei can only happen via elastic scattering, provided R-
parity is conserved. The corresponding diagrams are shown in Fig.11 (left). There are several
experiments of this type: DAMA, Zeplin, CDMS, Edelweiss and more recently XENON100.
Still, today we have no convincing evidence for direct dark matter detection. The excluded
region in the m0 − m1/2 plane from the XENON100 cross section limit 17 is shown in Fig.11
(right).
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Figure 11: The excluded region from the XENON100 cross section limit for two values of the form factors. The
red area is excluded from the EW constraints.

The typical exclusion plots for the cross-sections versus the WIMP mass plane are shown
in Fig.12 in the case of the MSSM (left panel) and the NMSSM (right) panel. The area above
the horizontal line is excluded by the XENON100 experiment (upper row) and by foreseen
XENON1000 (lower row). The color area corresponds to SUSY fits. The red (dark) part is
excluded by the LHC searches. One can see that in the MSSM the allowed WIMP mass is
moving toward very high values while in the NMSSM the value around 100 GeV is preferable.

6 Combined fit to all data

If one combines the excluded regions from the direct searches at the LHC, the relic density from
the WMAP, the already stringent limits on the pseudo-scalar Higgs mass with the XENON100



Figure 12: The exclusion plot for direct interaction of WIMP DM with the nuclei. Left: MSSM, right: NMSSM.

limits, one obtains the excluded region shown in the left panel of Fig.13 5. The left panel
corresponds to the MSSM. The list of applied constraints is given in Table 1. Here the g − 2
limit is included with the conservative linear addition of theoretical and experimental errors.
One observes that the combination excludes m1/2 below 525 GeV in the CMSSM for m0 < 1500
GeV, which implies the lower limit on the WIMP mass of 230 GeV and a gluino mass of 1370
GeV, respectively.

If a Higgs mass of the lightest Higgs boson of 125 GeV is imposed, the preferred region is
well above this excluded region, but the size of the preferred region is strongly dependent on
the size of the assumed theoretical uncertainty. Accepting the 2 GeV uncertainty we get the
excluded region shown in Fig.13 (central panel), which is far above the existing LHC limits and
leads to strongly interacting super partners above 2 TeV. However, in models with an extended
Higgs sector, like the NMSSM, a Higgs mass of 125 GeV can be obtained for lower values of
m1/2, in which case the regions excluded in the MSSM become viable (see Fig.13 right panel).

Constraint Data Ref.

Ωh2 0.113± 0.004 9

b→ sγ (3.55± 0.24) · 10−4 10

b→ τν (1.68± 0.31) · 10−4 10

∆aµ (302 ± 63(exp) ± 61(theo)) · 10−11 11

bs → µµ (3.2± 1.4) · 10−9 12

mh mh > 114.4 GeV 13

mA mA > 480 GeV for tanβ ≈ 50 14

ATLAS σSUSYhad < 0.003− 0.03 pb 15

CMS σSUSYhad < 0.005− 0.03 pb 16

XENON100 σχN < 8 · 10−45 − 2 · 10−44cm2 17

Table 1: List of all constraints used in the fit to determine the excluded region of the CMSSM parameter space.



Figure 13: Left: Combined constraints from the LHC searches, the relic density from WMAP, the direct DM
searches from XENON100, limits on the pseudo-scalar Higgs mass and g−2 of muon (without the 125 GeV Higgs
boson mass constraint) in the MSSM. Central: The account of the 125 GeV Higgs boson mass with the 2 GeV

mass uncertainty. The region below the white line is excluded at 95% C.L. Right: The same for the NMSSM.

7 Conclusion

The SUSY phenomenology is a wide and well explored subject today. It seems that from the
experimental point of view we are approaching crucial times. Today SUSY is far from being
dead. The situation can be summarized as follows:

• There is no signal so far, but do not give up

• There is still plenty of room for SUSY

• Interpretations of searches are model dependent

• The LHC run at 14 TeV might be crucial for low energy SUSY

Due to remarkable properties, SUSY has many followers. It has almost no competitors. One
may exclaim: Give me something better and I will stick to it but so far I like SYSY!
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SEARCHES FOR THIRD GENERATION AND GLUINO INDUCED SUSY
PRODUCTION AT THE LHC

JAD MARROUCHE on behalf of the ATLAS and CMS collaborations

High Energy Physics Group, Blackett Laboratory, Imperial College London, UK

Recent preliminary results from CMS and ATLAS on searches for gluino induced and direct
third generation SUSY production, in a variety of complementary final state signatures and
methods, are presented using up to 20 fb−1 of data from the 8 TeV LHC run of 2012. SUSY
models with relatively light top and bottom squarks are particularly appealing, especially given
the recent Higgs-like boson discovery, as they provide a solution to the hierarchy problem.

1 Introduction

Supersymmetry (SUSY) is generally regarded as one of the most likely extensions of the Standard
Model (SM) of particle physics. It is based on a unique extension of the space-time symmetry
group underpinning the SM, introducing a relationship between fermions and bosons. A reali-
sation of SUSY at the TeV scale is motivated by the fact that SUSY can resolve the hierarchy
problem, preventing “unnatural” fine tuning in the Higgs sector, provided that the super part-
ners of the top quark, t̃, (and to a lesser extent those of the bottom quark, b̃) have relatively low
masses. This condition requires that the super partner of the gluon, g̃, is not much heavier, due
to its contribution to the radiative corrections for the top squark masses. Furthermore, in the
framework of the minimal supersymmetric extension of the SM (MSSM), the scalar partners of
the left-handed and right-handed fermions can mix. This mixing happens proportionally to the
masses of these fermions, and hence is most important for the third-generation. This can result
in third generation squark masses which are significantly lighter than other SUSY particles.

Also in the MSSM the quantum number R-parity is conserved, and so the lightest SUSY
particle (LSP), which is generally assumed to be the lightest neutralino, χ̃0

1, is stable and provides
a possible candidate for dark matter. Therefore experimentally, the pair production of massive
coloured SUSY particles is expected to result in a signature that is rich in jets, especially those
originating from bottom quarks, and contains a signicant amount of missing transverse energy,
due to the undetected LSPs. The presence of leptons are also important, primarily via the
decays of the corresponding top quarks.

In this document, the preliminary results of several searches with different final states are
summarised. These searches are based on up to 20 fb−1 of data from the 8 TeV LHC run of 2012,
using both the CMS1 and ATLAS2 detectors. No significant excesses above the SM expectations
have been observed in any of the searches and exclusion limits at the 95% confidence level are
derived in the context of simplified model spectra (SMS) scenarios.



2 Interpretations

Depending on the SUSY particle mass hierarchy, different production mechanisms may be of
relevance. If the gluino is light enough to be produced at the LHC, gluino-induced production
of third generation squarks will have a higher production cross-section than the corresponding
direct squark production. For the R-parity conserving searches studied in this document, the
SMS scenarios summarised in Figure 1 are used as the basis to set limits on the gluino and
third-generation squark masses. These SMS scenarios assume a single production and decay
channel.

Figure 1: A graphical illustration of the various gluino-induced (left) and direct (right) third-generation squark
SMS scenarios. The SUSY particles considered, as well as the single production and decay mechanisms assumed,

are also indicated.

3 Zero-lepton searches

Three zero-lepton searches are considered. The first 3 is a CMS search based on a dimensionless
kinematic quantity, αT , which is used to discriminate between events with genuine and mis-
reconstructed missing transverse energy, mainly arising from QCD multi-jet events (Figure 2
left). The remaining electroweak backgrounds are estimated via the use of transfer factors from
appropriately defined control regions in data. The analysis is inclusive, and binned simulta-
neously into 67 signal regions in the jet multiplicity, the b-jet multiplicity, and the sum over
all jet transverse energies, HT . The data used correspond to 11 fb−1 and interpretations are
performed in both gluino-induced and direct third-generation squark production. An example
for gluino-induced bottom squark production is shown in Figure 2 right, which shows the best
observed limit on the gluino mass in this model is 1125 GeV, and that overall no limit exists
beyond an LSP mass of 650 GeV.
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Figure 2: The distribution of the αT kinematic variable (left), and the interpretation of the results in this search
for the gluino-induced bottom squark SMS scenario (right).



The second search 4 from ATLAS is also based on 11 fb−1 and targets gluino-induced third-
generation squark production signatures. The key discriminators are the effective mass, the
number of jets, the missing transverse energy, and the smallest distance in phi between all jet
vectors in an event and the missing transverse energy vector. The background estimates are data
driven and the interpretations are performed for both gluino-induced top and bottom squark
production, the results of which are shown in Figure 3.

Figure 3: The interpretation of the results in 4 for the gluino-induced top squark (left) and bottom squark (right)
SMS scenarios.

The final search 5 from CMS is based on 20 fb−1 and is an inclusive search also targeting
gluino induced third-generation squark production signatures. The analysis is binned in 48 signal
regions simultaneously, in the number of b-jets, the HT per event, and the missing transverse
energy per event. The background estimates are taken from control regions in data which are
simultaneously fit with the signal regions. The interpretation shown in Figure 4 is based on
gluino-induced bottom squark production. The best limit on the gluino mass extracted is 1200
GeV, and no limit exists beyond an LSP mass of 625 GeV.
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Figure 4: The interpretation of the results in 5 for the gluino-induced top squark (left) and bottom squark (right)
SMS scenarios.

4 One-lepton searches

Two one-lepton searches are considered. The first 6 is from ATLAS and is based on 13 fb−1 of
data, targeting direct top-squark production. The search requires an isolated electron or muon,



at least four jets, at least one b-jet and a missing transverse energy above 150 GeV. Six signal
regions are defined by various binning in the transverse mass and variants of the MT2 variable.

The other search 7 is from CMS and is based on 20 fb−1, targeting gluino-induced top-
squark production. The search also requires an isolated electron or muon, and at least six
jets of which at least two must be b-jets. Two independent methods are used to estimate the
backgrounds, primarily from tt̄ events produced in association with jets. The first is called the
Lepton Spectrum method and uses the lepton transverse momentum distribution to estimate
the corresponding neutrino transverse momentum distribution. The other is based on using the
correlation between the azimuthal angle of the W -boson direction (estimated from the vectorial
sum of the missing transverse energy with the lepton vector) and the lepton as a discriminator.
An example distribution is shown in Figure 5 (left), with the corresponding gluino-induced top-
squark limits for both background estimation methods shown in Figure 5 (right). The best limit
on the gluino mass in this model is 1280 GeV, with no limit existing beyond an LSP mass of
570 GeV.
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5 Two-lepton searches

A same-sign dilepton search based on 20 fb−1 from ATLAS 8 is considered. Besides requiring
either two same-sign electrons or muons, the signal regions are based on three key discriminators;
the effective mass, the transverse mass, and the missing transverse energy. For each signal
region, an additional criteria on the number of jets and the number of b-jets is also applied. The
interpretation in the gluino induced top-squark production is shown in Figure 6 (left), where
the best limit on the gluino mass is 1020 GeV, and no limit exists beyond an LSP mass of 550
GeV.

6 Multi-lepton RPV searches

A CMS search 9 targeting R-parity violating (RPV) decays of the LSP is considered. The search
is based on pair production of top squarks with RPV decays of the LSP in three or four lepton
events with one or more b-jets in 20 fb−1 of data. The main discriminators used are the scalar
sum of the missing transverse energy, the HT , and the lepton transverse momenta in the event.
Results are presented in a simplified top-squark RPV model, an example of which is shown in
Figure 6 (right) for the coupling λ122 non-zero. The corresponding mass limit on the top-squark
is approximately 1 TeV and is relatively insensitive to the mass of the LSP.



 [GeV]
g~

m
500 600 700 800 900 1000 1100 1200 1300

 [G
eV

]
10 χ∼

m

0

200

400

600

800

1000

1200

 fo
rbidden

1
0
χ∼t t→g~

)g~) >> m(t
~

, m(
1

0χ∼t t→g~ production, g~-g~

2 same-charge leptons + jets

=8 TeVs, 
-1

 L dt = 20.7 fb∫
)theory

SUSYσ1 ±Observed limit (
)expσ1 ±Expected limit (

=8TeVs, -1 3 b-jets, 12.8fb≥0-leptons, 

=8TeVs, -1 4 jets, 5.8fb≥2-SameSign-leptons, 

=8TeVs, -1 4 jets, 13.0fb≥3-leptons, 

ATLAS Preliminary

All limits at 95% CL

 (GeV)
 t
~m

700 800 900 1000 1100 1200

 (
G

eV
)

0* 1χ ~
m

200

400

600

800

1000

1200  (
fb

)
95

%
ob

se
rv

ed
σ

0.18

0.2

0.22

0.24

0.26

0.28

0.3

0.32

0.34

0.36

CMS Preliminary -1 = 19.5 fb
int

 = 8 TeV, Ls

122λStop RPV 
observed 95% CLs Limits
Theory uncertainty (NLO+NLL)
expected 95% CLs Limits

experimentalσ1±expected 

Figure 6: (left) Limits from the same-sign dilepton ATLAS search8 in the gluino-induced top-squark SMS. (right)
Limits in the top squark vs LSP plane for an RPV model with the coupling λ122 non-zero, based on the CMS

search 9.

7 Summary

In summary, several recent preliminary results from CMS and ATLAS on searches for gluino
induced and direct third generation SUSY production, in a variety of complementary final state
signatures, have been presented using up to 20 fb−1 of data from the 8 TeV LHC run of 2012.
No significant excesses over the SM background have been observed and the results have been
interpreted in the context of several SMS scenarios. Table 1 shows a summary of the best limits
observed across all searches, which show that stringent constraints have now been placed in
the mass range relevant for the hierarchy problem. Significant improvement is expected when
the LHC restarts operation at a higher centre of mass energy, as much of the remaining SUSY
parameter space is yet to be probed.

Table 1: A summary of the experimental mass limits across all searches, for the R-parity conserving SMS models
considered.

SUSY particle: Direct t̃ Direct b̃ g̃-induced t̃ g̃-induced b̃

Best limit on SUSY particle mass: 560 GeV 600 GeV 1280 GeV 1240 GeV

No limit beyond LSP mass: 175 GeV 300 GeV 570 GeV 650 GeV
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SEARCH FOR EWKINO PRODUCTION AND LONG-LIVED PARTICLES AT
THE LHC

M. VERDUCCI
for the ATLAS and CMS collaborations

University of Washington, Department of Physics, FM-15, Seattle WA 98195, USA

The Large Hadron Collider has extended the reach of particle-physics experiments with a
potential for discovery of new physics at the TeV scale and many searches have been carried
out by both ATLAS and CMS. Searches for long-lived particles and electroweak ino production
using 2012 LHC data have been carried by both ATLAS and CMS. The methodology of
the searches (reconstruction techniques, background suppression, etc.) and the sensitivity of
these searches are reviewed. Many models of physics beyond the Standard Model predict
new particles with long lifetimes. Examples include Supersymmetry with R-parity violation,
suppressed decays of the next-to-lightest Supersymmetric particle, or models with hidden
sectors. The decay vertices of particles with lifetimes of order 10 ps to 10 ns can be efficiently
identified by the ATLAS and CMS detectors. In addition, in quark and gluons collisions it is
easy to produce coloured objects like gluinos and squarks, which decay typically to jets and
MET, while the cross sections for Electroweak productions are smaller and the mass reach
substantially reduced. These ”ewkinos” decays typically produce many leptons and MET.
The searches of these decays are generally based directly or indirectly on MET analyses.

1 Introduction

The standard model (SM) of particle physics has proven extremely successful, but despite its
many successes still remains incomplete. SUSY 1 model represents a possible extension of the
SM and solves many problems as the fine-tuning or the unification of the couplings.

However, the SUSY particle production cross section is tiny, compared to the total SM
background production rate. Thus the challenge of searches for SUSY extensions is to distinguish
the rare SUSY events on top of a huge background. This can be achieved in multileptonic
signatures, namely final states with at least three leptons including electrons, muons and taus.
Those signatures are often referred as the ”Golden Channel” since its is a clean signature, clean
in the sense that SM processes with three prompt leptons are rare, whereas it can be enhanced
in many SUSY models. This note presents few searches with ATLAS and CMS detectors for
the direct production of charginos and neutralinos decaying to a final state with three and four
leptons (electrons or muons) and missing transverse momentum, the latter originating from the
two undetected LSPs and the neutrinos.

In addition,the searches of long-lived particles are also presented.

1.1 Ewkino Production

Many SUSY searches are motivated by the direct electroweak production of charginos, neutrali-
nos, and sleptons. The corresponding final states do not necessarily contain much hadronic
activity and thus may have eluded detection in other searches. This signature characterizes



SUSY models that describe the pair production of charginos χ̃
±

and neutralinos χ̃
0
, mixtures

of the SUSY partners of the gauge and Higgs bosons, and of sleptons ˜̀, the SUSY partners of
leptons. Depending on the mass spectrum, the charginos and neutralinos can have significant
decay branching fractions to leptons or on-shell vector bosons, yielding multilepton final states.
Similarly, slepton pair production gives rise to final states with leptons. In all these cases, two
stable, lightest-SUSY-particle (LSP) dark matter candidates are produced, which escape with-
out detection, leading to significant missing transverse energy Emiss

T (if R-parity 2 is conserved).
Neutrinos present in the final state yield additional Emiss

T .

Charginos (χ̃±
i , i =1,2) and neutralinos (χ̃0

j , j = 1, 2, 3, 4) are the mass eigenstates formed
from the linear superposition of the SUSY partners of the Higgs and electroweak gauge bosons.
These are the Higgsinos, and the winos, zino, and bino, collectively known as gauginos. Nat-
uralness requires the lightest chargino and neutralino j (and third-generation squarks) to have
masses in the hundreds of GeV range. In scenarios where squark and gluino masses are larger
than a few TeV, the direct production of gauginos may be the dominant SUSY process at the
LHC.

1.2 Long-lived Particle production

New heavy particles with long lifetimes are predicted in many models of physics beyond the SM,
such as hidden valley scenarios 3 or supersymmetry (SUSY) with gauge-mediated symmetry
breaking (GMSB 4) or anomaly-mediated symmetry breaking (AMSB 5). These particles may
be neutral and decay into SM and/or weakly interacting particles that escape detection.

Four possible examples are presented in this work: long-lived charginos in AMSB model with
disappearing tracks (RPV models 6), R-hadrons (eg. Split SUSY 7), LSP gravitino in GMSB
interactions, and Higgs decay to hidden sector neutral particles: leptonjets and displaced vertex.

2 Multi Leptons final state

In SUSY models isolated leptons are produced dominantly in the leptonic decay of the next to
lightest neutralino (χ̃0

2 → `+`−χ̃0
1) and the lightest chargino (χ̃±

1 → `νχ̃0
1 ). The simultaneous

production of neutralinos and charginos with the subsequent decay to leptons leads to multi-
leptonic signatures, whereas in the Standard Model prompt leptons results from boson decays
(W±, Z/γ∗) including top quark decays t → Wb. The dominant irreducible background with
three/four prompt leptons is formed by the di-boson production (W±Z, ZZ). An additional dan-
gerous background consists of dileptonic SM processes like Drell-Yan or tt with the subsequent
decay to leptons accompanied by so called fake leptons mimicking a multileptonic signature.
Fake leptons are mainly leptons from heavy flavor decays in jets and false identification as
prompt leptons.

2.1 Three Leptons Final State Analysis

This analysis required selected events with exactly three signal leptons in the final state. The
analysis strateges applied in the two experiments use different signal regions but defined by the
same variables.

In ATLAS 8 three signal regions are then defined: two Z-depleted regions (SR1a and SR1b),
with no SFOS (same-flavour-opposite-sign) pairs having invariant mass within 10 GeV of the
nominal Z-boson mass; and a Z-enriched one (SR2), where at least one SFOS pair has an
invariant mass within 10 GeV of the Z-boson mass. Events in SR1a and SR1b are further required
to contain no b-tagged jets to suppress contributions from b-jet-rich background processes, where
a lepton could originate from the decay of a heavy-flavor quark. The background predictions
have been tested in various validation regions.



In CMS 9 the events are classified into exclusive search regions depending on their values of
M(`+`−), Emiss

T and MT . Events are required to have Emiss
T > 50 GeV and the SFOS dilepton

mass has to be close to the Z mass. The different regions are defined using the following
classification: the M(`+`−) regions for SFOS dilepton pairs are [M(`+`−) < 75 GeV], [75 GeV
< M(`+`−) < 105 GeV], and [105 GeV < M(`+`−)]. Further event classification is in Emiss

T bins
of [50,100], [100,150], [150,200], and [> 200] GeV. Finally, the MT regions are [<120], [120-160],
and [>160] GeV.

2.2 Four Leptons Final State Analysis

In CMS 9, the four leptons search represents an extension of the three leptons case where we
have the production of ZZ events associated with neutralinos. For the ZZ signature, a specific
gauge-mediated supersymmetry breaking (GMSB) Z-enriched higgsino model that enhances the
ZZ + Emiss

T final state has been considered. In addition, the sleptons are considererd too massive
to participate, so that the branching fractions to vector bosons are 100%. The object selection
criteria are the same as for the three leptons final state, requiring exactly four leptons.

In ATLAS 10, the four leptons final state are interpreted in term of R-Parity violation inter-
actions. The LSPs (χ̃

0
) decay via RPV interactions leading to final states with 4 leptons and

non-zero MET due to the presence of neutrinos.

In the ATLAS cut flow, the selected events must contain four or more signal leptons. The
invariant mass of any same-flavour opposite-sign (SFOS) lepton pair, m(SFOS), must be above
12 GeV, otherwise the lepton pair is discarded to suppress background from low-mass resonances.
Z-boson candidates are vetoed by removing events with pairs, triplets or quadruplets of leptons
with an invariant mass inside the [81.2, 101.2] GeV interval. Lepton pairs and triplets considered
for this Z-veto must contain a SFOS pair, while lepton quadruplets must consist of two SFOS
pairs. Two signal regions are then defined with signal region with Emiss

T >50 GeV (SR1), and one
with effective mass meff >300 GeV (SR2). SR1 is sensitive to scenarios where RPV LSP decays
produce neutrinos in the final state, while SR2 targets models with large particle multiplicities,
for example from sparticle cascade decays, and where Emiss

T may be small.

3 Summary and Results on multi-leptons final state analyses

The results on the multi-leptons final state studies can be divided in three or four leptons
searches. In the three leptons final state, no significant excess of events is found in any of the
three ATLAS signal regions. Upper limits on the visible cross-section, defined as the production
cross-section times acceptance times efficiency, of 1.3 fb are placed at 95% CL.

In the CMS four leptons analysis no excess above the Standard Model expectation is observed
in six signal regions that are either enriched or depleted in Z-boson decays. Chargino and heavy
neutralino masses are excluded up to 600 GeV if these particles decay through sleptons and up
to 315 GeV if they decay via gauge bosons to a massless lightest neutralino. In ATLAS for the
four leptons, the limits are placed on various R-parity violating simplified models, where the
lightest supersymmetric particle (χ̃0

1) decays promptly to first and second-generation leptons.
Charged-Winos are excluded up to a mass of 710 GeV, left-handed sleptons up to 450 GeV,
sneutrinos up to 410 GeV and gluinos up to 1300 GeV.

4 Long-lived Particle Scenarios

4.1 Long-lived charginos in AMSB model

The results presented, only for the ATLAS detector on 2011 data 11, are interpreted in the
context of an R-parity violating supersymmetric scenario. The signature under consideration
corresponds to the decay of the lightest supersymmetric particle, resulting in a muon and



Figure 1: (Left Plot) The Nouter
TRT distribution for data and signal events (m(χ̃±

1 )= 100 GeV, τ(χ̃±
1 )= 1 ns) with

the high-pT isolated track selection. The expectation from SM MC events, normalized to the number of observed
events, is also shown. (Right Plot) The pT distribution of candidate tracks. The solid circles show data and
lines show background shapes obtained using the background-only fit. The contributions of two background

components and the signal expectations are also shown (both plots from ATLAS paper 11).

many high-pT charged tracks originating from a single displaced vertex (DV). Such scenario
is anomaly-mediated supersymmetry with R-parity violation (RPV). The present (largely indi-
rect) constraints on RPV couplings would allow the decay of the lightest supersymmetric particle
as it traverses a particle detector at the LHC.

The selection cut flow is based on the number of hits in the Transition Radiation Tracker
(TRT) and the pT of the tracks. Figure 1 (left) shows the average number of hits per track,
(right) shows the pT spectrum for MC signal, backgrounds and 2011 data.

4.2 Long-lived gluinos in R-hadrons

In this section the analysis strategy and the results for the R-hadrons searches is reported, the
selection cut flow and the limits are referred to the CMS experiment 13.

Many extensions of the SM include heavy, long-lived, charged particles that have speed,
v, less than the speed of light, c, and/or charge, Q, not equal to 1e. With lifetimes greater
than a few nanoseconds, these particles can travel distances larger than the typical collider
detector and appear stable (in analogy to the pion or kaon). These particles can be generically
referred to as heavy stable charged particles (HSCPs) and can be singly, fractionally or multiply
charged. If HSCPs additionally interact through the strong force and form bound states with
SM quarks (or gluons) are called R-hadrons. R-hadrons can be charged or neutral. Strong
interactions between the SM quarks and detector material increase energy loss and can lead to
charge exchange, e.g. converting charged R-hadrons into neutral ones (and vice-versa). The
analysis strategy is driven by the their higher rate of energy loss via ionization (dE/dx) and/or
through their longer time-of-flight (TOF) to the outer detectors.

The analyses of HSCP candidates fall into multiple topologies and strategies: requiring tracks
be reconstructed in both the inner silicon detectors and the muon system, referred to as the
tracker+TOF analysis; only requiring tracks be reconstructed in the inner silicon detectors, the
tracker-only analysis; only requiring tracks be reconstructed in the muon system, the muon-only
analysis.

4.3 LSP gravitino in GMSB model

Assuming R-parity is conserved, SUSY particles are produced in pairs and decay into SM par-
ticles (as well as other SUSY particles). In the chosen scenario, the neutralino χ̃

0
is the next-to-

lightest supersymmetric particle and decays almost exclusively into a photon (γ) and a weakly
interacting gravitino (G̃, the superpartner of the graviton). The G̃ is the lightest supersymmetric
particle (LSP), and gives rise to a momentum imbalance in the transverse plane by leaving the



detector without depositing energy. The dominant production mode of the χ̃
0
is through a pair

of gluinos via the strong interaction decaying via cascades. The χ̃
0
is expected to be produced

in association with high transverse momentum (pT) jets.

The analysis strategy exploites the capabilities of the ATLAS14 and CMS15 electromagnetic
calorimeters to make precise measurements of the flight direction of photons, as well as the
calorimeters excellent time resolution. The long-lived NLSP scenario introduces the possibility
of a decay photon being produced after a finite delay and with a flight direction that does not
point back to the primary vertex (PV) of the event.

4.4 Hidden sector neutral particles

A specific model of a neutral long-lived, spinless, exotic particle X which has a nonzero branching
fraction to dileptons is used in both the experiments. This scenario predicts up to two displaced
dilepton vertices in the tracking volume per event. These neutral particles with large decay
lengths and collimated final states represent, from an experimental point of view, a challenge
both for the trigger and for the reconstruction capabilities of the detector. Collimated particles
in the final state can be hard to disentangle due to the finite granularity of the detectors;
moreover, in the absence of inner tracking detector information and a primary vertex constraint,
it is difficult to reconstruct charged-particle tracks from decay vertices far from the interaction
point (IP).

In the ATLAS study 16, the model consists of a Higgs boson decaying to a new hidden
sector of particles which finally produce two sets of collimated muon pairs. Possible topological
signatures of such extensions of the SM are lepton jets.These arise if light unstable particles with
masses in the MeV to GeV range (for example dark photons, γd) reside in the hidden sector and
decay predominantly to SM particles.

In the CMS analysis 17, the long-lived particle is a boson X, pair-produced in the decay of a
(non-SM) Higgs boson, i.e. H0 → 2X,X → `+`−, where the Higgs boson is produced through
gluon-gluon fusion.

5 Summary and Results on long-lived particles analyses

The ATLAS analysis on long-lived particles in AMSB model explores chargino decays that result
in tracks with few associated hits in the outer region of the tracking system. The transverse-
momentum spectrum of candidate tracks is found to be consistent with the expectation from the
Standard Model background processes (fewer than 0.06 background events are expected in the
data sample of 4.4 fb−1) and constraints on chargino properties are obtained. For ∆M(chargino-
neutralino) ≈ 160 (170) GeV the chargino mass is excluded up to 103 (85) GeV. Many different
searches R-hadrons has been presented with CMS data at 7 and 8 TeV. Generally no significant
excess is observed. Mass limits for gluinos, stops, staus, fractionally charged particles, and
multiply charged particles are reported in Figure 2 (right).

In the non-pointing photons analysis ATLAS has shown a good agreement with SM events.
The 95% CL exclusion limits for both the experiments are reported in Figure 2 (right), where
from the upper limits a mass below 220 GeV and below cτ < 6000 mm can be excluded for the
χ̃0

.

Concerning the Hidden model, in 1.9 fb−1 of ATLAS sample no events consistent with this
Higgs boson decay mode are observed. The observed data are consistent with the Standard
Model background expectations. In CMS, limits are set on the σ × BR to H → γdγd +X as a
function of the long-lived particle mean lifetime for m(H) = 100 GeV and 140 GeV. Assuming
the SM production rate for a 140 GeV Higgs boson, its branching ratio to two hidden sector
photons is found to be below 10%, at 95% CL, for hidden photon cτ in the range 7 mm < cτ <
82 mm.
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Figure 2: (Left Plot) ATLAS results 14: the expected and observed limits in the plane of NLSP lifetime versus

Lambda (and also versus the χ̃
0
or χ̃

±
masses). (Right Plot) Obtained mass lower limits at 95% C.L. on various

R-hadrons models (on x-axis) compared with previously published results (CMS paper 13).
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STATUS OF SUPERSYMMETRY WITH EXTRA SINGLETS
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We show that, in supersymmetry with extra singlets, it is easy and natural to obtain a
mass of the SM scalar of ∼125 GeV, well above MZ . Moreover, several mecanisms can
enhance the signal rate w.r.t. the Standard Model in the gamma gamma channel. These
properties persist in various singlet extensions of the MSSM, which are briefly scetched, as
well as correlations among signal rates in different channels. We discuss additional scalars in
supersymmetry with extra singlets and, finally, the impact of an extra singlet (singlino) on
searches for supersymmetry.

1 The SM scalar mass in supersymmetry with extra singlets

In the Standard Model (SM), the “mexican hat” potential of the complex SM scalar H is given by

V (H) = −m2|H|2 + λ2|H|4 . (1)

Denoting the vacuum expectation value of the real component h of H by v =< h >, the tree
level mass M2

h of the physical state h can be expressed in terms of v:

M2
h = −m2 + 3λ2v2 = 2λ2v2 (2)

The second expression is more useful, since we know v from the known W and Z masses.
We see that Mh is proportional to quartic coupling λ; if we would have known the coupling λ,
we could have predicted the SM scalar mass Mh.

In supersymmetry (Susy), various dimensionless couplings are related at tree level (even if
supersymmetry is softly broken by mass terms of O(MSUSY) ∼ v).

In the Minimal Supersymmetric extension of the SM (MSSM), we have two SU(2) doublets
Hu and Hd which couple to up-quarks and down-quarks/leptons, respectively. Now the quartic
terms in the potential V (Hu, Hd) are given by the electroweak gauge couplings g1 and g2:

V (Hu, Hd) =
g21 + g22

2
(H2

u −H2
d)2 + ... (3)

In the MSSM we find two physical neutral CP-even scalars conventionally denoted by h and H.
Their masses have to be obtained by diagonalising a 2× 2 mass matrix of second derivatives of
V (Hu, Hd). We have less information on the vacuum expectation values vu, vd of Hu, Hd, since

we know only
√
v2u + v2d from the W and Z masses, but not their ratio tanβ = vu

vd
.

However, one can still derive an upper tree level bound on the mass Mh of the lighter scalar:

M2
h =

g21 + g22
2

√
v2u + v2d cos2 2β ≡M2

Z cos2 2β ≤M2
Z (4)



This obviously violated inequality (in view of the measured mass of ∼ 125 GeV) gets modified
if radiative corrections to V (Hu, Hd) are large enough. However, therefore one needs large
( >∼ 1 TeV) Susy breaking top squark masses and/or large trilinear top squark–scalar couplings
Atop, which can be considered as unnatural.

We recall that the origin of the problem is that, in the MSSM, no supersymmetric quartic
couplings for Hu and Hd exist, except for the ones induced by the SUSY gauge interactions.

On the other hand, a supersymmetric mass term µ for the components of Hu and Hd

has to exists: it is required for the (neutral and charged) higgsino masses µΨHuΨHd (charged
higgsinos with mass below ∼ 100 GeV are excluded by LEP). This mass term also contributes
to V (Hu, Hd), but not to Mh! Its order of magnitude has to be µ ∼ O(MSUSY) ∼ v which is
difficult to explain; this is the so-called “µ-problem”.

In supersymmetry with extra singlet(s), one generates a µ-term through the vacuum expec-
tation value of an extra scalar singlet S with 〈S〉 = vs:

µΨHuΨHd → λSΨHuΨHd → λvsΨHuΨHd (5)

where vs of O(MSUSY) is automatic due to the soft Susy breaking terms involving S.
As an additional benefit one obtains an extra quartic coupling λ2H2

uH
2
d due to supersym-

metry, and thus a larger mass Mh > MZ at tree level!
With one extra singlet (the Next-to-Minimal Supersymmetric Standard Model, NMSSM)

one ends up with three neutral CP-even scalars which are superpositions of Hu, Hd and S. Now
their masses have to be obtained by diagonalising a 3 × 3 mass matrix. The tree level mass of
the mostly SM like scalar hSM is

MhSM = M2
Z cos2 2β + λ2(v2u + v2d) sin2 2β ±(...) (6)

where ±(...) originates from mixing of hSM with the mostly singlet like scalar hs, which depends
on unknown parameters. This contribution is positive if Mhs < MhSM !

Hence, MhSM > MZ much easier to obtain than in the MSSM, no large radiative corrections
(heavy top squarks) are required for MhSM ∼ 125 GeV.

2 Impact on the diphoton signal rate, and variants of the NMSSM

In fact, in the NMSSM two distinct mechanisms can lead to an enhancement of the diphoton
signal rate of the 125 GeV SM scalar. First we recall the expression for the branching fraction
BR(H → γγ) in terms of the partial widths Γ:

BR(H → γγ) =
Γ(H → γγ)

Γ(H → bb) + . . .
(7)

where the denominator represents the total width of H, which is dominated by the partial width
Γ(H → bb).

Now, due to the mixing of Hu, Hd, S it is easily possible that, in the NMSSM, the mostly
SM–like scalar hSM has a reduced coupling to bb, and hence a reduced width Γ(hSM → bb)
which leads to an enhanced BR(hSM → γγ). Together with nearly SM–like couplings to the
top quark (whose loops induce the coupling to gluons) and to the electroweak gauge bosons, one
finds that the production rates in gluon fusion and/or VBF are hardly reduced. As a result, the
diphoton signal rate is enhanced—a possibility observed already in 2010 1.

Second, we recall that in the SM, Γ(hSM → γγ) is induced via W -boson (and top quark)
loops as shown in Fig. 1.

In the NMSSM, the singlet S couples to the (charged) higgsinos ΨHu ,ΨHd via λSΨHuΨHd

(recall the generation of the µ–term through 〈S〉). Hence, if hSM has a S-component, charged
higgsinos contribute also to the loop and to Γ(hSM → γγ) unless λ is small or the higgsinos
are heavy!
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Figure 1: Γ(hSM → γγ) induced via W -boson (and top quark) loops

Both mechanisms for the enhancement of the hSM → γγ signal rate can occur in many
variants of singlet extensions of the MSSM (see2,3 and refs. therein):

• The “singlet” S could be charged under an extra U(1)’ gauge symmetry (implying an extra
Z ′ gauge boson); it follows, that Hu, Hd and hence at least some of the quarks and leptons
must also carry U(1)’ charges.

• Several singlets are possible, which implies even more states in the scalar sector (but with
reduced couplings relative to the SM scalar).

• The supersymmetric terms depending on the superfield S can be dimensionful such as mass
and/or tadpole terms. (If not: this version of the NMSSM is the simplest supersymmetric
extension of the SM where all supersymmetric interactions are scale invariant!)

• The running coupling λ can remain perturbative <∼ 1 up to the GUT scale. The alternative
case is denoted as “λ-Susy”, where a Landau singularity in the running coupling λ can
indicate a compositeness scale.

• It is theoretically appealing to assume, as in supergravity, that the soft Susy breaking
terms are universal at the GUT scale (not far from the Planck scale). Then one assumes
universal squark, slepton masses m0 and gaugino masses M1/2 as in the cMSSM. If one
includes the masses of Hu, Hd and S, one obtains the cNMSSM (the constrained NMSSM);
if not, one obtains the “semi-constrained” sNMSSM.

• As in the MSSM, one can assume an alternative source for the soft Susy breaking terms
like gauge mediation.

3 Examples in the parameter space of the semi-constrained NMSSM

A first study of the parameter space of the sNMSSM, after the measurement of the mass of the
SM scalar of about 125 GeV, has been performed in4 (other studies exist as well). Here it was
required in addition that the dark matter relic density agrees with present constraints. It was
assumed that the mostly SM like scalar hSM is the next-to-lightest state H2 among the three
CP-even states, and it was required that the mostly singlet like state H1 satisfies constraints
from LEP5 on its couplings.

For what follows it is convenient to define Rγγ2 (gg) as the γγ signal rate of H2 in gluon fusion
relative to the SM,

Rγγ2 (gg) =
production cross section×BR(hSM → γγ)

production cross section×BR(HSM → γγ)
(8)



Similarly, we define RV V2 (gg) as the ZZ/WW signal rate of the second scalar in gluon fusion, and
Rbb2 (V H) as the bb signal rate of the second scalar in associate production with a V = Z or W
boson.

First we show a scatter plot of RV V2 (gg) ≡ RZZ2 ≡ RWW
2 against Rγγ2 (gg). This is relevant

since present measurements of RV V2 (gg) do not show an enhancement with respect to the SM,
i.e. RV V2 (gg) ≈ 1. Among the mecanisms for the enhancement of Rγγ2 (gg) in the NMSSM,
the first one (a reduction of the width into bb) would also induce an enhancement of RV V2 (gg),
whereas the second mecanism (an additional chargino contribution to the width into γγ) would
not have this effect.

From the left of Figs. 2 we see that, in principle, Rγγ2 (gg) can be enhanced by a factor 2
(or larger) in the sNMSSM. However, if Rγγ2 (gg) <∼ 2 (consistent with the presently observed
excess), RV V2 (gg) ≡ RZZ2 ≡ RWW

2 is not necessarily enhanced.
Next we consider Rbb2 (V H) against Rγγ2 (gg). If an enhancement of Rγγ2 (gg) goes hand-in-

hand with a reduction of Rbb2 (V H), the question is whether this reduction is in conflict with the
SM-like signal rate hSM → bb. From the right of Figs. 2 it can be seen that, if Rγγ2 (gg) <∼ 1.5,
Rbb2 (V H) is not necessarily reduced provided that the enhancement of Rγγ2 (gg) results from the
additional higgsino loop, not from a reduction of Γ(hSM → bb).
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Figure 2: Left: Scatter plot of RV V2 (gg) ≡ RZZ2 ≡ RWW
2 against Rγγ2 (gg) in the sNMSSM. Right: Scatter plot

of Rbb2 (V H) against Rγγ2 (gg) in the sNMSSM

4 Additional scalars in Supersymmetry with extra singlets

If hSM mixes strongly with another mostly singlet-like scalar one can expect that the mass
of this mostly singlet-like scalar should be not too far from MhSM ∼ 125 GeV. Hence the
question arises whether there are hints for – or at least weak bounds on – such an additional
state. Unfortunately we also have to expect that the couplings/signal rates of such a state are
typically reduced relative to the ones of hSM . However, such a state can still be visible!

First, if this state H1 has a mass below 114 GeV, we can study the bounds on the signal rate
ξ2 in Z∗ → Z + hSM at LEP5 shown in Fig. 3. Here we see that MH1 ∼ 95− 100 GeV would be
compatible with ξ2(H1) ∼ 0.2, a possibility pointed out in 6.

Alternatively, H1 and H2 could be very close in mass as discussed in 7,8.
Finally the mass of a mostly singlet-like state may be larger than 125 GeV. In the γγ

channels, mild excesses can indeed be observed near 137 GeV at CMS9 and ATLAS10 in Figs. 4.
Likewise, mild excesses relative to the expectations from a SM like scalar at 125 GeV have

been observed in the H → bb final state (with H production in association with a Z or W
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boson) for MH >∼ 130 GeV at the Tevatron11 and at CMS12, see Figs. 5. Due to the low mass
resolution in the H → bb channel, these excesses could be a superposition of two states at 125
and ∼ 137 GeV, which is possible in the parameter space of the NMSSM13.

In the H → ZZ and H → ττ channels no excesses are observed for MH ∼ 137 GeV (only
upper bounds on the signal rate of about 20% relative to the SM) and such a state is far from
being confirmed at present; still, one should keep one’s eyes wide open for possible excesses – in
any channel – below and above 125 GeV!
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5 Possible impact of singlet extensions of the MSSM on searches for SUSY

A singlet extension of the MSSM implies also an extended neutralino sector consisting in the
bino, the neutral wino, two neutral higgsinos and a singlino, the fermionic superpartner of the
singlet S. Once one imposes a dark matter relic density consistent with present bounds, one
finds that these can easily be satisfied if the lighter neutralinos χ0

n, n = 1...3, are mixtures of
higgsinos and the singlino. (Heavy gluinos and the assumption of unified gaugino masses at the
GUT scale imply also a relatively heavy bino and winos.)

Then the bino/winos decay via cascades involving χ0
n and χ±1 , and squark decay cascades

are relatively long. Moreover, lighter top squarks are favored by low fine tuning and the RG
equations from MGUT → Mweak at low tanβ as it is typically the case in the NMSSM. Then
the gluinos decay via top squarks, g̃ → t+ t̃→ t+ b+ χ±1 → t+ b+W± + χ0

1. Altogether one
obtains less missing ET and less pT per jet than in the typical cMSSM.

The question how the (c)MSSM bounds on squark/gluino masses are affected due to the
additional neutralino and/or light top squarks in the sNMSSM has been studied in 14. There,
squark/gluino production was simulated in regions of the parameter space of the sNMSSM
consistent with a SM like scalar mass of ∼ 125 GeV, a consistent dark matter relic density, and
other constraints from b physics and LEP. Cuts like the ones in ATLAS searches for 3-6 jets (7-9
jets) and missing ET at

√
s = 8 TeV were applied, and it was found that, for identical values of

m0 and M1/2, the signal efficiencies in the sNMSSM get reduced by about 50% relative to the
cMSSM. In Fig. 6, the resulting bounds on Msquark versus Mgluino in the sNMSSM are compared
to the ones from searches for 3-6 jets and missing ET by ATLAS (bounds from searches for 7-9
jets and missing ET in this plane were not shown).

We see that, for Mgluino >∼ 1200 GeV, the bounds from searches for 3-6 jets in the sNMSSM
(full red line) are somewhat weaker than in the cMSSM (full black line). For Mgluino <∼ 1200 GeV,
the bounds from searches for 7-9 jets in the sNMSSM (full blue line) are somewhat stronger than
bounds from 3-6 jets in the cMSSM, but they would still be weaker than the 7-9 jets bounds
within the cMSSM which are not shown here.

6 Conclusions

Given the measured SM like scalar mass of about 125 GeV, it seems that the simplest singlet
extension of the MSSM, the NMSSM, is the most natural supersymmetric extension of the
Standard Model: here, all supersymmetric interactions are scale invariant (no need for a µ
term), and a SM like scalar mass of about 125 GeV is natural in the parameter space; very
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heavy top squarks (or large Atop) are not required. All desirable properties of supersymmetric
extensions of the SM are maintained: a solution of the hierarchy problem, unification of the
running gauge couplings, and a promising candidate for dark matter.

Possible hints for the NMSSM include an enhanced signal rate of the SM like scalar in γγ
channels, but also additional scalars with “below-the-SM” signal rates in other channels, with
masses below or above 125 GeV.

Finally, searches for sparticles like squarks and gluinos can be handicapped due to more
complicated sparticle decay cascades, which can alleviate the bounds from unobserved signal
events interpreted within the MSSM.
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SEARCH FOR HIGH-MASS RESONANCES
AND OTHER EXOTICA AT THE LHC

JOHN M. BUTLER

Department of Physics, Boston University,
590 Commonwealth Avenue, Boston MA 02215, USA

With the discovery of the Standard Model Scalar boson by the ATLAS and CMS collabora-
tions, all the constituents of the Standard Model (SM) of particle physics have been observed.
Despite its success, the SM leaves many questions unanswered and that has inspired many
models of physics beyond the SM. These models predict a wide range of new phenomena that
is accessible at the LHC. This talk presents recent results from searches by the ATLAS and
CMS collaborations for new phenomena with emphasis on processes that involve new massive
resonances.

1 Introduction

The Standard Model (SM) of particle physics provides an excellent description of high-energy
physics experimental data. At this time, there are no significant discrepancies between data
and the SM. If the “Higgs-like” boson recently discovered by ATLAS 1 and CMS 2 proves to
be the SM scalar, all the constituents of the SM will have been observed. Despite its success,
the SM leaves many questions unanswered, including the nature of dark matter, the number of
generations and the hierarchy problem. As a result, numerous Beyond-the-SM (BSM) theories
have been proposed that seek to answer one or more of these questions. Many BSM models
predict new phenomena at the TeV scale that would be accessible to experiments at the LHC.

This talk presents the results of searches for BSM resonances, essentially looking for bumps
on smooth SM backgrounds. A few words about the conventions used for the following: for final
states involving leptons, the notation ` will refer to electrons or muons. In addition, all limits
are quoted at the 95% CL.

2 High-Mass Dilepton Resonances

Many BSM models predict the existence of new bosons, including various versions of a Z ′

(for example, from the Sequential SM (SSM) 3 or E6 inspired models 4) and Randall-Sundrum
gravitons 5 G∗. ATLAS and CMS have searched for heavy narrow neutral resonances in the
dilepton final state (e+e− or µ+µ−). The searches are based on the

√
s = 8 TeV data from 2012,

the integrated luminosity used is 20 fb−1 and 21 fb−1 for ATLAS and CMS, respectively. The
search strategy is to look for an excess in the dielectron and dimuon invariant mass distributions.
Figure 1 (left) shows the dimuon mass spectrum from CMS while Fig. 1 (right) shows the
dielectron mass distribution from ATLAS along with the expected signal from a SSM Z ′ for
two Z ′ masses. Good agreement between the data and the SM background estimate is observed



and limits on new bosons are set. For the benchmark SSM model, Z ′ bosons with masses below
2.96 TeV are excluded by CMS 7, the lower limit set by ATLAS 6 is 2.88 TeV.
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Figure 1: The CMS dimuon 7 (left) and ATLAS dielectron 6 (right) invariant mass distributions. The dots
represent the data while the filled histograms show the expected SM backgrounds. The open histograms (right)

illustrate the signal for a Z′ with mass of 1.5 TeV or 2.5 TeV.

3 W ′ → Lepton + MET

The charged final-state counterpart to the dilepton searches presented in Section 2 are searches
for heavy resonances decaying to a lepton (e or µ) plus missing transverse energy. The dis-
criminant is the transverse mass MT distribution. Examples of signal models include various
versions of the W ′ (for example, the Sequential SM (SSM) 3), chiral boson excitations W ∗ 8, or
resonances predicted by Universal Extra Dimension (UED) models 9,10. The new CMS results 11

are based on 20 fb−1 of
√
s = 8 TeV data from 2012. Figure 2 (left) shows the MT spectrum

for the electron channel. Good agreement is observed between the data and the SM background
estimate and limits on new bosons are set. For the benchmark SSM model, CMS excludes W ′

bosons with masses below 3.35 TeV. A published result from ATLAS based on
√
s = 7 TeV data

from 2011 placed a mass limit at 2.55 TeV 12. CMS extends their analysis to set limits on the
parameters of the split-UED model, see Fig.2 (right).

4 Type III Seesaw Model Heavy Leptons

Seesaw models provide a natural explanation for the light masses of the observed SM neutrinos
through the addition of new massive particles and the seesaw mechanism. In the Type III seesaw
models13,14,15, the new heavy states couple to gauge bosons which allows a large enough produc-
tion cross section for observation at the LHC. CMS has published results based on

√
s = 7 TeV

data from 2011 placing mass limits on heavy leptons for several branching fraction scenarios 17.
ATLAS has a new search for pair production of heavy leptons N±N0 using 6 fb−1 of

√
s = 8 TeV

data from 2012 16. The search is in the 4-lepton final state where N0 →W±`∓ and N± → Z`±

followed by Z → ``. The discriminant is the N± mass mZ(``)`′ , see Fig. 3 (left) which shows
good agreement of the data with the SM background prediction. Limits are set as a function of
heavy lepton mass mN and the product of branching fractions (BFs), see Fig. 3 (right). Using
a theoretically favored product of BFs, ATLAS sets lower limit on mN of 245 GeV, the limit
rises to 350 GeV in the case where the product of BFs is unity.



Figure 2: (Left) The MT distribution for the electron channel from CMS11. The dots represent the data while the
filled histograms show the expected SM backgrounds. (Right) Exclusion limits on the split-UED model parameters

µ and 1/R derived from the W ′ mass limits.
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5 Resonant WZ → 3`+ ν Production

Many BSM models of electroweak symmetry breaking predict new diboson resonances. Examples
include extended gauge model (EGM)3 W ′ bosons and spin-1 technihadron states from low scale
technicolor (LSTC) 18. A new analysis from ATLAS looks for resonances in the WZ → 3` + ν
channel using 13 fb−1 of

√
s = 8 TeV data from 2012 19. The discriminant is the WZ mass

MWZ shown in Fig. 4 (left). The data is fully consistent with the SM background expectation
and ATLAS sets a lower limit on the EGM W ′ mass of 1.18 TeV. A published result from CMS
based on

√
s = 7 TeV data from 2011 places a W ′ mass limit at 1.14 TeV 20. The ATLAS search

results are also used to set limits on the masses of the πT and ρT particles predicted by the
LSTC model, see Fig. 4 (right).
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6 Resonant ZZ Production

ATLAS and CMS have searched for bulk Randall-Sundrum (RS) gravitons 21 G∗ that decay
to the ZZ final state where one Z decays hadronically (Z → jj) and the other leptonically
(Z → ``). The recent analysis from ATLAS 22 is based on 7 fb−1 of

√
s = 8 TeV data from

2012 and illustrates the trend of LHC experiments towards using special particle ID for highly
boosted objects. To retain good efficiency at high G∗ masses, ATLAS splits the analysis into two
regimes: lower MG∗ where the jets from the Z → jj decay are both identified (i.e. “resolved”)
and higher MG∗ where the jets are merged in to a single object. Figure 5 shows the ZZ
invariant mass distribution for both regimes along with an example G∗ signal. ATLAS uses
the distributions to exclude gravitons with masses below 850 GeV for the choice of RS model
parameter k/MPl = 1.00. CMS published a graviton mass limit of 610 GeV using

√
s = 7 TeV

data from 2011 under the assumption that k/MPl = 0.50 23.
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Figure 5: ZZ invariant mass distribution from ATLAS 22 when the jets from the decay Z → jj are resolved (left)
or merged (right).



7 Dijet Resonances

A wide variety of narrow s-channel dijet resonances are predicted by BSM models. Examples
include excited quarks q∗ 24,25, W ′ and Z ′ bosons, and RS gravitons. ATLAS and CMS have
new results from searches based on

√
s = 8 TeV data from 2012, the integrated luminosity

used is 13 fb−1 and 20 fb−1 for ATLAS and CMS, respectively. The discriminant is the dijet
mass, shown in Fig. 6. Both experiments look for excesses in the data compared to a four
parameter fit to the dijet mass distribution. With no significant deviations observed, limits on
BSM resonance production are set. Both experiments address q∗ production, CMS excludes
excited quarks with masses below 3.50 TeV (with an expected limit of 3.75 TeV) 27 while the
ATLAS limit is 3.84 TeV (with an expected limit of 3.70 TeV) 26. CMS sets mass limits on an
additional seven more models while ATLAS places limits on σ×BF× acceptance for any model
whose signal is a Gaussian dijet mass peak.
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Figure 6: Dijet invariant mass distribution from ATLAS 26 (left) and CMS 27 (right).

8 Conclusions

Searches for new phenomena by ATLAS and CMS are probing the TeV energy scale. So far, the
SM has proved remarkably resilient and no evidence for BSM physics has yet been uncovered
at the LHC. Nonetheless, this is only the beginning. In the near term, results using the full
LHC Run 1 datasets are starting to appear and a sample was presented here. In the medium
term, the LHC BSM physics reach will be greatly extended by the increase in beam energy and
intensity expected for Run 2.
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THE COST OF GAUGE COUPLING UNIFICATION IN THE SU(5) MODEL
AT THREE LOOPS

L. MIHAILA
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The non-supersymmetric SU(5) model can accommodate heavy neutrinos and gauge coupling
unification when augmented with an adjoint fermionic multiplet 24F . Among the most im-
portant phenomenological implications of the model is the prediction of light fermions and
scalars, charged under the SU(2)L gauge group, in the reach of the Large Hadron Collider
(LHC). In this talk, we report on the recent calculation 1 of the correlation function between
the mass scale of the new electroweak multiplets and the gauge coupling unification scale at
three loop accuracy.

1 Introduction

Nowadays, it is well established that the minimal non-supersymmetric SU(5) model in its origi-
nal form 2 is phenomenologically ruled out. In principle, this is due to the lack of gauge coupling
unification and the massless neutrinos. These unsatisfactory aspects of the original model can
be simultaneously eliminated, if one adds an additional fermionic multiplet in the adjoint rep-
resentation 24F

3,4. To understand the role of the 24F multiplet in the model, let us recall its
decomposition w.r.t. the Standard Model (SM) gauge group SU(3)c × SU(2)L × U(1)Y .

24F = (1, 1, 0)F︸ ︷︷ ︸
SF

⊕ (1, 3, 0)F︸ ︷︷ ︸
TF

⊕ (8, 1, 0)F︸ ︷︷ ︸
OF

⊕ (3, 2,−5
6)F︸ ︷︷ ︸

XF

⊕ (3, 2,+5
6)F︸ ︷︷ ︸

XF

, (1)

where SF , TF , OF (XF ) are Majorana (Dirac) degrees of freedom. A special role in the model is
played by the electroweak singlet and triplet states SF and TF . They are involved in the Yukawa
interactions that after the SU(5) gauge symmetry breaking will generate masses for neutrinos
through a hybrid type-I+III seesaw mechanism 5,6,7,8,9. The electroweak singlet SF resembles a
sterile neutrino, whereas the electroweak triplet is sometimes referred to as a heavy lepton.
As can be read from the above decomposition, the fermionic states TF , OF , XF are charged
under the groups SU(2)L, SU(3)C and SU(3)c×SU(2)L×U(1)Y , respectively. Thus, they will
give also contributions to the gauge coupling evolution with the energy scale. In particular, the
electroweak triplets TF can delay the meeting of the couplings α1 and α2 from the energy scale
of about 1013 GeV in the minimal SU(5) model to values in agreement with the bounds enforced
by the non-observation of proton decay 10 of about 1015.5 GeV. The underlaying condition is
that TF states are rather light, in the TeV range, in order to have the maximal impact on the
evolution of α2. In contrast, the states XF , that are charged both under the SU(2)L and U(1)Y
have always the opposite effects, due to their contributions to the beta functions of the coupling
constants α1 and α2. Thus, in order to reach a high enough unification scale for the coupling α1

and α2, one needs in addition a very heavy mass scale for XF states. However, this mass scale



can be at most of the order of M2
G/Λ, where MG denotes the unification scale and Λ is the cutoff

scale of the SU(5) model. The latter have to be chosen in such a way that the low-energy value
of the ratio mb/mτ (where mb stands for the bottom quark mass and mτ for the tau lepton
mass) is correctly reproduced in the model and to maximize the perturbativity domain. It was
shown 3,4 that a value of about Λ = 100MG is a reasonable choice.
Furthermore, for a complete unification it is also necessary that the strong coupling constant α3

meets the electroweak couplings α1 and α2 at the right energy scale. Obviously, the states that
have a direct impact on the energy evolution of α3 are the colour octet fermions OF . As we
show in the next section, a proper unification requires that the states OF live at intermediate
mass-scale of about 108 GeV.

The crucial parameter for phenomenology is actually the effective mass of the electroweak
triplet states. This mass scale is defined as an average between the mass scale of the electroweak
triplet fermions TF and the similar components of the scalar multiplet that lives in the 24-
dimensional representationa. Both types of triplets, if light enough, can give interesting signature
at the LHC. The fermionic components lead to lepton number violation effects in same sign di-
lepton events 3,4. The bosonic triplet instead can easily modify the decay properties of the Higgs
boson (see e.g. 11), that will be measured with increasing precision at the LHC.

Let us also mention that, the Higgs sector is the one of the genuine SU(5) model

5H = (3, 1,−1
3)H︸ ︷︷ ︸

T

⊕ (1, 2,+1
2)H︸ ︷︷ ︸

h

and (2)

24H = (1, 1, 0)H︸ ︷︷ ︸
SH

⊕ (1, 3, 0)H︸ ︷︷ ︸
TH

⊕ (8, 1, 0)H︸ ︷︷ ︸
OH

⊕ (3, 2,−5
6)H︸ ︷︷ ︸

XH

⊕ (3, 2,+5
6)H︸ ︷︷ ︸

XH

, (3)

where SH , TH and OH (T , h and XH) are real (complex) scalars. In our notation, h stands
for the SM Higgs doublet. The mass spectrum of the model is derived as usual from the
minimization conditions of the scalar potential. In this respect, it is a nontrivial fact that the
tree-level calculation of the spectrum allows the mass pattern required by unification

mTF ≈ mTH � mOF
≈ mOH

�MG . (4)

Nevertheless, the required mass hierarchy strengthen the fine-tuning issue typical for non-
supersymmetric GUTs.

2 Framework

The effective mass scale for the electroweak triplets can be determined from the constraint of
gauge coupling unification. More precisely, it depends only on the unification scale of the elec-
troweak couplings α1 and α2 at one- and two-loop oder in perturbation theory. The dependence
on the strong coupling constant occurs starting from three loops. To study the energy evolution
of the electroweak couplings for the case of a largely split mass spectrum as required in Eq. (4),
it is convenient to apply the method of effective field theories (EFT)s. It consists in integrating
out the heavy degrees of freedom that cannot influence the physics at the low-energy scale.
In physical renormalizations schemes like the momentum subtraction scheme or the on-shell
scheme, the effects due to heavy particle thresholds are encountered in the renormalization
constants of the parameters. However, for the analysis of the gauge coupling unification that
requires the running of the couplings over many orders of magnitude, higher order radiative
corrections to the RGEs are essential. But, their calculation beyond one-loop order in mass de-
pendent renormalization schemes is quite involved. A much more suited scheme for this purpose
is the minimal subtraction scheme (MS), for which the gauge coupling beta functions are mass

aWe denote the latter states by TH to distinguish their scalar origin.



independent and their computation is substantially simplified. Nevertheless, in this scheme the
Appelquist-Carazzone 12 theorem does not hold anymore and the threshold effects have to be
taken into account explicitly. The latter are parametrized through the decoupling ( matching )
coefficients. They can be computed perturbatively using the physical constraint that the Green’s
functions involving light particles have to be equal in the original and the effective theory. For
the computation presented here, we adopt this second method and apply it up to the third order
in perturbation theory.

The computation of the renormalization constants up to the three-loop order in the MS

scheme can be reduced to the evaluation of only massless propagator diagrams. For the present
calculation, we use a well-tested chain of programs: the Feynman rules of the model are obtained
with the help of the program FeynRules13 and translated into QGRAF14 syntax. QGRAF generates
further all contributing Feynman diagrams. The output is passed via q2e15,16, which transforms
Feynman diagrams into Feynman amplitudes, to exp15,16 that generates FORM17 code. The latter
is processed by MINCER 18 that computes analytically massless propagator diagrams up to three
loops and outputs the ε expansion of the result. The three-loop expressions for the beta functions
of the gauge couplings in the low-energy theories can be found in Ref. 1.

For the computation of the matching coefficients of the gauge couplings, when two different
theories are matched together, one has to consider Green’s functions involving light particles
and a vertex that contains the gauge couplings αi. Since the matching coefficients are universal
quantities, they must be independent of the momentum transfer of the specific process taken un-
der consideration. For convenience of the calculation, one chooses vanishing external momenta.
Thus, in dimensional regularization only diagrams containing at least one heavy particle inside
the loops contribute have to be taken into account. As a consequence, the resulting Feynman
amplitudes can be mapped to massive tadpole topologies that are handled with the help of
the program MATAD 19. Explicit two-loop results for the matching coefficients of the gauge
couplings in the SU(5) + 24F model can be found in Ref. 1.

3 Numerical Results

In this section we study the numerical impact of the three-loop corrections on the evolution of
the gauge couplings and on the correlation function between the electroweak triplet mass and
the GUT scale. In practice, we integrate numerically the n-loop beta functions of the gauge
couplings taking into account also the (n− 1)-loop running of the top-Yukawa coupling and the
(n − 2)-loop running of the Higgs boson self-coupling together with the (n − 1)-loop matching
conditions for the gauge couplings. In the present analysis n = 1, 2, 3. We can safely neglect
the contribution of the bottom and tau Yukawa couplings. We also neglect in this analysis the
effects due to the new scalar self-interactions of the scalar triplet TH . As input parameters for
the running analysis we take 20

αMS
1 (MZ) = 0.0169225± 0.0000039 , (5)

αMS
2 (MZ) = 0.033735± 0.000020 , (6)

αMS
3 (MZ) = 0.1173± 0.00069 , (7)

αMS
t (MZ) = 0.07514 , (8)

given in the full SM, i.e. with the top quark threshold effects taken into account. The Higgs
self-coupling is determined assuming a Higgs boson with mass 125 GeV. Thus, we obtain

αλh ≈ 0.010 . (9)

For illustration we show in Fig. 1 an unification pattern for the inverse of the gauge couplings,
taking into account three-loop order RGEs and two-loop order threshold corrections. For the



5 10 15

10

20

30

40

50

60

log
10
HΜ�GeVL

Α3
-1

Α2
-1

Α1
-1

m 3 m 8 m XF
MG

Α5
-1

Figure 1: Sample three-loop unification pattern for mTF = mTH = 102.5 GeV, mOF = mOH = 107.5 GeV,
mXF = MG/100 and mT = mXV = MG. The lines with different slopes from top to bottom correspond to
α−1
1 (blue), α−1

2 (red) and α−1
3 (black). The dashed vertical lines denote the masses of the intermediate-scale

thresholds.

intermediate mass scales we choose: mTF = mTH = 102.5 GeV, mOF
= mOH

= 107.5 GeV
and mXF

= MG/100. Here, MG is defined as the scale where the electroweak couplings α1

and α2 meet. The colour triplet Higgs τ and the SU(5) gauge bosons XV also play a role
for the unification. However, their effects are sub-leading as compared to those generated by
the electroweak triplets TF,H and colour octets OF,H , because they are predicted to live at
very high energies between the unification and the Planck scales. For convenience, we fix their
masses at the unification scale mT = mXV

= MG. The vertical lines mark the scales where
the electroweak triplet TH,F and color octet states OH,F are decoupled. At lower order in
perturbation theory it is advisable to choose the decoupling scale at the effective mass scales
defined as m3 = (m4

TF
mTH )1/5 and m8 = (m4

OF
mOH

)1/5. The dependence of the physical
observables like the value of the unification scale or of the unified gauge coupling become more
and more insensitive on this unphysical parameter, once higher order corrections are taken into
account.
In order to quantify the impact of the newly computed corrections let us mention that for such a
sample unification pattern the relative difference between the two- and three-loop values of α1,
α2 and α3 evaluated at MG amounts to 0.015%, 0.061% and 0.08% respectively. This has to be
compared with the relative experimental uncertainties: ∆α1/α1 = 0.023%, ∆α2/α2 = 0.059%
and ∆α3/α3 = 0.59%. Hence, for α1 and α2 the three-loop corrections are of the same order of
magnitude as the experimental uncertainties.

The effective triplet mass scale is an important parametr by itself. More precisely, its upper
bound represents the worse case scenario for the posibility to observe such states at the LHC. The
maximal value of the m3 parameter is obtained when the masses of the super heavy particles mτ

and mXF
are set to their maximally allowed values. Apart from these parameters, m3 depends

only on the gauge coupling unification scale. At the one-loop order, this dependence is known



completely analytically. Starting from two-loop order, one has to solve a system of coupled
differential equations. Its solution is shown in Fig. 2 as a function of the unification scale. From
the low left corner to the high right one the corelation function between the maximal value mmax

3

and the unification scale MG is shown at one-, two-and three-loop order accuracy. As can be read
from the figure the predictions for mmax

3 at one- and two-loop orders differ by several TeV. In
turn, this translates into a variation of the unification scale by about an oder of magnitude. To
be able to use the electroweak triplet mass scale as a validity check for the SU(5) + 24F model,
we need more precise theoretical predictions, at least in the range of experimental precision.
This requirement is nicely fulfilled at the three-loop order in perturbation theory, for which the
theoretical uncertainties are reduced by about a factor ten.
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Figure 2: mmax
3 − MG correlation between. The black, blue and red bands (from bottom-left to top-right)

correspond respectively to the one-, two- and three-loop running analysis. The error bands are obtained by
varying the low-energy couplings α1(MZ) and α2(MZ) into their 1σ values (cf. Eqs. (??)–(??)).

The upper bound on the electroweak triplet mass scale is actually the parameter relevant
for the phenomenology. It can be used as a validity test of the model in the sense that if the
electroweak triplet states escape detection at the LHC, i.e. they live beyond the TeV scale, than
the predicted unification scale of the model should be below 105.5 GeV. This in turn renders the
proton lifetime to be in the reach of the future generation of megaton-scale experiments. Thus,
non-observation of the electroweak triplet states in the TeV range as well as of proton instability
are sufficient to refute the model.
In this talk, we present the recent computation of three-loop order corrections to the predicted
mass scale for the electroweak tripltes. These higher order corrections are necessary in order
to reduce the theoretical uncertainties on a level compatible with those induced by the experi-
menatal accuracy on the determination of the electroweak couplings at low energies. Moreover,
from a theoretical point of view, the three-loop order corrections are indispensable in order to
establish the convergence of the perturbative series. This can be understood from the fact that
the relative difference between the one- and two-loop order corrections amounts to more than
100%. In contrast, the three-loop corrections lay on top of the two-loop ones (see Fig. 2) and
reduce the relative errors at around 25%, in the range of the experimental precision.
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Search for extra-dimensions, t̄t resonances, 4th generation and leptoquark
signatures at the LHC
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Abstract

The searches for extra-dimensions, top resonances, 4th generation quarks and leptoquark
signatures are presented. The results are based on proton-proton collision data at

√
s = 7

or 8 TeV, corresponding to various integrated luminosities. No signal of physics beyond the
Standard Model has been observed so far.

1 Introduction

In this paper are presented a selection of searches of new physics beyond the Standard Model
performed by the ATLAS1 and CMS2 collaborations, with proton-proton collision data recorded
in 2011 and 2012 at

√
s = 7 TeV and

√
s = 8 TeV. Physics models covered by this paper

are various, from extra-dimensions searches to black holes, dark matter, high mass resonances
involving top quarks, 4th generation quark and leptoquarks searches. SuperSymmetry and other
exotic physics searches are discussed in other proceedings of the Moriond EWK 2013 conference.

2 Large extra-dimensions searches

The search for large compactified extra-dimensions (EDs), as proposed by the Arkani-Hamed,
Dimopoulos and Dvali (ADD) model 3, is motivated by the solve of the hierarchy problem of the
SM which refers to the large difference between the electroweak scale (MEWK ∼ 1 TeV) and the
gravity scale (Mplanck ∼ 1016 TeV). In the ADD model, the gravity propagates into a 3+1+n
dimension space, where n ≥ 2 is the number of EDs, while the Standard Model particles are
confined into a 3+1 dimension space. In this framework the gravitational flux is diluted in this
multidimensional space and the effective Planck scale MD can be reduced to a scale similar to
MEWK and gravitons can be produced at the LHC. Several experimental signatures indicating
the presence of EDs have been studied by the ATLAS and CMS collaboration.

2.1 Graviton production searches

Since the graviton is able to propagate in the extra-dimensions, the first type of signature in-
dicating the presence of EDs is a large amount of missing transverse energy (E/T). The final
state jet+E/T has been studied by the ATLAS experiment with a sample of pp data at

√
s = 8

TeV corresponding to 10 fb−1 4 a. The offline event selection requires a large amount of E/T, one

aOnly the most recent analyses are discussed here. Several analyses are then intentionally not discussed in
this proceeding.
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Figure 1: (a) E/T spectrum of events selected in a jet+E/T final state by the ATLAS experiment (b) summary of
limits on MS as a function of n, for several experiments and data samples.

high-pT jet and no additional lepton in the event. Several filters are applied to reject beam-
related backgrounds, cosmic rays and anomalous electronic-noise events. Fig. 1.a shows the
E/T spectrum for the selected events. The number of observed events in the data is in good
agreement with the SM expectations and lower limits are set on the ADD model variable MD,
as a function of n: values ofMD are excluded below 3.88 (n = 2) to 2.58 (n = 6) TeV at 95% C.L..

Other studies have been performed by looking for an excess of data at high dilepton masses,
indicating the presence of gravitons decaying into a lepton-antilepton pair. The CMS col-
laboration studied both ee and µµ decay channels with

√
s = 8 TeV pp data corresponding

to a total integrated luminosity of 20 fb−1 5,6. Events are selected by requiring the presence
of two well-identified, opposite charge, same flavor, isolated leptons. Since no excess at high
masses has been noticed in both channels, limits are set on MS , related to MD by the formula
MS = 2

√
π [Γ(n/2)]1/(n+2)MD. Fig. 1.b illustrates a summary of the lower limits set on MS by

several experiments for n ∈ [2, 7].

2.2 Black holes

A consequence of the presence of extra-dimensions is the production of microscopic black-holes
in pp collisions at the LHC. The experimental signature of a microscopic black hole is a large
transverse energy carried by physical objects (charged leptons, jets, photons or invisible parti-
cles). Such signatures have been studied by the CMS collaboration with 3.7 fb−1 of pp collisions
data at

√
s = 8 TeV7. The ST =

∑
pT (objects) variable is used to separate black hole candidate

events from SM backgrounds dominated by QCD multijet production, for several physical object
multiplicities. As shown in Fig. 2.a, data are in agreement with the SM expectations and lower
limits are set on black hole masses for several theoretical models (Fig. 2.b).

2.3 Dark matter interpretations

An interesting feature of the graviton production searches is their sensitivity to the production
of dark matter particles χ, also called WIMPs : instead of a graviton, a pair of WIMPs is
produced in association with a jet or a photon. Therefore the monojet/monophoton results
presented in section 2.1 can be interpreted as limits on the effective theory cut-off mass scale
M∗ and as limits on the WIMP-nucleons scattering cross section 8. Several qqχχ interaction
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Figure 2: (a) ST spectrum for an object multiplicity N = 3. Black points correspond to data, blue line to SM
backgrounds and dotted liens to black holes signal for several benchmarks (b) lower limits on black hole masses

for different theoretical models.

operators, spin-dependent or spin-independent have been considered. Fig. 3 shows the upper
limit on WIMP-nucleon inelastic cross section, for several experiments. One can notice that
limits from collider experiments are the most stringent for low χ masses and are complementary
to dedicated experiments.

2.4 Contact interaction energy scale interpretation

The study of dilepton signatures allows the experimentalists to probe also the presence of contact
interaction. Since no excess in data has been observed (see section 2.1), lower limits are set on
the contact interaction energy scale Λ by the ATLAS experiment 9 with a data sample of 5
fb−1 at

√
s = 7 TeV. Values of Λ are excluded below 13.9 TeV at 95% C.L. for constructive

interferences while destructive interferences are excluded for Λ < 10.2 TeV at 95% C.L..

3 Searches for top resonances

3.1 t̄t resonances at high masses

Several searches for high masses t̄t resonances, produced by the decay of a high mass Z’ boson
or a Kaluza-Klein gluon, have been performed by the ATLAS and CMS collaboration with pp
collision data at

√
s = 7 TeV corresponding to 5 fb−1 in both semileptonic and full hadronic

channels 10,11,12,13. No evidence of beyond Standard Model t̄t resonances have been seen so far
with

√
s = 7 TeV data. The most stringent limits have been set in the semileptonic channel

(Table 1).

model narrow Z’ (Γ = 1%MZ′) wide Z’ (Γ = 10%MZ′) KK gluon

ATLAS 0.5 < M < 1.7 TeV n/a 0.7 < M < 1.9 TeV
CMS 0.5 < M < 1.5 TeV 0.5 < M < 2.0 TeV 1 < M < 1.82 TeV

Table 1: More stringent exclusion limits on Z’ and KK gluon masses from the search for t̄t resonances set by
ATLAS and CMS.
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Figure 3: Limits on WIMPS-nucleon scattering cross section for several experiments, for a spin dependent inter-
action (right) and spin-independent interaction (left).

3.2 top+jet resonances at high masses

The ATLAS collaboration performed a search for top+jet resonances, produced by the decay of
a high mass W’ boson, in association with another top quark. The pp collision data at

√
s = 7

TeV are used 14. The search has been performed in the semileptonic channel. No excess of data
has been observed in the reconstructed visible W’ mass spectrum and limits were set on the W’
cross section production, for different coupling benchmarks. For a unity left-handed coupling,
W’ are excluded for masses below 500 GeV at 95% C.L..

4 Searches for 4th generation signatures

The discovery of the SM Higgs boson and related studies significantly disfavor the existence of a
chiral 4th generation quark family. However, some other models are not ruled out and can still
be probed by collider experiments.

4.1 5/3e up quark signature

The CMS experiment performed a search for 4th generation up quark with an electric charge
5/3e (T5/3) with a sample of pp data at

√
s = 8 TeV corresponding to 20 fb−1 15. A T5/3

decays into a W boson and a top quark. The presence of a pair of T5/3 can then be probed into
events containing two same sign leptons from the two W bosons produced by one T5/3 and the
corresponding top quark, and at least 5 jets with pT > 30 GeV. The HT =

∑
pT (leptons, jets)

variable is used to select signal events, by requiring HT > 900 GeV. Fig. 4 shows the HT

spectrum for data, SM backgrounds and a 600 GeV T5/3 signal. No significant excess has been
observed in the data and a lower limit has been set on the T5/3 mass. At 95% C.L., 5/3e charged

4th generation up quarks are excluded for masses below 700 GeV.

4.2 Vector-like up quark signature

A model of vector-like 4th generation up quark (VL-up quark) pair production has been probed
by the ATLAS collaboration with

√
s = 8 TeV data with one VL-up quark decaying into a top
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quark and one SM Higgs boson H → bb while the second VL-up quark decays into a W (Z or
H) boson and a b (t) quark 16. The semileptonic channel (1 charged lepton, large E/T, at least
6 jets with at least two of them tagged as jets from b quarks) has been studied, by looking for
a excess of data in the HT =

∑
pT (leptons,E/T, jets) distribution. As shown on Fig. 5, data

are in agreement with the SM expectations and the existence of weak isospin singlet (doublet)
VL-up quarks is excluded at 95% C.L. for masses below 640 (730) GeV.

4.3 Excited down-quark signature

The ATLAS collaboration also performed a search for excited down quarks (b∗) 17 with pp data
at
√
s = 7 TeV. The theoretical model used imply a chromomagnetic interaction between a b-

quark and a gluon, producing a b∗ decaying into a top quark and a W boson. Both semileptonic
(1 electron or muon, E/T, 3 jets) and dileptonic (2 electrons or muons, E/T, one jet) channels
have been studied. No excess with respect to SM expectations has been noticed and limits were
set on the b∗ mass, for several couplings benchmarks. For a unity left-handed couplings, b∗ are
excluded for masses below 870 GeV.

5 Summary of leptoquark searches at
√
s = 7 TeV

An intriguing feature of the Standard Model is the symmetry between the number of quarks
and lepton families. Several theories beyond the Standard Model (SU(5), grand unification
theories, ...) predict the existence of new bosons, the leptoquarks (LQ), carrying a fractional
electric charge, a color charge, and decaying into a lepton and a quark. Constraints from Flavor
Changing Neutral Currents measurements significantly constraint a leptoquark to decay into
a quark and a lepton of the same generation. The branching fraction β of a LQ decay into a
charged lepton and a quark is a free parameter of the model.

Searches for a pair production of scalar LQs of 1st, 2nd and 3rd generation have been per-
formed by both ATLAS and CMS experiments 18,19,20,21,23,22 with pp collision data at

√
s = 7



TeV corresponding to an integrated luminosity of 5 fb−1. In all LQ decay channels, for all
LQ generation, the data have been found to be compatible with SM expectations. The most
stringent limits at 95% C.L. set on leptoquark masses by the ATLAS and CMS collaborations
are summarized in Table 2.

β = 1 β = 0.5 β = 0

LQ1→ eq(νeq) 830 640 n/a
LQ2→ µq(νµq) 840 650 n/a
LQ3→ τb(ντ b) 538 n/a 450

Table 2: Most stringent lower limits set on scalar leptoquark masses in GeV. β is the branching fraction of a
leptoquark decaying into a charged lepton and a quark.

6 Conclusion

Various models of physics beyond the Standard Model have been probed in various final states,
and no evidence of new physics has been seen so far, with data collected by the ATLAS and
CMS experiment at

√
s = 7 TeV or

√
s = 8 TeV. Limits were set on key observables of the

different models. Further searches for new physics signatures are still ongoing with the full
dataset recorded with

√
s = 8 TeV, corresponding to an total integrated luminosity of 20 fb−1.

A complete list of results published by the ATLAS and CMS experiments can be found in
the corresponding public twiki pages 24,25.
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With the discovery of a scalar resonance at ATLAS and CMS, the understanding of the elec-
troweak symmetry breaking origin seems a much closer goal. A strong dynamics at relatively
low scales is still a good candidate. In this talk, the complete effective Lagrangian up to
d ≤ 5 will be presented, both for the gauge and the flavour sectors. Interesting features in the
flavour phenomenology will be discussed.

1 Framework

With the new resonance at the Electroweak (EW) scale discovered at LHC 1, we can now hope
to have hints to understand the origin of the EW symmetry breaking (EWSB) mechanism. The
data indicate that the new particle is looking more and more like the Standard Model (SM) scalar
boson2 with mass around 125 GeV, but other possibilities are still viable. In particular, the case
of a strong dynamics at the TeV scale Λs responsible for the EWSB is still attractive. In the
original technicolor ansatz 3, only the three SM would-be-Goldstone bosons (GBs) are retained
and are responsible of giving mass to the weak gauge bosons. Given the present discovery, a
more attractive scenario is the so-called composite Higgs model, originally introduced in Ref. 4.
In this context, the theory is based on the spontaneous breaking of a large global symmetry,
that gives rise to the appearance of several GBs: a realistic model then accounts for three GBs
corresponding to the SM ones, and for at least one more GB that takes the role of the scalar
boson. The latter is then a composite scalar degree of freedom that arises as massless and gets
mass due to an explicit breaking of the symmetry. With respect to the technicolor context, here
there are four relevant scales: Λs typical of the strong resonances; f ≤ 4πΛs that characterises
the GBs energy scale; v = 246 GeV defined through the W mass, MW = gv/2; and 〈h〉 that is
the vacuum expectation value (VEV) of the scalar particle, providing the EWSB, and that is in
general distinct from v. To measure the degree of non-linearity of these schemes, it is customary
to introduce the parameter ξ ≡ (v/f)2 that parametrises the impact of the strong dynamics at
low-energy.

Without entering into details of a specific model, it is possible to describe the NP effects due
to the TeV strong dynamics by making use of an effective Lagrangian approach, dealing with
only the SM fields. The SM GBs can be described by a dimensionless unitary matrix:

U(x) = eiσaπ
a(x)/v , U(x)→ LU(x)R† ,



with L,R denoting respectively the SU(2)L,R global transformations of the scalar potential. The
adimensionality of U(x) is the technical key to understand why the dimension of the leading low-
energy operators describing the dynamics of the scalar sector differs for a non-linear regime5 and
a purely linear regime 6,7. In the former, non-renormalisable operators containing extra powers
of a light h are weighted by powers of h/f 8, and the GB contributions encoded in U(x) do not
exhibit any scale suppression. In the linear regime, instead, the light h and the three SM GBs
are encoded into the scalar doublet H, with mass dimension one: therefore any extra insertion
of H is suppressed by a power of the cutoff.

It is becoming customary to parametrise the Lagrangian describing a light dynamical scalar
particle h by means of the following ansatz 9 :

Lh =
1

2
(∂µh)(∂µh) (1 + cH ξFH(h)) − V (h) −

(
v

2
√

2
Q̄LU(x) Y QR FY (h) + h.c.

)
+

− v2

4
Tr [VµVµ] FC(h) + cT ξ

v2

4
Tr [TVµ] Tr [TVµ]FT (h) + . . . , (1)

where dots stand for higher order terms in the (linear) expansion in h/f , and Vµ ≡ (DµU) U†

(T ≡ Uσ3U
†) is the vector (scalar) chiral field transforming in the adjoint of SU(2)L. The

covariant derivative reads DµU(x) ≡ ∂µU(x)+ig/2W a
µ (x)σaU(x)−ig′/2Bµ(x)U(x)σ3 with W a

µ

(Bµ) denoting the SU(2)L (U(1)Y ) gauge bosons and g (g′) the corresponding gauge coupling.
In the equations above, V (h) denotes the effective scalar potential describing the breaking of the
EW symmetry. The first line in Eq. (1) includes the SMS kinetic term, its scalar potential and
the Yukawa-like interactions for quarks, while the second line describes the W and Z masses
and their interactions with h, as well as the usual custodial symmetry breaking term labeled by
cT .

The functions FH(h), FC(h), FT (h) and FY (h) above, as well as all F(h) functions to be
used below, encode the generic dependence on (〈h〉 + h) and are model-dependent. Each F(h)
function can be expanded in powers of ξ, F(h) = g0(h, v) + ξg1(h, v) + ξ2g2(h, v) + . . ., where
g(h, v) are model-dependent functions of h and of v, once 〈h〉 is expressed in terms of ξ and v.
For not too small ξ the whole series may need to be considered.

The above Lagrangian can be very useful to describe an extended class of “Higgs” models,
ranging from the SM scenario with a linear Higgs sector (for 〈h〉 = v, a = b = c = 1 and
neglecting the higher order terms in h), to the technicolor-like ansatz (for f ∼ v and omitting
all terms in h) and intermediate situations with a light scalar h (in general for f 6= v) as in
composite/holographic Higgs models 4,8,10 up to dilaton-like scalar frameworks. Note that in
concrete models electroweak corrections imply ξ < 0.2−0.4 11, but we will leave the ξ parameter
free here and account for the constraints on custodial symmetry through limits on the d = 2
and higher-dimensional chiral operator coefficients.

In what follows, the complete basis of independent operators up to dimension 5 will be re-
ported, both in the gauge and in the flavour sectors, providing the complete list of interactions of
a light h12,13,14. This analysis enlarges and completes the operator basis previously considered in
Refs.5,9 and represents a fundamental tool in order to characterise the emerging phenomenology
at LHC and investigating on the EWSB origin.

2 The effective Lagrangian in the gauge sector

All CP-even gauge operators appropriate to the non-linear regime will be included in this section,
up to mass dimension 5. In the absence of a light h, no pure gauge or gauge-h d = 5 operator
exists, and it is thus a good guideline to start from the basis of d = 4 pure gauge chiral operators
and complete it up to d = 5 with suitable insertions of h. The connection to the linear regime will



be made manifest exploiting the operator dependence on ξ. The Lagrangian can be decomposed
as

L d≤5
gauge−h =Lh −

g2
s

4
GaµνG

µν
a FG(h)− g2

4
W a
µνW

µν
a FW (h)− g′2

4
BµνB

µν FB(h)+

+ ξ

5∑
i=1

ci Pi(h) + ξ2
20∑
i=6

ci Pi(h) + ξ3
23∑
i=21

ci Pi(h) + ξ4 c24 P24(h) .

(2)

The first line of Eq. (2) contains the kinetic terms for the gauge bosons, with Wµν , Bµν and
Gµν denoting the SU(2)L, U(1)Y and SU(3)C field strengths, respectively. The second line of
Eq. (2) contains the following 24 CP-even operators, ordered by their ξ dependence 13:

P1(h) = g g′BµνTr (TWµν) F1(h) P4(h) = i g′BµνTr(TVµ) ∂νF4(h)

P2(h) = i g′BµνTr (T [Vµ,Vν ]) F2(h) P5(h) = i gTr(WµνV
µ) ∂νF5(h)

P3(h) = i gTr (Wµν [Vµ,Vν ]) F3(h)

(3)

P6(h) = (Tr (Vµ Vµ))2 F6(h) P14(h) = i gTr(TWµν)Tr(TVµ) ∂νF14(h)

P7(h) = (Tr (Vµ Vν))2 F7(h) P15(h) = Tr(T [Vµ,Vν ])Tr(TVµ) ∂νF15(h)

P8(h) = g2 (Tr (TWµν))2 F8(h) P16(h) = Tr(Vν DµVµ) ∂νF16(h)

P9(h) = i gTr (TWµν) Tr (T [Vµ,Vν ]) F9(h) P17(h) = Tr(TDµVµ)Tr(TVν) ∂νF17(h)

P10(h) = g εµνρλTr (TVµ) Tr (VνWρλ) F10(h) P18(h) = Tr (Vµ Vµ) ∂ν∂
νF18(h)

P11(h) = Tr
(
(DµVµ)2

)
F11(h) P19(h) = Tr (Vµ Vν) ∂µF19(h)∂νF ′19(h)

P12(h) = Tr(TDµVµ) Tr(TDνVν)F12(h) P20(h) = Tr (TVµ) Tr (TVν) ∂µF20(h)∂νF ′20(h)

P13(h) = Tr([T ,Vν ]DµVµ) Tr(TVν)F13(h)

(4)

P21(h) = Tr (VµV
µ) (Tr (TVν))2F21(h) P23(h) = (Tr (T Vµ))2 ∂ν∂

νF23(h)

P22(h) = Tr (VµVν) Tr (TVµ) Tr (TVν)F22(h)
(5)

P24(h) = (Tr (TVµ) Tr (TVν))2 F24(h) . (6)

The 24 constant parameters ci are model-dependent coefficients. The powers of ξ, factorized
out in the second line of Eq. (2), do not reflect an expansion in ξ, but a reparametrisation that
facilitates the tracking to the lowest dimension at which a “sibling” operator appears in the
linear expansion. By sibling we mean an operator written in terms of the scalar doublet H, that
includes the pure gauge part of the couplings P1−24(h). It may happen that an operator listed
in Eqs. (3)-(6) corresponds to a specific combination of siblings with different dimensions. This
is the case, for instance, of P13(h), whose siblings are of dimension 8 and 10.

For ξ � 1 the weight of the operators which are accompanied by powers of ξ is scale
suppressed compared to that of SM renormalisable couplings. In this limit the Lagrangian
above would encode a consistent linear expansion up to d = 6 operators, if only the terms of
zero and first order in ξ are kept: indeed, operators P6(h) to P24(h) would correspond to d = 8
or higher-dimension siblings in the linear expansion. In contrast, in the non-linear regime, that is
for ξ ≈ 1, no such suppression appears and all operators in Eqs. (3)-(6) include d ≤ 5 couplings
and should be considered on equal footing. The leading terms of the linear and non-linear
expansions do not match.

The different operators defined in Eqs. (3)-(6) correspond to three major categories: pure
gauge and gauge-h operators (in blue) which result from a direct extension of the original
Appelquist-Longhitano chiral Higgsless basis; operators containing the contraction DµVµ and
no derivatives of F(h) (in green); operators with one or two derivatives of F(h) (in red).



3 The effective Lagrangian in the flavour sector

The core of the flavour problem in NP theories consists in explaining the high level of suppression
that must be encoded in most of the theories beyond the SM in order to pass flavour changing
neutral current (FCNC) observability tests. Minimal Flavour Violation (MFV) 15,16 emerged in
the last years as one of the most promising working frameworks to this end: the MFV ansatz
dictates that flavour in the SM and beyond is described at low-energies uniquely in terms of the
known fermion mass hierarchies and mixings. An outcome is that the energy scale of the NP
may be as low as few TeV in several distinct contexts 17, while in general it should be larger
than hundreds of TeV.

In Ref. 16, the complete basis of gauge-invariant 6-dimensional FCNC operators has been
constructed for the case of a linearly realized SM Higgs sector, in terms of the SM fields and the
YU and YD spurions. Operators of dimension d > 6 are usually neglected due to the additional
suppression in terms of the cut-off scale.

In the non-linear regime a chiral expansion is pertinent, and this results in a different set
of operators at leading order than in the case of the linear regime. A total of four independent
d = 4 chiral operators containing LH fermion fields can be constructed 12,18, namely:

L f
χ=4 = ξ

∑
i=1,2,3 âiOi(h) + ξ2â4O4(h) (7)

O1(h) =
i

2
Q̄L λF γ

µ {T,Vµ} QLF1(h) , O2(h) = i Q̄L λF γ
µ VµQLF2(h) ,

O3(h) = i Q̄L λF γ
µ T Vµ TQLF3(h) , O4(h) =

1

2
Q̄L λF γ

µ [T,Vµ] QLF4(h) ,

(8)

where the parameter λF remembers the MFV ansatz,

λF ≡ YU Y †U + YD Y
†
D = V †y2

UV + y2
D. (9)

Out of these O1(h) − O3(h) are CP-even while O4(h) is intrinsically CP-odd 12. The powers
of ξ in Eq. (7) facilitate the identification of the lowest dimension at which a sibling operator
appears in the linear regime. The lowest-dimension siblings of O1(h) − O3(h) arise at d = 6,
while that of O4 appears at d = 8 12.

Operators O1(h) −O3(h) induce tree-level contributions to ∆F = 1 processes mediated by
the Z boson and are severely constrained. Due to the MFV structure of the coefficients, sizable
flavour-changing effects may only be expected in the down quark sectors, with data on K and
B transitions providing the strongest constraints on adZ ,

−0.044 < adZ < 0.009 at 95% of C.L. (10)

from K+ → π+ν̄ν, B → Xs`
+`− and B → µ+µ− data.

Furthermore, operators O2(h)−O4(h) induce corrections to the fermion-W couplings, and
thus to the the CKM matrix. This in turn induces modifications 12 on the strength of meson
oscillations (at loop level), on B+ → τ+ν decay and on the B semileptonic CP-asymmetry,
among others; more specifically the following process have been taken into account in Ref. 12:

- The CP-violating parameter εK of the K0− K̄0 system and the mixing-induced CP asym-
metries SψKS

and Sψφ in the decays B0
d → ψKS and B0

s → ψφ. Possible large deviations
from the values predicted by the SM are only allowed in the K system.

- The ratio among the meson mass differences in theBd andBs systems, R∆MB
≡ ∆MBd

/∆MBs .
Deviations from the SM prediction for this observable are negligible.

- The ratio among the B+ → τ+ν branching ratio and the Bd mass difference, RBR/∆M ≡
BR(B+ → τ+ν)/∆MBd

. This observable is clean from theoretical hadronic uncertainties.



- The B̄ → Xsγ branching ratio that benefits of good experimental and theoretical precision.

Since only small deviations from the SM prediction for SψKS
are allowed, only values close to the

exclusive determination for |Vub| are favoured. Moreover, it is possible to constrain the |Vub| − γ
parameter space, with γ being one of the angles of the unitary triangle, requiring that both
SψKS

and R∆MB
observables are inside the 3σ experimental determination.

Once this reduced parameter space is identified, it is illustrative to choose one of its points
as reference point, in order to present the features of this MFV scenario; for instance for the
values (|Vub|, γ) = (3.5 × 10−3, 66◦), SψKS

, R∆MB
and |Vub| are all inside their own 1σ values,

and the predicted SM values for εK and RBR/∆M are

εK = 1.88× 10−3 , RBR/∆M = 1.62× 10−4 . (11)

The errors on these quantities are ∼ 15% and ∼ 8%, estimated considering the uncertainties on
the input parameters and the analysis performed in Ref.19. Fig. 1 shows the correlation between
εK and RBR/∆M (left panel) and the aCP − aW parameter space (right panel), requiring that
εK and RBR/∆M lie inside their own 3σ experimental determination. In the latter, the gray
areas correspond to the bounds from the BR(B̄ → Xsγ). Finally, for those points in the
aCP − aW parameter space that pass all the previous constraints, the predictions for Sψφ and
the B semileptonic CP-asymmetry turned out to be close to the SM determination, in agreement
with the recent LHCb measurements.
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Figure 1: Results for the reference point (|Vub|, γ) = (3.5× 10−3, 66◦). See the text for details.

Fig. 1 on the right shows that aCP , the overall coefficient of the genuinely CP-odd coupling
O4(h) is still loosely constrained by low-energy data. This has an interesting phenomenological
consequence on Higgs physics prospects, since it translates into correlated exotic Higgs-fermion
couplings, which for instance at leading order in h read:

δL h
χ=4 ⊃ aCP

(
1 + βCP

h

v

)
O4 . (12)

These are encouraging results in the sense of allowing short-term observability. In a conservative
perspective, the operator coefficients of the d = 4 non-linear expansion should be expected to
be O(1). Would this be the case, the possibility of NP detection would be delayed until both
low-energy flavour experiments and LHC precision on h-fermion couplings nears the O(10−2)
level, which for LHC means to reach at least its 3000 fb−1 running regime. Notwithstanding
this, a steady improvement of the above bounds should be sought.
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Update of the European Strategy for Particle Physics

Peter JENNI
CERN, Geneva, Switzerland

The first European Strategy for Particle Physics was adopted by CERN Council in July 2006.
Since then the physics landscape has evolved in an exciting way, and a complete update of
the strategy has been initiated end of 2011, with broad involvement of the community during
2012. The main issues and highlights from the proposed new strategy statements, which will
still have to be formally approved by Council, will be presented.

1 Introduction

The CERN Council approved a European Strategy for Particle Physics (ES) for the first time
with a document containing 17 strategy statements at a special meeting held on 14th July
2006 in Lisbon, Portugal. Since then the physics landscape has evolved in a very major way.
Large facilities which were still in final construction phase at that time, most notably the Large
Hadron Collider (LHC), are now fully operational, others, like the International Linear Collider
(ILC) are discussed based on a concrete wish expressed by the Japanese community to host it
as a global project. And most importantly, new, exciting and fundamental physics results have
given a great impulse to our field, among them of course the discovery of a heavy boson with a
mass of about 125.5 GeV which is likely the long-sought scalar of the standard model, and the
measurement of a definitely non-zero value for the third angle for the neutrino flavour mixing. It
was therefore very timely for Council to initiate towards the end of 2011 a revision and update of
the European Strategy for Particle Physics, in order to arrive at a sharpening of the roadmap for
the European particle physics activities for the coming 5-6 years, and to develop a longer term
vision for the future beyond. Given the complexity, costs, and timescales of large infrastructures
for particle physics it was clear from the onset that a European strategy makes only sense when
considered in the worldwide global context, and this was duly taken into account. This talk
was introducing the procedure for the elaboration of the new strategy statements, reporting the
time line, the bodies drafting the recommendations, and explaining the important process of
consulting the community at large. Some highlights of the physics input were given as examples.
Finally, the strategy statements were motivated and commented upon. It would not be possible
to detail all these points in this summary. Instead, the reader is referred to the very extensive
documentation, and the Strategy Statements are added as Appendix in their full original form,
which makes them self-consistent and self-explanatory.

2 Mandate, time line and steering bodies of the update process

CERN Council initiated the update process in September 2011 by formally appointing two bod-
ies. The first was the European Strategy Group (ESG) with full membership as follows: one
representative from each CERN Member State, the CERN Director General, representatives



from major European National Laboratories, and the members of the Strategy Secretariat. In-
vited to the ESG were also representatives from the candidate states for CERN accession, from
associate member states, from observer states and from organizations having strong connections
to CERN. A smaller body, the European Strategy Preparatory Group (ESPG), with members
from SPC, ECFA, CERN and Asia/Americas was responsible to organize the interactions with
the broad community and to prepare the scientific input to the process. The ESG had about
50 members, the ESPG some 15 members; both were chaired by Prof. T. Nakada as Coun-
cils Scientific Secretary for the European Strategy Session. The detailed composition, as well
as all relevant information to the ES process is available on the European Strategy web site
http://europeanstrategygroup.web.cern.ch/europeanstrategygroup/

The mandate of the ESG and ESPG was: to establish a proposal for an Update of the
medium and long-term European Strategy for Particle Physics, for approval by the Council. It
is proposed that the proposal will take the following elements into account: The Update of the
European Strategy for Particle Physics shall in particular aim at:

• enhancing the visibility of existing European particle physics programs;

• increasing collaboration among Europe’s particle physics laboratories, institutes and uni-
versities;

• promoting a coordinated European participation in global projects and in regional projects
outside Europe;

• encouraging knowledge transfer to other disciplines, industry, and society.

The proposal shall include a review of the implementation of the 2006 Strategy, as well as
of the structures and procedures currently in place with regard to the Strategy. The proposal
shall outline priorities following a thematic approach, with special emphasis on future large
infrastructures/projects, including preparatory steps for a next project at CERN after LHC in
a global context, and consider time scales and resources. It shall also consider possible future
participation by CERN in experiments outside the Geneva Laboratory as part of the Strategy
implementation.

The ESPG started collecting written input from the community in February 2012. A first
collection of submissions was closed end of July 2012 for forming the input to a three-day open
symposium that took place in Krakow from 10th to 12th September 2012 with more than 500
participants. The symposium covered all scientific fields relevant to the update of the ES, leaving
ample time for lively discussions. Details and talks are available at http://espp2012.ifj.edu.pl/
.The community was invited to submit further input, including follow-up considerations to the
symposium, until mid-October 2012.

The ESPG then synthesized all the scientific input from the Krakow symposium and the
177 written submissions into a Briefing Book of 220 pages, organized along the chapter headings
that also formed a basis for the final ES considerations: Energy Frontier, Physics of Flavour and
Symmetries, Neutrino Physics, Strong Interaction Physics, Astroparticle and Non-accelerator
Physics, Particle Physics Theory, Accelerator Science and Technology, and Instrumentation,
Computing and Infrastructure. All submissions are available from the ES web site given above,
as well as also the Briefing Book, once its final editing will be finished. The drafting of the ES
statements took place in a closed working meeting of the ESG and ESPG in Erice, Italy, from
21st to 25th January 2013. All the scientific input, as well as further input from dedicated ESG
working groups dealing with organizational and other matters, were presented and debated. At
the end, consensus was reached on a set of draft statements that were then presented to CERN
Council to its March 2013 session. Council considered these statements, and made only minor
clarifications to the organizational part. The final approval of the Update of the European
Strategy for Particle Physics is expected to happen at the special Council meeting to be held



in Brussels in the presences of Science Ministers and European Union Authorities at the end of
May 2013.

3 Statements of the updated European Strategy for Particle Physics

The statements are given in full in the Appendix, including the preamble and introductory
comments. They are available in form of a so-called White Paper Council document dated 26th
March 2013, awaiting now formal adoption by the Special European Strategy Session of Council
in Brussels on 30th May 2013.

Appendix

Full text of the final version of the Update of the European Strategy for Particle Physics agreed
by consensus by Council on 22nd March 2013.

Proposed Update of the European Strategy for Particle Physics by the European
Strategy Group for Particle Physics

Preamble

Since the adoption of the European Strategy for Particle Physics in 2006, the field has made
impressive progress in the pursuit of its core mission, elucidating the laws of nature at the
most fundamental level. A giant leap, the discovery of the Higgs boson, has been accompanied
by many experimental results confirming the Standard Model beyond the previously explored
energy scales. These results raise further questions on the origin of elementary particle masses
and on the role of the Higgs boson in the more fundamental theory underlying the Standard
Model, which may involve additional particles to be discovered around the TeV scale. Significant
progress is being made towards solving long-standing puzzles such as the matter-antimatter
asymmetry of the Universe and the nature of the mysterious dark matter. The observation
of a new type of neutrino oscillation has opened the way for future investigations of matter-
antimatter asymmetry in the neutrino sector. Intriguing prospects are emerging for experiments
at the overlap with astroparticle physics and cosmology. Against the backdrop of dramatic
developments in our understanding of the science landscape, Europe is updating its Strategy for
Particle Physics in order to define the communitys direction for the coming years and to prepare
for the long-term future of the field.

General issues

a ) The success of the LHC is proof of the effectiveness of the European organisational model for
particle physics, founded on the sustained long-term commitment of the CERN Member States
and of the national institutes, laboratories and universities closely collaborating with CERN.
Europe should preserve this model in order to keep its leading role, sustaining the success of
particle physics and the benefits it brings to the wider society.

b ) The scale of the facilities required by particle physics is resulting in the globalisation of
the field. The European Strategy takes into account the worldwide particle physics landscape and
developments in related fields and should continue to do so.

High-priority large-scale scientific activities

After careful analysis of many possible large-scale scientific activities requiring significant re-
sources, sizeable collaborations and sustained commitment, the following four activities have
been identified as carrying the highest priority.



c ) The discovery of the Higgs boson is the start of a major programme of work to measure this
particles properties with the highest possible precision for testing the validity of the Standard
Model and to search for further new physics at the energy frontier. The LHC is in a unique
position to pursue this programme. Europes top priority should be the exploitation of the full
potential of the LHC, including the high-luminosity upgrade of the machine and detectors with a
view to collecting ten times more data than in the initial design, by around 2030. This upgrade
programme will also provide further exciting opportunities for the study of flavour physics and
the quark-gluon plasma.

d ) To stay at the forefront of particle physics, Europe needs to be in a position to propose
an ambitious post-LHC accelerator project at CERN by the time of the next Strategy update,
when physics results from the LHC running at 14 TeV will be available. CERN should undertake
design studies for accelerator projects in a global context, with emphasis on proton-proton and
electron-positron high-energy frontier machines. These design studies should be coupled to a vig-
orous accelerator R & D programme, including high-field magnets and high-gradient accelerating
structures, in collaboration with national institutes, laboratories and universities worldwide.

e ) There is a strong scientific case for an electron-positron collider, complementary to the
LHC, that can study the properties of the Higgs boson and other particles with unprecedented
precision and whose energy can be upgraded. The Technical Design Report of the International
Linear Collider (ILC) has been completed, with large European participation. The initiative
from the Japanese particle physics community to host the ILC in Japan is most welcome, and
European groups are eager to participate. Europe looks forward to a proposal from Japan to
discuss a possible participation.

f ) Rapid progress in neutrino oscillation physics, with significant European involvement, has
established a strong scientific case for a long-baseline neutrino programme exploring CP violation
and the mass hierarchy in the neutrino sector. CERN should develop a neutrino programme to
pave the way for a substantial European role in future long-baseline experiments. Europe should
explore the possibility of major participation in leading long-baseline neutrino projects in the US
and Japan.

Other scientific activities essential to the particle physics programme

g ) Theory is a strong driver of particle physics and provides essential input to experiments,
witness the major role played by theory in the recent discovery of the Higgs boson, from the
foundations of the Standard Model to detailed calculations guiding the experimental searches.
Europe should support a diverse, vibrant theoretical physics programme, ranging from abstract to
applied topics, in close collaboration with experiments and extending to neighbouring fields such
as astroparticle physics and cosmology. Such support should extend also to high-performance
computing and software development.

h ) Experiments studying quark flavour physics, investigating dipole moments, searching for
charged-lepton flavour violation and performing other precision measurements at lower energies,
such as those with neutrons, muons and antiprotons, may give access to higher energy scales
than direct particle production or put fundamental symmetries to the test. They can be based in
national laboratories, with a moderate cost and smaller collaborations. Experiments in Europe
with unique reach should be supported, as well as participation in experiments in other regions
of the world.



i ) The success of particle physics experiments, such as those required for the high-luminosity
LHC, relies on innovative instrumentation, state-of-the-art infrastructures and large-scale data-
intensive computing. Detector R & D programmes should be supported strongly at CERN, na-
tional institutes, laboratories and universities. Infrastructure and engineering capabilities for
the R &D programme and construction of large detectors, as well as infrastructures for data
analysis, data preservation and distributed data-intensive computing should be maintained and
further developed.

j ) A range of important non-accelerator experiments take place at the overlap of particle and
astroparticle physics, such as searches for proton decay, neutrinoless double beta decay and
dark matter, and the study of high-energy cosmic-rays. These experiments address fundamental
questions beyond the Standard Model of particle physics. The exchange of information between
CERN and ApPEC has progressed since 2006. In the coming years, CERN should seek a
closer collaboration with ApPEC on detector R &D with a view to maintaining the communitys
capability for unique projects in this field.

k ) A variety of research lines at the boundary between particle and nuclear physics require
dedicated experiments. The CERN Laboratory should maintain its capability to perform unique
experiments. CERN should continue to work with NuPECC on topics of mutual interest.

Organisational issues

l ) Future major facilities in Europe and elsewhere require collaboration on a global scale.
CERN should be the framework within which to organise a global particle physics accelerator
project in Europe, and should also be the leading European partner in global particle physics
accelerator projects elsewhere. Possible additional contributions to such projects from CERNs
Member and Associate Member States in Europe should be coordinated with CERN.

m ) A Memorandum of Understanding has been signed by CERN and the European Com-
mission, and various cooperative activities are under way. Communication with the European
Strategy Forum on Research Infrastructures (ESFRI) has led to agreement on the participation
of CERN in the relevant ESFRI Strategy Working Group. The particle physics community
has been actively involved in European Union framework programmes. CERN and the particle
physics community should strengthen their relations with the European Commission in order to
participate further in the development of the European Research Area.

Wider impact of particle physics

n ) Sharing the excitement of scientific discoveries with the public is part of our duty as re-
searchers. Many groups work enthusiastically in public engagement. They are assisted by a
network of communication professionals (EPPCN) and an international outreach group (IP-
POG). For example, they helped attract tremendous public attention and interest around the
world at the start of the LHC and the discovery of the Higgs boson. Outreach and communica-
tion in particle physics should receive adequate funding and be recognised as a central component
of the scientific activity. EPPCN and IPPOG should both report regularly to the Council.

o ) Knowledge and technology developed for particle physics research have made a lasting
impact on society. These technologies are also being advanced by others leading to mutual
benefits. Knowledge and technology transfer is strongly promoted in most countries. The
HEPTech network has been created to coordinate and promote this activity, and to provide
benefit to the European industries. HEPTech should pursue and amplify its efforts and continue
reporting regularly to the Council.



p ) Particle physics research requires a wide range of skills and knowledge. Many young
physicists, engineers and teachers are trained at CERN, in national laboratories and universities.
They subsequently transfer their expertise to society and industry. Education and training in
key technologies are also crucial for the needs of the field. CERN, together with national funding
agencies, institutes, laboratories and universities, should continue supporting and further develop
coordinated programmes for education and training.

Concluding recommendations

q ) This is the first update of the European Strategy for Particle Physics. It was prepared
by the European Strategy Group based on the scientific input from the Preparatory Group
with the participation of representatives of the Candidate for Accession to Membership, the
Associate Member States, the Observer States and other organisations. Such periodic updates
at intervals of about five years are essential. Updates should continue to be undertaken according
to the principles applied on the present occasion. The organisational framework for the Council
Sessions dealing with European Strategy matters and the mechanism for implementation and
follow-up of the Strategy should be revisited in the light of the experience gained since 2006.
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BEYOND THE SM SCALAR BOSON SEARCHES AT THE TEVATRON

Elemér NAGY
Centre de Physique des Particules de Marseille, 163 avenue de Luminy, Case 902,

F-13288 Marseille CEDEX 09, France

Recent results from the Tevatron are reported on Higgs boson searches in models beyond the
standard model (SM). The models include fermiophobic Higgs bosons, the extension of the SM
to a fourth generation of fermions, supersymmetric scenarios and heavy Higgs boson cascade
decays.

1 Introduction

Recent results on Higgs boson searches beyond the standard model (SM) are presented on behalf
of the CDF and D0 collaborations. The data were collected at the Tevatron, a proton-antiproton
collider with 1.96 GeV center of mass energy, using two general purpose detectors. Both detectors
had similar structure with different particular advantages. While the CDF detector 1 had a
larger volume for tracking of the charged particles, the D0 detector 2 had a hermetic liquid
argon calorimeter and a muon detector with larger coverage inside an iron toroidal magnet.
The Tevatron operation stopped on September 2011 after 10 years of running, delivering about
12 fb−1 integrated luminosity per experiment providing about 10 fb−1 of analyzable data for
each of the collaborations.

2 Higgs boson searches in the extension of the SM to a fourth generation of
fermions

A fourth generation of fermions in the SM is an interesting possibility, since it is not ruled out
by precision electroweak data and it opens up new sources of CP violation. Moreover, in this
model (SM4) the production cross section of the Higgs boson is enhanced by a factor of about
9 due to the additional heavy quarks in the fermion loop of the gluon-gluon fusion (ggH) which
becomes an overwhelmingly dominant production process. The CDF and D0 experiments used
in this study the event selection designed for the SM Higgs boson searches in the WW and ZZ



final states3 extending the Higgs boson mass range up to 300 GeV. In doing so, they reoptimized
the separation of the signal from the background since, contrary to the SM Higgs boson search,
here both the vector boson fusion (VBF) and the associate production of the Higgs particle with
a vector boson (VH) are ignored.

Since no excess was observed above the background expectation, a limit was set on the cross
section of the Higgs particle produced in ggH and decaying into a WW pair in the SM4 model,
assuming that the ratio of the branching fractions BR(H −→ WW )/BR(H −→ ZZ) is the
same as in the SM. Two scenarios have been considered: in the low mass scenario the fourth
generation charged and neutral lepton masses are close to their experimentally determined lower
bounds: ml4 = 100 GeV and mν4 = 80 GeV, whereas in the high mass scenario they are both
equal to 1 TeV. In both cases the fourth generation quark masses are set to mu4 = 450 GeV
and md4 = 400 GeV. Figure 1 shows the combined observed and expected cross section times
BR upper limits at 95% CL, expressed in units of the theoretical cross section of the low mass
scenario. From there the following mass ranges can be excluded for the Higgs boson in the
SM4 model: 120–224 GeV (observed), 118–274 GeV (expected) and 120–232 GeV (observed),
118–291 GeV (expected) in the low and high mass scenarios, respectively.

Figure 1: Observed (solid line) and expected (dotted line) 95% CL cross section times BR upper limits of the Higgs
boson as a function of its mass, in the SM4 model. The limit is a combination of the CDF and D0 measurements
on the full dataset, expressed in units of the theoretical cross section of the low mass scenario. Also shown is in
the same unit the theoretical cross section of the high mass scenario (dash-dotted line). The green and yellow
shaded area indicate the 68% and 95% probability regions where the limits can fluctuate, in the absence of signal.

3 Fermiophobic Higgs boson searches

In the Fermiophobic Higgs Model (FHM), one assumes that the coupling of the Higgs boson to
fermions vanishes and all other couplings remain the same as in the SM. This scenario can arise in
models with an extended Higgs sector like a two Higgs Doublet Model (2HDM) with parameters
that make the lightest Higgs boson fermiophobic 4. A fermiophobic Higgs boson is dominantly
produced via VH and VBH. Moreover, its decay into two photons is largely enhanced, such that
this decay mode provides the best search sensitivity for Higgs boson masses below 120 GeV. The
CDF and D0 collaborations therefore reinterpreted the SM Higgs boson searches in the γγ and
WW final states 3. They reoptimized the signal separation from the background to account for
the absence of the ggH production process. Figure 2 shows the combined observed and expected



cross section times BR upper limits at 95% CL, in units of the FHM theoretical prediction.
From there one can exclude 100–116 GeV (observed) and 100–132 GeV (expected) mass ranges
for a fermiophobic Higgs boson.

Figure 2: Observed (solid line) and expected (dotted line) 95% CL cross section times BR upper limits of the
fermiophobic Higgs boson as a function of its mass. The limit is a combination of the CDF and D0 measurements
on the full dataset, expressed in units of the FHM theoretical prediction. The green and yellow shaded area

indicate the 68% and 95% probability regions where the limits can fluctuate, in the absence of signal.

4 Search for Φ −→ bb̄ in MSSM

In the minimal supersymmetric extension of the SM (MSSM) there are two complex Higgs
doublet fields from which five Higgs bosons arise after the electroweak symmetry breaking:
three neutrals (h, H, A), commonly denoted as Φ and two charged one (H±). At tree-level, the
model is fixed by two parameters: tanβ, the ratio of the vacuum expectation value of the two
Higgs doublet fields and MA, the mass of the CP-odd neutral Higgs boson. The other model
parameters enter through radiative corrections. The mass of the lightest neutral Higgs boson,
mh has an upper bound. For tanβ > 1, the coupling of the Φ to down-type fermions becomes
large and therefore it decays with about 90% branching fraction to a bb̄ pair. Moreover, the
associate production of the Φ with b quarks is enhanced by a large factor (∼ 2 tan2

β) with
respect to the SM Higgs production. CDF and D0 therefore searched for the Φ boson as a
resonant peak in the di-jet invariant mass distribution of events with 3 or 4 b-tagged jets.

Using 2.6 fb−1 of data, CDF selected ∼11 500 events with 3 b-tagged jets. D0 analysed 5.2
fb−1 of data resulting in ∼15 000 and ∼11 000 events with 3 and 4 b-tagged jets, respectively.
Both experiments used PYTHIA 5 to generate signal events subsequently weighted by MCFM 6,
and estimated the multijet background from data. CDF enhanced the b-tagging algorithm by
an additional flavour separator based on the invariant mass of the charged particles issued from
the secondary vertex. D0 used a likelihood ratio discriminant to augment the separation of the
signal from the background. Since no significant resonant peak was found by either experiment,
a combined 95% CL upper limit of the Φ production cross section times BR was determined
(Figure 3). No radiative corrections were taken into account and the width of the Φ boson was
neglected. The local excesses seen in the observed limit at 120 GeV and 140 GeV correspond
to 2 standard deviations after applying trial factors which take into account the number of



Figure 3: Observed (solid line) and expected (dotted line) 95% CL cross section times BR upper limits of the Φ
boson as a function of its mass, produced in association with b quarks and decaying in bb̄ quark pairs. The limit
is a combination of the CDF and D0 measurements. The green and yellow shaded area indicate the 68% and 95%

probability regions where the limits can fluctuate, in the absence of signal.

Figure 4: Excluded region in the (MA, tan β) plane (dark shaded area) obtained in the m
max
h scenario. Also

shown are the excluded region by the LEP experiments (light shaded area) as well as the median expected upper
limits of tan β vs MA (solid line). The dashed and dotted lines around the solid line enclose the 68% and 95%

probability regions where the limits can fluctuate, in the absence of signal.

mass regions investigated. In addition, excluded regions in the tanβ vs MA were determined
for different MSSM model parameters applying radiative corrections and taking into account
the width of the Φ boson. Figure 4 shows the so-called m

max
h scenario, where the parameters

were chosen to maximize the upper bound of mh. These results were published in 2012 7 and
represented the best limits and excluded regions until the CMS collaboration has superseded it
recently 8.

5 Search for heavy Higgs boson cascade decays

The CDF collaboration searched for a hypothetical heavy neutral Higgs boson (H0) which would
first decay to a medium heavy charged Higgs boson (H±) and a W boson. The H

± then would
decay into a light neutral Higgs boson (h0) of mass of 126 GeV and a second W boson. Finally,
the h

0 would turn into a bb̄ quark pair. This search is motivated by a possible existence of strongly
coupled electroweak symmetry breaking sector in extended Higgs sectors, like 2HDM 11. Since



the final state is similar to a tt̄ pair production, the same event selection was used as in the tt̄

lepton+jets analyses. The signal was generated with MADGRAPH 9 interfaced with PYTHIA.
The dominant backgrounds (tt̄ and W+jets) were simulated with ALPGEN 10 interfaced with
PYTHIA and the multijet background was estimated from data. The reconstruction of the
decay chain started with the reconstruction of the W bosons from the untagged jet pairs, the
signal is then searched in the invariant mass distribution of the b-tagged jet pairs (Figure 5). As

Figure 5: Invariant mass distribution of reconstructed b-tagged jet pairs for observed data and expected back-
grounds. A signal hypothesis is shown, assuming a total cross section of 250 fb, 500 GeV and 300 GeV for the
masses of H

0 and H
±, respectively. The lower panel shows the relative difference between the observed and

expected distributions with the combined statistical and systematic uncertainties of the expected background.

no significant excess of the signal was seen in this distribution, upper limits for the production
cross section times BR were determined as a function of the H

0 and H
± masses. These limits,

however, exceed the corresponding theoretical values, therefore no exclusion region could be
derived for the masses of the heavy neutral and charged Higgs bosons. More details can be
found in the public document 11.

6 Summary

Searches were presented for Higgs bosons beyond the SM, carried out by the CDF and D0
collaborations. No such signals have been observed. Mass ranges have been excluded for Higgs
bosons assuming a fourth generation of fermions and for fermiophobic Higgs bosons, using the
full available dataset collected at the Tevatron by the two experiments 12. Upper limits have
been derived and domains in the MSSM planes have been excluded for associate production
of Higgs bosons with b quarks and decaying into bb̄ quark pairs. Finally, upper limits for the
production and cascade decay of a heavy Higgs boson were derived in a particular model.

More details can be obtained from the CDF and D0 public web pages:
http://www-cdf.fnal.gov/physics/new/hdg/Results.html
http://www-d0.fnal.gov/Run2Physics/WWW/results/higgs.htm
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TOP-DOWN BEYOND THE STANDARD MODEL REVIEW

Emilian DUDAS

Centre de Physique Théorique, Ecole Polytechnique
91128 Palaiseau, France

The recent discovery of the Standard Model boson (SMS) and direct searches place new con-
straints and a new perspective on New Physics models. I mostly review supersymmetric model
building, with special emphasizes on predictions of flavor models on superpartner spectra and
inverted hierarchy models, mini-split models, low-scale supersymmetry breaking scenario and
some string theory inspired low-energy spectra.

1 Introduction

Hierarchy problem guided, or maybe misguided, depending on its own perspective, the physics
beyond the Standard Model for the last thirty years. Traditional solutions fall into three cate-
gories:
- Low-energy supersymmetry with superpartner masses in the TeV range MSUSY ∼ TeV
- Strong dynamics like technicolor, Randall-Sundrum models, composite SMS models
- Low-scale (TeV) strings /quantum gravity with or without supersymmetryMSUSY ∼M∗ ∼TeV.
Notice that in string theory the scale of supersymmetry breaking is not really predicted to be
in the TeV range and it could be much higher. Is is even possible that MSUSY ∼ Ms ∼
1016 − 1017 GeV, see the talk of A. Sagnotti 1.

Starting in reverse order, extra dimensions provide spectacular low-energy physics: (sub)mm
size gravitational (perpendicular) dimensions, TeV-size and possibly unification of gauge cou-
plings from parallel dimensions, Kaluza-Klein dark matter, etc. Current constraints from
micro-gravity experiments set limits on perpendicular dimensions R⊥ < 0.02 mm, whereas
direct searches in colliders and indirect precision test sets current limits on parallele dimensions
R−1
|| > 1.5− 2 TeV 2. Due to lack of time, I will not discuss further extra dimensional models in

what follows.

The second solution to the hierarchy problem, strong dynamics, has its modern incarnation
in holographic models. There is a conjectured holographic dictionary3 inspired by the AdS/CFT
correspondence :
-5d states localized on the TeV/infrared brane are composite from a 4d viewpoint. For example
the 5d KK states are interpeted as resonances of a four-dimensional strongly-coupled theory.
- 5d states localized on the Planck/UV brane are elementary from a 4d perspective.
In such a framework, geometric localization leads to flavor structure. Current limits from elec-
troweak precision tests and flavor changing neutral current (FCNC) effects put bounds on the
infrared (IR) scale of the order of ΛIR > 3 TeV. A more severe bound ΛIR > 10 TeV arises



if there is CP violation in the Yukawa sector. Most of the recent activity in this field was fo-
cused on composite models for the scalar model boson 4, in which gauge symmetry is typically
enhanced in the bulk to a higher one, the minimal example being SU(3) × SO(5) × U(1)′. In
this example, the gauge symmetry is broken by boundary conditions to the Standard Model
on the Planck brane and to SU(3) × SO(4) × U(1)′ on the TeV/IR brane. The SO(4) factor
on the IR brane contains the custodial symmetry, which will survive as an approximate global
symmetry. The SMS is the fifth component of a gauge boson and is a pseudo-goldstone of the
coset SO(5)/SO(4). Since it is localized on the IR brane, it behaves as a composite state. The
lightest KK states in the model are colored fermions with electric charges −1/3, 2/3 and 5/3,
with masses between 0.5 and 1.5 TeV. The electrically charged state with charge 5/3 decays
mainly into W+t→W+W+b, giving a pair of same sign leptons in the final state.

1.1 SUSY hints from LHC searches and BEH scalar mass

LHC direct supersymmetry searches, the mass and the couplings of the recently discovered Stan-
dard Model scalar set new limits on superpartner masses for simple (simplified) supersymmetric
models 5. I think it is fair to say that popular models like minimal supergravity (mSUGRA),
constrained Minimal Supersymmetric Standard Model (CMSSM) or minimal gauge mediation
with TeV superpartner masses have some difficulties in accomodating the experimental data in
a natural way 6. However, from a ultraviolet (UV) point of view (supergravity,string theory)
popular models are rather unpopular, i.e. they are difficult to obtain in specific string models
with broken supersymmetry and which address flavor problems and moduli stabilization. It is
therefore important to theoretically propose and analyze and to experimentally search for non-
minimal supersymmetric models. In what follows we display some non-minimal models; the first
of them is motivated by flavor models for fermion mass hierarchies the second by models of mod-
uli stabilization, the third by pushing to the extreme lowest values the scale of supersymmetry
breaking and the last one is inspired by local models in recent F-theory constructions.

2 Inverted hierarchy / Natural SUSY models

One old possibility 7 which became popular recently because of LHC constraints is that of
inverted hierarchy or, in its more extreme version, natural SUSY models. In such scenarios, the
third generation squarks and gauginos have masses in the TeV range, in particular stops are
light. On the other hand, the first two generation squarks are much heavier, typically 10 − 15
TeV. They affect little however the tuning of the electroweak scale, since their contribution to
the electroweak scale is multiplied by their corresponding Yukawa couplings. Inverted hierarchy
was invented in order to ease the FCNC and CP constraints in supersymmetric models. Early
ideas did invoke horizontal non-abelian symmetries for explaining fermion mass hierarchies like
U(2) under which first two generations transform as a doublet, whereas the third generation
is a singlet 7. Whereas U(2) models do explain the difference and therefore can accomodate
an hierarchy between the first two and the third generation of scalars, they do not actually
predict it. To our knowledge, the first class of models in which the inverted hierarchy is really
predicted are supersymmetric generalisations of abelian flavor models of the Froggatt-Nielsen
type8. These models contain an additional abelian gauge symmetry U(1)X under which the three
fermion generations have different charges (therefore the name horizontal or flavor symmetry),
spontaneously broken at a high energy scale by the vev of (at least) one scalar field Φ, such that
ε = 〈Φ〉/M << 1 , where M is the Planck scale or more generically the scale where Yukawa
couplings are generated. Quark mass matrices for example, in such models are given, order of
magnitude wise, by

hUij ∼ εqi+uj+hu , hDij ∼ εqi+dj+hd , (1)

where qi (ui, di, hu, hd) denote the U(1)X charges of the left-handed quarks (right-handed up-
quarks, right-handed down-quarks, Hu and Hd, respectively). Quark masses and mixings in the



simplest models are given as

mu

mt
∼ εq13+u13 ,

mc

mt
∼ εq23+u23 ,

md

mb
∼ εq13+d13 ,

ms

mb
∼ εq23+d23 ,

sin θ12 ∼ εq12 , sin θ13 ∼ εq13 , sin θ23 ∼ εq23 . (2)

A successful fit of the experimental data requires larger charges for the lighter generations

q1 > q2 > q3 , u1 > u2 > u3 , d1 > d2 > d3 , (3)

one simple example, using as small parameter the Cabibbo angle ε = sin θc, being defined by
the charges

q1 = 3 , q2 = 2 , q3 = 0 , u1 = 5 , u2 = 2 , u3 = 0 , d1 = 1 , d2 = 0 , d3 = 0 . (4)

Scalar soft masses in abelian flavor models are typically of the form

m2
ij = Xi〈D〉 + (mF

ij)
2 , (5)

where Xi〈D〉 are D-term contribution for the scalar of charge Xi, whereas (mF
ij)

2 are F-term
contributions. D-term contributions were argued to be naturally generated in effective string
models, to be positive and, in certain circumstances, to be dominant over the F-term contribu-
tions. It is then clear from (3),(4) that precisely because the first generations of fermions are
lighter than the third one, the corresponding scalars are predicted to be heavier 9.

Abelian and non-abelian flavor models are complementary in one respect: whereas abelian
models naturally predict the inverted hierarchy, which is just an option in the non-abelian
case, they do not generically predict approximate degeneracy among the first two generations,
unlike their non-abelian cousins. This leads to possible tension with FCNC constraints, which
were analyzed in some details in the literature. This means that inverted hierarchy models do
generically predict mQi 6= mUi 6= mDi . Since the first two generations are very heavy, we could
expect much larger RGE effects than in the universal case mQi = mUi = mDi . Indeed, the
RGE’s of all scalar soft masses and in particular of the third generation of squarks and of the
Higgs scalars depend to some extend of the combination

S = Tr(Y m2) = m2
Hu
−m2

Hd
+

3∑
i=1

[m2
Qi
− 2m2

Ui
+m2

Di
−m2

Li
+m2

Ei
] , (6)

which is zero at high-energy in the universal case, where the trace is over the whole spectrum
of MSSM states. Interestingly enough, in abelian flavor models with D-term dominance of the
type discussed here, the quantity S is equal to

S = Tr(Y X) 〈D〉 . (7)

However, Tr(Y X) has to vanish (or to be very small) for phenomenological reasons, as argued
in various papers. The running of soft terms and the fine-tuning of the electroweak scale was
discussed in 10. It was noticed there that there is a region in parameter space where the stop
becomes light and the stop mixing becomes large due to the RG effect coming from the first two
generation squarks. Indeed, due to their heavy mass, at two-loops they affect significantly the
stop running and have the tendency to render the stop light and even tachyonic.

3 Mini-split SUSY models

Mini-split models are version of split supersymmetry 11, with scalar and higgsino masses in the
mass range 30 − 500 TeV and gaugino masses in the TeV range, due to a loop suppression.
Natural realizations of mini-split scenario arise in ”pure gravity mediation” 13 or ”strong moduli



stabilization” models 14, in which scalar masses are fixed by the gravitino mass m0 ∼ m3/2,
whereas gaugino masses and A-terms are fixed by anomaly mediation

Ma
1/2 =

bag
2
a

16π2
m3/2 . (8)

Models with strong moduli stabilization were initially proposed in order to solve cosmological
problems like vacuum destabilization during inflation and moduli problem in models of moduli
stabilization in string theory 12. In such models, moduli masses T and the mass of the field
breaking supersymmetry S are much higher than the gravitino mass m3/2, which is in the range
30 − 500 TeV. Moduli T have a very small contribution to supersymmetry breaking, which is
almost entirely provided by S. If S has a small coupling to MSSM fields in the Kahler potential
and superpotential, then the mini-split spectrum with scalar masses close to the gravitino mass
and gaugino masses given by anomaly mediation arises naturally. The LSP in this case is the
wino, as in anomaly mediation.

In such models, there are strong correlations between:
- the SMS mass and the gravitino mass. For a fixed Standard Model mass, there is an upper
limit on the scalar superpartner masses and therefore the gravitino mass. For example, an SMS
mass of 125 GeV implies a limit of 50− 100 TeV on scalar masses.
- the relic density of wino LSP and the gravitino mass, which determine an upper bound m3/2 <
650 TeV. In this upper limit case, the Higgs mass is on the heavy side, around 128.5 GeV, which
is by now disfavored well off the central SMS mass value. For lower scalar masses, compatible
with the central value for the SMS mass, the relic density of the LSP winos is too small compared
to the needed value Ωχh

2 ' 0.11. In this case, one needs other options to increase relic density.
One option is simply another dark matter component, for example axions. The second logical
option is a non-thermal production of LSP through decays of moduli fields or gravitinos.

4 Low-scale SUSY breaking dynamics

Spontaneous breaking of global supersymmetry leads, through the goldstone theorem, to the
existence of a massles fermion, the goldstino. In its gauged version (supergravity), analogously
to the Higgs mechanism, the goldstino provides the longitudinal components and is absorbed
by the gravitino, which therefore becomes massive. The goldstino is part of a supersymmetric
multiplet, which can be chiral or vector. In what follows we consider goldstino to be part of a
chiral multipletX = (x,G, FX), where its scalar superpartner is called sgoldstino in what follows.
The sgoldstino mass mx depends on the microscopic theory of supersymmetry breaking. In a
SUSY theory well below the scale of SUSY breaking E <<

√
f , SUSY is non-linearly realized.

For low scale of supersymmetry breaking 〈|FX |〉 ' f << m2
sparticles, where msparticles is the

typical mass scale of superpartner masses, there is always one light fermion in the effective
theory, the goldstino G or more precisely the gravitino which couples to matter through its
helicity 1/2 components, of mass

mG ∼
f

MP
(9)

In the decoupling limit MP ,mx →∞, with fixed scale of supersymmetry breaking f , the trans-
verse polarizations of the gravitino decouple, whereas its longitudinal component (goldstino)
couplings scale as 1/f .

There are three qualitatively different cases of goldstino couplings to matter, depending on
the masses of superpartners and sgoldstino versus the energy of the process :
i) Non-SUSY matter spectrum, for example the Standard Model coupled to the goldstino, if

E << msparticles , mx ,
√
f . (10)

In this case, there is a non-linear realization of supersymmetry in the matter sector. This
is the straightforward generalization of the original Volkov-Akulov lagrangian. All models of



supersymmetry breaking at energies below the scale of supersymmetry breaking enter into this
category. If one wants a low-scale of supersymmetry breaking

√
f ∼ 5-10 TeV, one expects the

underlying microscopic degres of freedom, superpartners for field theory models or string states
for string theory, to have similar masses. Explicit realizations of models in this class include
string models with non-linear supersymmetry with low string scale Ms ∼ TeV 15. This is not
the regime that will be discussed in what follows.
ii) SUSY matter multiplets like in MSSM: quarks-squarks, gauge fields-gauginos, etc, but with
non-linear supersymmetry in the goldstino multiplet sector, i.e. heavy sgoldstino

msparticles ∼ E <<
√
f ,mx . (11)

In this case, the matter sector has a linearly relized supersymmetry, coupled to the goldstino.
This is one energy regime we will consider in what follows, dubbed non-linear MSSM 17. This
framework leads, in addition to the standard MSSM soft terms and known goldstino couplings,
to new MSSM couplings, and in particular to correction to the SMS potential.

iii) Linear supersymmetric multiplets, for energies such that all superpartners and the gold-
stino are accessible

E ∼ msparticles , mx <
√
f . (12)

This regime corresponds to standard linear realization of supersymmetry in all sectors, with
non-renormalizable couplings of the supersymmetry (X) breaking sector to the MSSM sector.
The origin of these couplings should be related to strong dynamics at low-energy, coupling the
supersymmetric breaking sector to the observable one.

In both cases ii) and iii), not much is known about the explicit construction of such models
with low fundamental scale. The minimal ingredients for explicit construction of such models
should include a supersymmetry breaking sector at TeV low-energy and a mediation of super-
symmetry breaking via strongly-coupled messengers. This is needed in order to overcome the
usual lower-bound on supersymmetry breaking scale

√
f > 50 − 100 TeV in gauge mediation

models, based on perturbative loop-induced soft terms.
Let us start with the case ii) above, in which supersymmetry is non-linearly realized only in

the goldstino sector. In what follows we are using the superfield approach of Rocek 16, in which
the Goldstino G can be described by a chiral superfield X, subject to the superfield constraint

X2 = 0 . (13)

The constraint is solved by

X =
GG

2FX
+
√

2 θG+ θθ FX , (14)

where the auxiliary field FX is to be eliminated via its field equations.
Usually we parameterize SUSY breaking in supersymmetric extensions of the Standard

Model by coupling matter fields to a spurion with no dynamics S = θ2msoft. The main
difference in the context of the non-linear MSSM is the replacement of the spurion with a dy-
namical constrained superfield S → msoft

f X. This reproduces the MSSM soft terms, but it
contains simultaneously the goldstino couplings to matter. Moreover, it adds new dynamics.
The fact that FX is a dynamical auxiliary field, determined as usual through its algebraic field
equations, generates new couplings :

−F̄X = f +
B

f
h1h2 +

Au
f
q̃ũh2 + · · · (15)

The formalism contains in a very compact, superfield form, the goldstino couplings to matter.
The one-goldstino couplings are on-shell equivalent to the standard couplings based on the
original supercurrent coupling of the goldstino 1

f ∂µGJ
µ. For processes in which some particles



are off-shell, comparison with standard approach was checked in some instances but, to my
knowledge, not completely.

In this formalism, all couplings to the Goldstino are proportional to soft-terms. The la-
grangian is schematically

L = LMSSM + LX + Lm + LAB + Lg , where (16)

LH =
∑
i=1,2

m2
i

f2

∫
d4θ X†X H†i e

ViHi ,

Lm =
∑
Φ

m2
Φ

f2

∫
d4θ X†XΦ†eV Φ , Φ = Q,Uc, Dc, L,Ec

LAB =
B

f

∫
d2θ XH1H2 + (

Au
f

∫
d2θ XQUcH2 + · · ·)

Lg =
3∑
i=1

1

16 g2
i κ

2mλi

f

∫
d2θX Tr [WαWα]i + h.c. (17)

This lagrangian is still a parametrization and not an explicit model of supersymmetry breaking.
The origin of soft terms is not specified and their values are just parametrized, like in MSSM
with a spurion. But such lagrangian contains more than the MSSM lagrangian with soft terms.
In addition to goldstino couplings, matter terms coming from solving for FX are new; they do not
come from a standard Volkov-Akulov non-linear supersymmetry realization prescription. The
most interesting example of a new coupling is the scalar potential, which is modified compared
to MSSM and is given by:

V = (|µ|2 +m2
1) |h1|2 + (|µ|2 +m2

2)|h2|2 + (B h1.h2 + h.c.)

+
g2

1 + g2
2

8

[
|h1|2 − |h2|2

]2
+
g2

2

2
|h†1 h2|2 +

1

f2

∣∣∣m2
1 |h1|2 +m2

2 |h2|2 +B h1.h2

∣∣∣2 . (18)

The last term in (18) is new compared to MSSM. It contains new quartic couplings not related
to gauge couplings like in the usual MSSM potential, but rather related to the soft terms and
the scale of supersymmetry breaking. It is generated by integrating out the sgoldstino multiplet
and its physical interpretation should be related to new couplings of the Higgs multiplet to the
(low-scale) supersymmetry breaking sector.

It was shown 17 that this frawmework can raise the Standard Model boson mass up to the
ATLAS and CMS values by the tree-level contributions of the goldstino auxiliary field displayed
in (18). On the other hand, the one-goldstino couplings to the MSSM fields that one finds
contain the usual supercurrent couplings. This is obtained in the minimal setup containing
MSSM plus the minimal set of operators needed to parameterize the soft-breaking terms17. One
show that the effect of additional higher-dimensional/derivative operators is to correct existing
MSSM couplings λ in the following generic way 18,

λ = λMSSM

(
1 +

∑
n

cn

(
MSUSY√

f

)n)
, (19)

where MSUSY ∼ Msparticles is the scale of supersymmetry breaking in the observable sector,
generating sparticle masses. Since by consistency Msparticles <

√
f , the correction to an existent

tree-level MSSM coupling is small. Some couplings however, which are loop-generated or small
at tree-level can receive important corrections, such as the SMS self-coupling or the SMS decay
into two photons h→ γγ. The renormalizable tree level SMS couplings can be parametrized as

Lren = −ct
mt

v
h t t̄− cc

mc

v
h c c̄− cb

mb

v
h b b̄− cτ

mτ

v
h τ τ̄ + cZ

m2
Z

v
hZµ Zµ + cW

2m2
W

v
hW+µW−µ .

(20)



In the MSSM decoupling limit: c = 1 and the cloop-coefficients equals the SM ones. In case iii)
above with light sgoldstino scalar, there is an interesting phenomenon, a sgoldstino-higgs mass
mixing, which leads to possible enhancement in h→ γγ 19,18. It comes from

L ⊃ x
(
−m

2
i

f2
F †X h

†
iFi +

B

f
(F1h2 + h1F2)− Ma

4f
(F k µνF kµν)a

)
+ h.c.− |x|2

(
m2
i

f2
|Fi|2 +m2

X

)
.

(21)
If sgoldstino x is heavy we can use its e.o.m. (zero-momentum limit), to integrate it out. We
obtain

− Ma

4m2
Xf

2
(F k µνF kµν)a

(
m2
ih
†
i Fi +B(F1h2 + h1F2)

)
+ h.c. . (22)

This generates an effective interactions between h and the gauge field strengths. Then

cγ = cloop
γ + csgold

γ , cg = cloop
g + csgold

g , cZγ = cloop
Zγ + csgold

Zγ , (23)

where,

csgold
γ = − 4π v2µ

f2m2
XαEM

(M1 cos2 θw +M2 sin2 θw) ∆

csgold
Zγ = −4π v2µ cos θw sin2 θw

f2m2
XαEM

(M1 −M2) ∆ , csgold
g = − 6π v2µ

f2m2
XαS

M3 ∆ . (24)

The factor ∆ is written explicitly in 18 and equals ∆→ µ2 sin 2β in the MSSM decoupling limit.
We can then use the experimental bound on the gluino mass, which enters the csgoldg to estimate
how much the Higgs couplings to γγ and Zγ can be enhanced. If we do not want gluon fusion
to deviate from SM value by more than around 30%, i.e. |csgoldg | ≤ 0.14 · |cSMg |, then there is
a lower limit on the supersymmetry breaking scale. By combining this with the expression for

csgoldγ gives the bound
∣∣∣csgoldγ

∣∣∣ ≤ 1.37
∣∣∣M12
M3

∣∣∣, where M12 = M1 cos2 θw +M2 sin2 θw. Assuming the

signs of µ and M12 are such that the sgoldstino mixing contribution is constructive, this implies

Γhγγ
ΓSM
hγγ

=

∣∣∣∣∣ cγcSM
γ

∣∣∣∣∣
2

≤
∣∣∣∣1 + 0.21

M12

M3

∣∣∣∣2 . (25)

5 String and F-theory inspired SUSY spectra

Recently there was an intense activity in constructing F-theory models of particle physics, es-
pecially in building SU(5) GUT models with additionial U(1) gauge symmetries 20. In such
models, the GUT gauge group is localized on a D7 brane wrapping a four space called the GUT
divisor. Typically there are magnetic type fluxes in the internal space along the hypercharge
generator and in the additional U(1) gauge factors. Hypercharge flux is needed to break SU(5)
down to the Standard Model gauge group, whereas U(1) fluxes generate the chirality necessary
in order to reproduce the MSSM spectrum. The internal volume of the GUT brane is described
by a modulus field, called GUT modulus in what follows. The hypothesis made by the recent
papers 21 is that this modulus is responsible for breaking supersymmetry. In this case, scanning
over one parameter flux, they found that soft terms generated at the string scale satisfy the
relations:

M1/2 = m0 = −2

3
A = −B . (26)

In particular, A ' −2m0 and, after running from the fundamental string scale down to the
TeV scale, this pattern of soft masses generate a nearly maximal stop mixing needed in order
to increase the Higgs mass to 125 GeV with relatively light stop masses. This example shows
that it is possible to get a nearly maximal stop mixing naturally from a microscopic theory like
string theory.
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We present the most recent W and Z production, asymmetries, and V +jets results from the
Tevatron collider at

√

s = 1.96 TeV, analyzing data collected by CDF and D0 detectors 1,2

between 2002-2011. The results include the measurements of the W and Z bosons properties,
include boson pT and asymmetries measurements, and also the W and Z boson plus jets pro-
ductions. Those measurements provide precision tests on the electroweak theory in Standard
Model (SM), parton distribution functions (PDFs) 3, and high order theoretical predictions.

1 Introduction

The Tevatron has been shutdown at 2011, after that, there are plenty of analyses related to the
single W and Z boson have been performed. With precision measurement of W/Z properties
and asymmetries, several critical tests have been done for electroweak theory in the SM. The
Tevatron is a pp̄ collider, the W and Z are produced with the valence quark, and in the same
time, at the LHC, in the productions of single W and Z boson, the contributions from sea
quark and gluon become larger. Thus, single W and Z measurements at the Tevatron are
complementary for LHC. Furthermore, with knowing incoming quark direction, the Z forward-
backward charge asymmetry at the Tevatron is more sensitive compared with the LHC.

There are many of W/Z+ jets measurements in the past year, with CDF/D0 full data-set,
the statistics uncertainties has been highly suppressed. All of those measurements provides a
precision test on the perturbative quantum chromodynamic (QCD) formalism, also the quark
PDFs.

In this note, we will first review two single Z related analyses, which are weak mixing angle
measurement 4 and Z pT measurements 5. After that, there will be short review on the Tevatron
W/Z+ jets measurements.

2 Single W and Z productions

2.1 Weak mixing angle

Weak mixing angle is one of fundamental parameters in SM. It is a key parameter related to the
electroweak couples, for both charge current (W ) and neutrino current (Z). The weak mixing
angle is a running parameters in a wide region of central of energy, there are many measurements
have been done before, like atomic parity violation 6, Milloer scattering 7 , and NuTeV 8. In the
Z peak region, the most precision measurements are from LEP b quark asymmetries, and SLD



Left-Right hand asymmetries (ALR) 9. The results from those two measurements are deviated
by three standard deviations in different directions. Recently at the hadronic collider, CDF 10,
D0 11,12, and CMS 13 have been performed this measurement, which show reasonable agreement
with world average value. Due to the limitations from the parton distribution functions (PDFs)
and quark fragments, the dominated systematic uncertainty comes from PDFs, which can be
possibly suppressed by the update of PDFs sets.

In the SM, with boosted effects from the QCD radiation, the Collin-Soper (CS) frame 14 is
employed to reduce the impact from the boson pT . And in the CS frame, the general expression
for the angular distribution is described by the polar (θ) and azimuthal (φ) angles of the decay-
electrons, the Z boson differential cross section 15 can be wrote as:

dN

dΩ
= (1 + cos2θ) + A0

1

2
(1 − 3cos2θ) +

A1sin2θcosφ + A2
1

2
sin2θcos2φ +

A3sinθcosφ + A4cosθ + A5sin
2θsin2φ +

A5sin
2θsin2φ + A6sin2θsinφ + A7sinθsinφ (1)

where, the A0 and A4 are extracted from cos θ distribution, and A2 and A3 are extracted from
φ distribution, while A5 to A7 are expected to be zero. The A4 term is related to the Z/γ∗

forward and backward charge asymmetry distribution. There are two sources contribute to the
asymmetry, one is the photon vector and Z−axial interference, this asymmetric component is
proportional gA, another one is the Z−boson amplitude self interference, which has a coupling
factor that is a product of gV /gA from the electron and quark vertices, related to the sin2 θW .
At the Born level, this product is

(1 − 4|Qe| sin2 θW )(1 − 4|Qq| sin2 θW )

where e and q represent the electron and quark, q is the charge of a light quark (u, d, or s).

With 2.1 fb−1 data, CDF uses the same selection cuts and tuned Monte Carlo (MC) as Z
angular coefficients 16. A new method has been developed to measure weak mixing angle. Two
inputs used to extract sin2 θW , a measured value of A4 and A4 templates with different sin2 θW

input. The measured value, denoted as Ā4, is a cross section weighted average in the dielectron
mass region between 66 - 116 GeV/c2. The templates sets are calculated with same dielectron
kinematic region, which can provide the relationship between input sin2 θW and Ā4. The QCD
calculation of A4 include a LEP-like implementation of electroweak radiative corrections.

The Ā4 is derived from the previous measurement of electron decay angular distribution
coefficients. The coefficients are measured in bins of the dielectron pair pT , it is a data driven
measurement, by comparing the observed cos θ distribution against the simulated templates
with different A4 input value. The coefficients are adjusted in bins of the ee−pair pT . The
simulation of Drell-Yan pair production uses the PYTHIA 17 generator, combined with CDF
detector simulation programs. With CTEQ5L nucleon parton distribution functions (PDFs),
and PHOTOS 18 to provide a good model of QED final state radiation, the simulation provide
a proper MC sample, which can well describe the data.

As shown in Figure 1, the cos θ distribution for combined central-central (CC) and central-
plus (CP) topology dielectron. For the separated CC and CP topology cos θ distribution, the
χ2/dof ’s between the simulation and the data are 49.0/50 and 46.9/46. The data A4 values are
measured in five pT bins: 0-10, 10-20, 20-35, 35-55 and > 55 GeV/c2. Since both A0 and A4

can change the cos θ distribution, a simultaneously fitting of both A0 and A4 is performed. The
physics model cos θ distribution is varied using an event reweighting method. The event weight
is defined as:



ω =
N(θ, A

′

0, A
′

4)

N(θ, A0, A4)

where A
′

0 and A
′

4 denote to the variations of those two parameters, at the same time, A0 and
A4 are represent to the base physics model angular coefficients. The measured values of A4(pT )
is incorporated into the physics model for the calculation. The calculation gives

Ā4 = 0.1100 ± 0.0079(stat) ± 0.0003(syst)

where the first uncertainty is the statistical uncertainty and the second the systematic un-
certainty. The standard model predictions of Ā4 of various input values of MW (or sin2 θW )
calculated by RESBOS 19 are shown in Figure 1. The indirect measurement of MW :

MW (indirect) = 80.297 ± 0.055GeV/c2

where the uncertainty includes both measurement and prediction uncertainties. The other W -
mass measurements shown in Figure 1 are from combinations of Tevatron and LEP/SLD mea-
surements 20:

MW = 80.385 ± 0.015GeV/c2, direct

= 80.365 ± 0.020GeV/C2, Z pole,

where the direct is the combination of LEP2 and Tevatron W mass measurements, and Z pole
is an indirect measurement from electroweak SM fits to LEP1/SLD Z-pole measurements with

the top mass measurements. With Ā4, the extracted sin2 θlept
eff is

sin2 θlept
eff = 0.2328 ± 0.0010

which is consistent with the Tevatron value from D0 12.
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Figure 1: The left plot is cos θ distribution for combined CC and CP ee−pair topologies. The black
crosses are data after background subtraction, the solid (blue) line is the simulation. The right plot is
standard model predictions of Ā4 in relation to the input MW calculated by RESBOS: The prediction
is the solid (blue) diagonal line and its one standard deviation uncertainty interval is the band. The Ā4

measurement is the bold vertical line, and its one standard deviation limits are the lighter vertical lines.
The hatched horizontal bands are uncertainty limits from other W mass measurements.



2.2 Z Transverse momentum cross section measurement

Initial state QCD radiation from the colliding parton can change the kinematic of the Drell-Yan
process 21 system, give Z boson a transverse momentum, thus the precision measurement of Z
boson pT can provide a stringent test on the higher order QCD perturbative calculation.

With 2.1 fb−1 of integrated luminosity data, CDF performed a precision measurement of
transverse momentum cross section of e+e− pairs in the Z−boson mass region of 66-116 GeV/c2.
In order to get agreement between data pT distribution and simulated pT distribution, the
generator level pT distribution is adjusted, bin-by-bin. The method uses the data-to-simulation
ratio of the number of reconstructed events in pT bins as an iterative adjustment estimator for
the generator level pT bins. Figure 2 is the generator level pT correction function that makes
the data-to-simulation ratio uniform.

Figure 2: The correction function applied to the generator level ∆N/∆pT distribution that makes flat the
ratio of observed data to the simulated data as function of boson pT . The points are at the central of the

pT bins.

In Figure 3, the measured cross section is compared with two quantum chromodynamic
calculations. One is FEWZ2 22, a fixed-order perturbative calculation at Ø(α2

s), and the other
is RESBOS, which combines perturbative predictions at high transverse momentum with the
gluon resummation formalism at low transverse momentum. Comparisons of the measurement
with calculations show reasonable agreement. The ratio of the measured cross section to the
RESBOS prediction in the low pT region is shown in Figure 3.

3 V + Jets measurements

W , Z plus jets have been studied in both CDF and D0. Those processes are very important
backgrounds for new physics search, and provide stringent test on the perturbative QCD cal-
culation, and the theoretical predictions are suffered from large uncertainties. For some special
channel, the quark PDFs can be constraint, like W + c.

3.1 W+Jets measurement

Using a 3.7 fb−1 dataset collected by the D0 detector, D0 measured inclusive W (→ eν) + n −
jets (n ≥ 1, 2, 3, 4) production 23. Differential cross section are presented as a function of the
jet rapidity (y), lepton transverse momentum (pT ) and pseudo-rapidity (η), the scalar sum of
the transverse energies of the W and all jets (HT ), leading dijet pT and mass, dijet rapidity,
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opening angle, azimuthal angular. And compared the measured cross section with plenty of MC
predictions.

3.2 W + b measurement

A measurement of W + b production cross section 24 with up to two jets has been published by
CDF collaboration, the measured cross section reported is σ · B(W → lν) = 2.74± 0.27(stat.)±
0.42(syst.) pb (l = e, µ), with 3 standard deviation from the predictions. With 6.1 fb−1

data, D0 measured an inclusive cross section 25 of σ(W (→ lν) + b + X) = 1.05 ± 0.12(stat +
syst.) pb for |ηl | < 1.7. The results are in agreement with prediction from next-to-leading
order QCD calculation using MCFM 26, and also with predictions from the SHERPA 27 and
MADGRAPH 28 MC event generators.

3.3 W + c measurement

The associated production of the W boson with a single charm quark in proton-antiproton
collisions is described at the lowest order in the standard model (SM) by quark-gluon fusion
(gq → Wc), where q denotes a d, s, or b quark. At the Tevatron, the larger d quark PDF in the
proton is compensated by the small quark-mixing matrix element |Vcd|, only about 20% of the
total Wc production is comes from gd → Wc, the majority contribution is comes from strange
quark-gluon fusion. Thus, the Wc production cross section is sensitive to the gluon and s quark
PDFs.

CDF collaboration report the first observation of the Wc production 29, using data corre-
sponding to 4.3 fb−1. Charm quark candidates are selected through the identification of an
electron or muon from charm-hadron semileptonic decay within a hadronic jet, and a Wc sig-
nal is observed with a significance of 5.7 standard deviations. The production cross section
σWc(pT e > 20GeV/c, |ηe| < 1.5)×B(W → lν) is measured to be 13.6+3.4

−3.1 pb, in agreement with
theoretical expectations. The quark-mixing matrix element Vcs is also derived, |Vcs| = 1.08±0.16
along with a lower limit of |Vcs| > 0.71 at 95% confidence level, asumming that the Wc produc-
tion throught c to s quark coupling is dominant.



3.4 Z+ jets measurement

Based on 6.0 fb−1 data collected with CDF detector, CDF collaboration reported a inclusive
Z/γ∗ boson plus jets production 30, the cross sections are measured as a function of pjet

T and jet

multiplicity for jet in the region pjet
T ≤ 2.1, results are compared with NLO perturbative QCD

predictions. One example of measured data compared with different theoretical predictions is
shown in Figure 4 for Z/γ∗+ ≥ 1 jet events.
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Figure 4: Measured cross section in Z/γ∗+ ≥ 1 jet events as a function of inclusive pjet
T . The left plot

shows the comparison between measure data (blue point) compared with different theoretical predictions.
And the ratio between data and theory are shown in the right plots.

3.5 Z + b measurements

Studies of Z boson production in association with jets from b quarks, or b jets, provide important
tests on the QCD predictions. And Z + b is also a major background for variety of physics
processes. Both CDF and D0 measured the cross section 31,32 with RunII full data-set. The
results are compared to the NLO predictions with various MC events generators. As shown in
Figure 5, the measured cross sections are compared with different MC predictions for different
various.

4 Summary

CDF and D0 collaborations present plenty of precision measurements of the single W and Z
properties, V +jets. Those precision measurements provide stringent tests on the electroweak
theory in the SM, high order perturbative QCD calculation, and quark PDFs. And with Tevatron
full dataset, there will be more precision measurements coming soon, most of them will become
to the legacy measurement at the Tevatron.
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Electroweak Measurements with the ATLAS and CMS Experiments
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(Commissariat à l’Energie Atomique et aux Energies Alternatives), Gif-sur-Yvette, France

Various electroweak measurements have already been performed at ATLAS and CMS since
the start of the LHC. These allow for precision tests of the electroweak dynamics of the Stan-
dard Model, but also challenge next-to-next-to-leading-order predictions. Differences between
measurements and Standard Model predictions could prove evidence for new phenomena. A
review of the latest results in W/Z and diboson physics is given. These consist of the measure-
ment of the high-mass Drell-Yan differential and double-differential cross section, the study
of the transverse momentum of the Z/γ∗ using the φ∗

η variable and azimuthal correlations for
events where a Z boson is produced in association with jets. Various diboson measurements
are presented and measurements are in general found to be well described by the Standard
Model predictions. These measurements test the non-Abelian gauge structure and limits on
anomalous triple gauge couplings are derived, which are of impact comparable to the corre-
sponding LEP and Tevatron results.

1 Introduction

Precision measurements of Drell-Yan lepton-pair production in pp collisions with the ATLAS 1

and CMS 2 detectors at the LHC will be presented. Measurements of production cross sections
and associated angular correlations can provide unique insight into perturbative QCD in the
absence of colour flow between initial and final states, the V − A nature of the interactions,
as well as enhance the knowledge of parton distribution functions in the proton. It also is an
important source of Standard Model background for other processes; particularly interesting is
the search for new physics at high dilepton invariant mass.

Study of the production of a Z boson in association with jets provides a test of predictions
from perturbative QCD for a process that represents a substantial background to many physics
channels. Results are presented as a function of jet multiplicity, for inclusive and differential Z
boson production. The measurement of angular correlations between the Z and the ”leading”
jet (the one with the largest pT ) is presented. The experimental results are corrected for detector
effects, and can be compared directly with QCD models.

Measurements of vector boson pair production provide excellent tests of the electroweak
sector of the Standard Model (SM). In the SM, Triple Gauge Couplings (TGC) are predicted
at tree level only with charged bosons, while neutral ones are forbidden. The TGC vertex
is completely fixed by the electroweak gauge structure and so a precise measurement of this
vertex, through the analysis of diboson production, is essential to test the high energy behavior
of electroweak interactions and to probe for possible new physics in the bosonic sector. Any
deviation from gauge constraints can cause a significant enhancement in the production cross
section at high diboson invariant mass due to anomalous triple gauge boson couplings (aTGC).
Due to the wealth of results only some details of these measurements can be highlighted here.



2 Drell-Yan production

At hadron colliders, the Drell-Yan (DY) process proceeds at tree-level via the s-channel ex-
change of a virtual photon or Z boson. Theoretical calculations of the differential cross section
dσ/dM`+`− and the double-differential cross section d2σ/dM`+`−dY where M`+`−(` = e, µ) is
the dilepton invariant mass, and Y is the absolute value of the dilepton rapidity, are currently
described by perturbative QCD (pQCD) calculations at next-to-next-to-leading order (NNLO).
With a simple signature benefiting from a relatively small background, experimental measure-
ments of these distributions therefore provide an excellent test of the predictions of pQCD within
the Standard Model. These measurements have also the potential to constrain the parton dis-
tribution functions (PDFs), in particular for antiquarks at large x. In addition, DY lepton-pair
production is a major source of background for various physics analyses, such as tt̄ and diboson
measurements, as well as for searches for new physics beyond the Standard Model, such as the
production of high-mass dilepton resonances.
The differential cross section for DY lepton-pair production has been reported by the ATLAS 3

and CMS 4 collaborations. Using L = 4.9 fb−1 of data from pp collisions at a centre-of-mass
energy of

√
s = 7 TeV, the invariant mass distribution of electron pairs from DY production

has been measured at ATLAS as illustrated in fig. 1 in the range 116 < mee < 1500 GeV, for
electrons with pT > 25 GeV and |η| < 2.5. The MC predictions are consistent with the shape of
the measured mee distribution. The predictions of the FEWZ 3.1 5,6 framework using five PDF
sets at NNLO have also been studied. The framework combines calculations at NNLO QCD
with NLO electroweak corrections, to which LO photon-induced corrections and real W and Z
emission in single-boson production have been added. The resulting predictions are consistent
with the measured differential cross section for all PDFs considered.
The differential and double-differential cross section d2σ/dMdY in the dimuon channel have
been measured by CMS using L = 4.5 fb−1 of data at

√
s = 7 TeV. The measurements are

performed over the mass range 20 GeV to 1500 GeV and absolute dimuon rapidity from 0 to
2.4. The differential cross section measurements shown in fig. 1 (right), are normalized to the
Z-peak region (60 - 120 GeV) in order to reduce systematic uncertainties. The d2σ/dMdY
measured in the dimuon bin [20, 30] GeV is presented in fig. 2 (left) and is compared to the
POWHEG 7 NLO prediction calculated with CT10 8 PDFs and the NNLO theoretical predic-
tions as computed with FEWZ using the MSTW2008 9 PDFs. Significant differences between
data, POWHEG NLO and FEWZ NNLO calculations are observed at low masses.

A measurement of angular correlations in Drell-Yan lepton pairs via the φ∗η observable 10 is

presented in fig. 2 (right) using L = 4.6 fb−1 of data at
√
s = 7 TeV with the ATLAS detector.

This variable φ∗η probes the same physics as the Z/γ∗ boson transverse momentum with a better
experimental resolution. The observable φ∗η is defined as : φ∗η ≡ tan(φacop/2) sin(θ∗η), where
φacop ≡ π −∆φ, ∆φ being the azimuthal opening angle between the two leptons, and the angle
θ∗η is a measure of the scattering angle of the leptons with respect to the proton beam direction
in the rest frame of the dilepton system.
Normalised differential cross sections as a function of φ∗η are measured separately for electron
and muon decay channels and are then combined for improved accuracy. The cross section is
also measured double differentially as a function of φ∗η for three independent bins of the Z boson
rapidity. The results are compared to QCD calculations and to predictions from different Monte
Carlo (MC) event generators. The data are reasonably well described by resummed QCD pre-
dictions combined with fixed-order perturbative QCD calculations. Some of the Monte Carlo
event generators are also able to describe the data. The measurement precision is typically
better by one order of magnitude than present theoretical uncertainties.

3 Z + jets production

The production of jets of particles in association with a Z boson at the LHC provides an impor-
tant test of perturbative quantum chromodynamics. Such events also constitute a non-negligible
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Figure 3: Measured cross section for Z → `` + jets as a function of the inclusive jet multiplicity (left) and the
distance in rapidity between the two leading jets for events with at least two jets with pT > 30 GeV and rapidity
|y| < 4.4 in the final state (right). The error bars indicate the statistical uncertainty on the data, and the hatched

(shaded) bands the statistical and systematic uncertainties on data (theory) added in quadrature 12.

background for studies of the Higgs boson candidate and searches for new phenomena.
Measurements of the production of jets of particles in association with a Z boson 12 have been
preformed by ATLAS experiment using L = 4.6 fb−1 of data at

√
s = 7 TeV. Inclusive and dif-

ferential jet cross sections in Z events, with Z decaying into e or µ pairs, are measured for jets
with transverse momentum pT > 30 GeV and rapidity |y| < 4.4. The data have been unfolded
to the particle level and compared with predictions from ALPGEN 13 interfaced to HERWIG 14,
Sherpa 15 and MC@NLO 16 generators and with fixed-order calculations from BlackHat 17

interfaced to Sherpa. Cross sections as a function of the inclusive and exclusive jet multiplici-
ties and their ratios have been compared, as well as differential cross sections as a function of
transverse momenta and rapidity of the jets and angular separation between the leading jets as
shown in fig. 3. In general, the predictions of the matrix element plus parton shower generators
and the fixed-order calculations are consistent with the measured values over a large kinematic
range. MC@NLO fails to model higher jet multiplicities.
The measurement of angular correlations 18 between the Z and the ”leading” jet (the one with

the largest pT ), are based on data corresponding to L = 4.6 fb−1 collected with the CMS detec-
tor at

√
s = 7 TeV. Figure 4 (left) shows the distributions for Z → µµ candidate events in data,

compared with expectations from simulated signal and background contributions using MAD-
GRAPH19 simulations normalized to the integrated luminosity of the data, as a function of asso-
ciated jet multiplicity Njets. Azimuthal correlations among the Z boson and the accompanying
jets ∆Φ(Z, jets) are measured as functions of inclusive jet multiplicity (Njets ≥ 1,≥ 2, and ≥ 3) as
shown in fig. 4 (right). The dominant sources of systematic uncertainty arise from uncertainties
in jet-energy scale, resolution of jet pT , background subtraction, and the unfolding procedure.
Overall, the measured distributions are in agreement within uncertainties with the predictions
from MADGRAPH. The predictions from SHERPA underestimate the measured distributions
by about 10% whereas POWHEG predictions overestimate by about 10%. The disagreements
with SHERPA and POWHEG become less pronounced at larger inclusive jet multiplicities.
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4 Diboson production and Triple Gauge Couplings measurements

The measurements of the diboson production cross sections and limits on aTGC were investi-
gated by both ATLAS ans CMS experiments in the final states: Wγ,Zγ,WW,ZZ and WZ
using 2011 data at a center-of-mass energy

√
s = 7 TeV and 2012 data at

√
s = 8 TeV. In the

following, only the latest results prepared for this conference on WZ 20 and ZZ 21 analyses with
8 TeV data are reported.

4.1 ZZ cross section measurement

The analysis of Z boson pair production is performed in the 4l channel using L = 20.3 fb−1 of
2012 data at

√
s = 8 TeV with the ATLAS detector. The signature comprises of four isolated

leptons with pT above 7GeV and the invariant mass of each reconstructed lepton pair is required
to be in the mass window [66, 116] GeV. The 4l final state is a very clean signature with small
background contributions. These mainly come from Z+jets and tt̄ processes where the jets
are misidentified as leptons and they are estimated with data-driven methods. In the left plot
of fig. 5 the mass of the leading lepton pair versus the mass of the sub-leading lepton pair,
is given. After all event selections are applied, the observed yield in the 4l final state is 305
events with a background expectation of 20.4± 2.9(stat.)± 5.0(syst.). The total cross section is
7.1+0.5

−0.4(stat.)±0.3(syst.)±0.2(lumi.)pb which is consistent with the Standard Model expectation
of 7.2±+0.3

−0.2 pb. Figure 5 (right) shows measurements of the total ZZ production cross section
as a function of center-of-mass energy, from the ATLAS and the CMS experiments, and from
the CDF and D0 experiments at the Tevatron, as well as the theoretical predictions.

4.2 WZ cross section measurement

The analysis of WZ production is performed with 3lν final states using L = 13 fb−1 of 2012
data at

√
s = 8 TeV with the ATLAS detector. The signature of these topologies is 3 high-pT

isolated leptons with pT > 15, 15, 20 GeV for the two leptons from Z and the one from the W
respectively, and EmissT > 25 GeV.



Figure 5: Left: The mass of the leading lepton pair versus the mass of the sub-leading lepton pair. The events
observed in data are shown as solid circles and the ZZ∗ → llll signal prediction from simulation as boxes. The size
of each box is proportional to the number of events in each bin. The region enclosed by the solid (dashed) lines
indicates the signal region defined by the requirements on the lepton-pair masses for ZZ (ZZ∗) events. Right:
Measurements and theoretical predictions of the total ZZ production cross section as a function of center-of-mass
energy

√
s. Experimental measurements from CDF and D0 in pp̄ collisions at the Tevatron at

√
s = 1.96TeV, and

experimental measurements from ATLAS and CMS in pp collisions at the LHC at
√
s = 7TeV and

√
s = 8TeV are

shown. The blue dashed line shows the theoretical prediction for the ZZ production cross section in pp̄ collisions.
The solid red line shows the theoretical prediction for the ZZ production cross section in pp collisions 21.

Main sources of background are the Z+jets and tt̄ events where the two leptons from the vec-
tor boson decays are accompanied by a jet which is misidentified as a lepton. These backgrounds
are estimated from data-driven techniques. There is also a contribution from ZZ background
events where one lepton falls outside the acceptance of the detector and thus creates EmissT .
This source is estimated from MC. In fig. 6 (left), the EmissT is shown. The presence of three
leptons in the final state and the requirement of a tight invariant mass window for the Z leptons
around the Z pole (|mZ −mPDG| < 10 GeV) suppresses significantly the background. Imposing
stricter selection criteria for the W lepton with respect to the leptons coming from the Z boson,
suppresses the background coming from Z+jets and tt̄ even further. Given the selection require-
ments, the total number of observed events is 1094 with a background expectation of 277± 26
events. The measured total production cross section is 20.3+0.8

−0.7(stat.)+1.2
−1.1(syst.)+0.7

−0.6(lumi.) pb
while the expectation from SM is 20.3 ± 0.8 pb. Figure 6 (right) shows measurements of the
total WZ production cross section as a function of center-of-mass energy, from the ATLAS
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Figure 6: Left: Data and MC comparison of the EmissT distribution in trilepton events before applying the
EmissT requirement. Right: Measurements and theoretical predictions of the total ZZ production cross section
as a function of center-of-mass energy

√
s. Experimental measurements from CDF and D0 in pp̄ collisions at

the Tevatron at
√
s = 1.96 TeV, and experimental measurements from ATLAS in pp collisions at the LHC

at
√
s = 7 TeV and

√
s = 8 TeV are shown. The blue dashed line shows the theoretical prediction for the WZ

production cross section in pp̄ collisions. The solid red line shows the theoretical prediction for the WZ production
cross section in pp collisions 20.



Table 1: List of TGC parameters that enter in the effective Lagrangian for each diboson process.
interaction parameters channel

WWγ λγ , ∆κγ WW, Wγ
WWZ λZ , ∆κZ ,∆gZ1 WW, WZ
ZZγ hZ3 , h

Z
4 Zγ

Zγγ hγ3 , h
γ
4 Zγ

ZZZ fZ40, f
Z
50 ZZ

ZγZ fγ40, f
γ
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Figure 7: Leading lepton pT distribution in WW channel, in data overlaid with predictions from the simulation
with large anomalous couplings 24.

experiment, and from the CDF and D0 experiments at the Tevatron, as well as the theoretical
predictions.

4.3 Triple Gauge Couplings measurements

The effect of aTGC is modelled using an effective Lagrangian which depends on the parame-
ters 22,23 shown in table 1. If aTGCs exist they are expected to modify the production rates and
kinematics of the processes which would manifest as enhanced production cross sections at high
invariant mass and high-pT as illustrated in figs. 7. Neutral aTGC are not allowed in the SM
which predicts all parameters to be zero except for the charged aTGC parameters gV1 and κV

which are 1. In figs. 8 a summary of the limits set on the different aTGC parameters is shown
along with comparisons to other experiments. These limits are set by the Wγ,WZ and WW
and ZZ analyses described before. No deviation from the expected SM values is observed in
any channel. TGC limits from WW analyses approach the precision of the combined limits
from LEP experiments. Because of the higher energy and production cross section at the LHC,
limits are better than the Tevatron. Limits from ZZ analyses are significantly tighter than the
LEP and D0 experiments.

5 Summary

Results are presented for the measurements of the differential and double differential Drell-Yan
cross section using the proton-proton collision data recorded with the ATLAS and CMS detectors
at the LHC at

√
s = 7 TeV. The measurements are compared to the predictions of perturbative

QCD calculations at next-to-leading and next-to-next-to-leading order using various sets of
parton distribution functions. Measurements of the production of jets of particles in association
with a Z boson are presented. The data have been unfolded to the particle level and compared
with predictions from different Monte Carlo generators implementing leading-order and next-to-
leading order matrix elements supplemented by parton showers. Measurements of diboson cross
sections have been performed with the ATLAS and CMS detectors at center-of-mass energy



Figure 8: Left: 95% CL intervals for anomalous couplings from ATLAS, CMS, D0 and LEP for the charged aTGCs
∆κγ and λγ and ∆gZ1 . The ATLAS and CMS results from Wγ, WW and WZ production are shown. The LEP
charged aTGCs results were obtained from WW production, which is also sensitive to the WWZ couplings. The
combined aTGC results from D0 were obtained from WW + WZ → lνjj, WW + WZ → lνll, Wγ → lνγ and
WW → lνlν events. Except for the coupling under study, all other anomalous couplings are set to zero. Right:
Neutral Anomalous TGC 95% confidence intervals from ATLAS and CMS experiments using ZZ events. The

integrated luminosities are shown 25.

√
s = 7 TeV with 2011 LHC data and at

√
s = 8 TeV with 2012 data. The total production

cross sections are compatible with the SM expectations within uncertainties. No evidence for
new physics is observed from the kinematic distributions of the diboson processes. Limits on
anomalous triple gauge couplings are set in all channels and values of aTGC parameters are well
within the SM predictions.
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NONCOMMUTATIVE GEOMETRY IN THE LHC-ERA
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14469 Potsdam, Germany

Noncommutative geometry allows to unify the basic building blocks of particle physics, Yang-
Mills-Higgs theory and General relativity, into a single geometrical framework. The resulting
effective theory constrains the couplings of the particle model and reduces the number of
degrees of freedom. After briefly introducing the basic ideas of noncommutative geometry, I
will present its predictions for the Standard Model (SM) and the few known models beyond
the Standard Model. Most of these models, including the Standard Model, are now ruled
out by LHC data. But interesting extensions of the Standard Model which agree with the
presumed Standard Model Scalar (SMS) mass and predict new particles are still very much
alive and await further experimental data.

1 Introduction

The aim of noncommutative geometry is to unify General Relativity and the Standard Model
(or suitable extensions of the Standard Model) on the same geometrical footing. This means to
describe gravity and the electro-weak and strong forces as gravitational forces of a unified space-
time. A first observation on the structure of General Relativity shows that gravity emerges as a
pseudo-force associated to the space-time (= a manifoldM) symmetries, i.e. the diffeomorphisms
on M . If one tries to put the Standard Model into the same scheme, one cannot find a manifold
within classical differential geometry which could be the equivalent of space time. A second
observation is that one can find an equivalent description of space(-time) when trading the
differential geometric description of the Euclidean space(-time) manifold M with metric g for
the algebraic description of a spectral triple (C∞(M), /∂,H). A spectral triple 3 consists of the
following entities:

• an algebra A (= C∞(M)), the equivalent of the topological space M

• a Dirac operator D (= /∂), the equivalent of the metric g on M

• a Hilbert space H, on which the algebra is faithfully represented and on which the Dirac
operator acts. It contains the fermions, i.e. in the space(-time) case, it is the Hilbert space
of Dirac 4-spinors.

• a set of axioms 4 to ensure a consistent description of the geometry

This setup allows to describe General Relativity in terms of spectral triples. Space(-time) is
replaced by the algebra of C∞-functions over the manifold and the Dirac operator plays a double
role: it is the algebraic equivalent of the metric and it gives the dynamics of the Fermions. The
Einstein-Hilbert action is replaced by the spectral action6, which is the simplest invariant action



given by the number of eigenvalues of the Dirac operator up to a cut-off energy. For readers
interested in a more thorough introduction to the field we recommend 22 and 12.

Connes’ key observation is that the geometrical notions of the spectral triple remain valid, even
if the algebra is noncommutative. A natural way of achieving noncommutativity is done by
multiplying the function algebra C∞(M) with a sum of real, complex or quaternionic matrix
algebras

Af = M1(K)⊕M2(K)⊕ . . . (1)

These algebras represent internal spaces which have the O(N)-, U(N)- or SU(N)-type Lie groups
as their symmetries that one would like to obtain as gauge groups in particle physics. The choice

ASM = C⊕M2(C)⊕M3(C)⊕ C (2)

allows to construct the Standard Model and can be justified by different classification ap-
proaches 14,16,7. The combination of space(-time) and internal space into a product space, to-
gether with the spectral action 6, unifies General Relativity and the Standard Model as classical
field theories:

Almost-Commutative
Spectral Triple

A = C∞(M)⊗ASM

Int.+Ext. Symmetries
= Diff(M)n

U(1)× SU(2)× SU(3)

Spectral Action =
E-H Act.+Cosm.Const.
+ Stand. Model Action
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u}

ks

act on

leave invariantDynamics

The Standard Model in the noncommutative geometry setting automatically produces:

• The combined General Relativity and Standard (Particle) Model action

• A cosmological constant

• The SMS boson with the correct quartic SMS potential

The Dirac operator turns out to be one of the central objects and plays a multiple role:

Dirac
Operator

SMS & Gauge
Bosons

Metric of M ,
Internal Metric

Particle Dynamics,
Ferm. Mass Matrix

ow '/��

Up to now one could conclude that noncommutative geometry consists merely in a fancy, math-
ematically involved reformulation of the Standard Model. But the choices of possible Yang-
Mills-Higgs models that fit into the noncommutative geometry framework are limited. Indeed
the geometrical setup leads already to a set of restrictions on the possible particle models:



• mathematical axioms => restrictions on particle content

• symmetries of finite space => determines gauge group

• representation of matrix algebra => representation of gauge group

(only fundamental and adjoint representations)

• Dirac operator => allowed mass terms / scalar fields

Further constraints come from the Spectral Action which results in an effective action valid at
a cut-off energy Λ 6. This effective action comes with a set of constraints on the particle model
couplings, also valid at Λ, which reduce the number of free parameters in a significant way.

The Spectral Action contains two parts. A fermionic part (Ψ,DΨ) which is obtained by inserting
the Dirac operator into the scalar product of the Hilbert space and a bosonic part SD(Λ) which
is just the number of eigenvalues of the Dirac operator up to the cut-off:

• (Ψ,DΨ) = fermionic action includes Yukawa couplings & fermion–gauge boson interactions

• SD(Λ) = the bosonic action given by the number of eigenvalues of D up to cut-off Λ

= the Einstein-Hilbert action + a Cosmological Constant

+ the full bosonic particle model action + constraints at Λ

The bosonic action SD(Λ) can be calculated explicitly using the well known heat kernel expan-
sion 6. Note that SD(Λ) is manifestly gauge invariant and also invariant under the diffeomor-
phisms of the underlying space-time manifold.

For the Standard Model the internal space is taken to be the matrix algebra Af = C⊕M2(C)⊕
M3(C) ⊕ C. The symmetry group of this discrete space is given by the group of (non-abelian)
unitaries of Af : U(2) × U(3). This leads, when properly lifted to the Hilbert space, to the
Standard Model gauge group U(1)Y × SU(2)w × SU(3)c. It is a remarkable fact that the
Standard Model fits so well into the noncommutative geometry framework!

Calculating from the geometrical data the Spectral Action leads to the following boundary
conditions on the Standard Model parameters at the cut-off Λ

5

3
g2

1 = g2
2 = g2

3 =
Y 2

2

G2

λ

24
=

1

4
Y2 (3)

Where g1, g2 and g3 are the U(1)Y , SU(2)w and SU(3)c gauge couplings, λ is the quartic
scalar coupling, Y2 is the sum of all Yukawa couplings squared and G2 is the sum of all Yukawa
couplings to the fourth power.

Assuming the Big Desert and the stability of the theory under the flow of the renormalisation
group equations we can deduce that g2

2(Λ) = g2
3(Λ) at Λ = 1.1 × 1017 GeV Having thus fixed

the cut-off scale Λ we can use the remaining constraints to determine the low-energy value of
the quartic SMS coupling and the top quark Yukawa coupling (assuming that it dominates all
Yukawa couplings). This leads to the following conclusions:

• 5
3 g

2
1 6= g2

2 at Λ

• mSMS = 168.3± 2.5 GeV

• mtop < 190 GeV

• no 4th Standard Model generation



So the boundary conditions (3) of the Standard Model cannot be fulfilled for the gauge couplings.
This is of course a well known fact, since the conditions coincide with the SU(5)-grand unified
case. Note that the prediction for the SMS mass of ∼ 170 GeV is also ruled out. This value has
recently been shown to be too high 1,10 since the SMS has a mass of ∼ 125 GeV. Thus it seems
plausible to consider also models beyond the Standard Model.
Although the Standard Model takes a prominent place 14,16,7 within the possible models of
almost-commutative geometries one can to go further and construct models beyond the Standard
Model. The techniques from the classification scheme developed in 14 were used to enlarge the
Standard Model 24,25,23,26, but most of these models 24,25,23 suffer from a similar shortcoming as
the Standard Mode: The mass of the SMS is in general too high compared to the experimental
value. Here the model in 26 will be of central interest, since it predicted approximately the
correct SMS mass.
In the case of finite spectral triples of KO-dimension six2,5 a different classification leads to more
general versions of the Standard Model algebra 7, under some extra assumptions. Considering
the first order axiom as being dynamically imposed on the spectral triple one finds a Pati-Salam
type model 9. From the same geometrical basis one can promote the Majorana mass of the
neutrinos to a scalar field 8,11 which allows to lower the SMS mass to its experimental value.

2 The model

The model we are investigating extends the Standard Model 6 by N generations of chiral X1-
and X2-particles and vectorlike Vc/w-particles. It is a variation of the model in 26 and the model
in 27 . For details of the following calculations as well as the construction of the spectral triple
we refer the reader to 27. In particular its Krajewski diagram is depicted in figure 4 ?. The
necessary computational adaptions to the model in this publication are straightforward. The
gauge group of the Standard Model is enlarged by an extra U(1)X subgroup, so the total group
is G = U(1)Y × SU(2)w × SU(3)c × U(1)X . The Standard Model particles are neutral with
respect to the U(1)X subgroup while the X-particles are neutral with respect to the Standard
Model subgroup GSM = U(1)Y ×SU(2)w×SU(3)c. Furthermore the model contains two scalar
fields: a scalar field in the SMS representation and a new scalar field carrying only a U(1)X
charge. They induce a symmetry breaking mechanism G→ U(1)em × SU(3)c.

The Hilbert spaces of the new fermions and the new scalar field expressed in terms of their
representations are

HpX1,l
⊕HpX2,l

=

N⊕
1

[(0, 1, 1,+1)⊕ (0, 1, 1, 0)],

HpX1,r
⊕HpX2,r

=

N⊕
1

[(0, 1, 1, 0)⊕ (0, 1, 1,+1)],

HpVc,l ⊕H
p
Vw,l

= HpVc,r ⊕H
p
Vw,r

=

N⊕
1

[(−1
3 , 1, 3̄,

1
2)⊕ (0, 2̄, 1, 1

2)] (4)

Hϕ = (0, 1, 1,−1) (5)

Here we chose the standard normalisations of18,19,20 for the representation, i.e. the right-handed
electron has hypercharge Ye = −1.
The Lagrangians for the X-particles,

LνX1 =
(
(gνX1)ψ∗ν,r γ5 ϕψX1,l + h.c.

)
LXi = (ψ∗Xi,l, ψ

∗
Xi,r)DXi

(
ψXi,l
ψXi,r

)
+
(
ψ∗Xi,l γ5 gXiψXi,r + h.c.

)
LX2,Γ = ψ∗X2,r γ5 ΓX2 ψX2,r (6)



contain the term LνX1 couplingX1 to the right-handed neutrinos, the ordinary Dirac and Yukawa
term LXi for both X1/2-particle species and a Majorana mass term LX2,Γ for the right-handed
X2-particles. The fermionic Lagrangian of the Vc- and the Vw- particles is

LVc/w = (ψ∗Vc/w,l, ψ
∗
Vc/w,r

)DVc/w

(
ψVc/w,l
ψVc/w,r

)
+
(
ψ∗Vc/w,l γ5MVc/wψVc/w,r + h.c.

)
. (7)

Together with usual fermionic Lagrangian of the Standard Model, LSM,f they give the fermionic
part of the theory. The Dirac operators of the form DX and DV in (6) and (7) are the Dirac
operators with the respective gauge covariant derivatives.
The Yang-Mills Lagrangian for the Standard Model subgroup GSM takes again its usual form
and for U(1)X we have the standard Yang-Mills-Lagrangian

LU(1)X =
1

4g2
4

4∑
i,j=1

(BX)ij(B
X)ij (8)

where BX is the field strength tensor for the U(1)X -covariant derivative. The Lagrangian of the
scalar fields

LH,ϕ = |∇HH|2 + |∇ϕϕ|2 − µ2
H |H|2 − µ2

ϕ|ϕ|2 +
λ1

6
|H|4 +

λ2

6
|ϕ|4 +

λ3

3
|H|2 |ϕ|2 (9)

contains an interaction term of the H-field and the ϕ-field. The normalisation is again chosen
according to18,19,20 in order to obtain Lagrangians of the form (1/2)(∂ϕ)2−(µ2/2)ϕ2 +(λ/24)ϕ4

for the real valued fields. Putting everything together the Dirac inner product 〈ψ,DΦ ψ〉 and
the Spectral Action provide the Lagrangian

Lfull = LSM,f + LSM,YM + LU(1)X + LH,ϕ + LνX1 + LX1 + LX2 + LX2,Γ + LVc + LVw . (10)

The Spectral Action does not only supply the bosonic part of the Lagrangian (10) but also
relations among the free parameters of the model. These relations serve as boundary conditions
for the renormalisation group flow at the cut-off scale Λ. The relation for the gauge couplings
g1, g2, g3 and g4 at the cut-off scale Λ are:√

80 + 4
3N

48 + 8N
g1(Λ) = g2(Λ) = g3(Λ) =

√
36N

48 + 8N
g4(Λ) (11)

We notice the deviation of these relations compared to the case of the Standard Model (3) 6.
For the Yukawa couplings the Spectral Action implies the boundary conditions 28

Y2(Λ) = YX(Λ) = (4 + 2
3N) g2(Λ)2 (12)

where we have introduced the squared traces

Y2 := 3 tr(g∗ugu) + 3 tr(g∗dgd) + tr(g∗ege) + tr(g∗νgν)

YX := tr(g∗νX1
gνX1) + tr(g∗X1

gX1) + tr(g∗X2
gX2). (13)

in terms of the Yukawa coupling matrices. With the traces of Yukawa matrices to the fourth
power,

G2 := 3 tr[(g∗ugu)2] + 3 tr[(g∗dgd)
2] + tr[(g∗ege)

2] + tr[(g∗νgν)2]

GX := tr[(g∗νX1
gνX1)2] + tr[(g∗X2

gX2)2] + tr[(g∗X3
gX3)2] + 2 tr(g∗X1

gX1g
∗
νX1

gνX1)

GνX1 := tr(g∗νgνg
∗
νX1

gνX1). (14)



the boundary conditions of the quartic couplings read

λ1(Λ) = g2(Λ)2(24 + 4N)
G2(Λ)

Y2(Λ)2
, λ2(Λ) = g2(Λ)2(24 + 4N)

GX(Λ)

YX(Λ)2
(15)

and

λ3(Λ) = g2(Λ)2(24 + 4N)
GνX1(Λ)

Y2(Λ)YX(Λ)
(16)

3 A numerical example

We assume that we haveN = 3 generations of new particles since there are three known Standard
Model generations. This fixes the conditions of the gauge couplings at the cut-off scale Λ in
(11). We also assume that the Standard Model Yukawa couplings are dominated by the top-
quark coupling yt and the τ -neutrino coupling yντ . Assuming that the Yukawa couplings that
involve the X-particles are dominated by the coupling of the τ -neutrino to one generation of the
X1-particles yντX1

1
we get for (13) and (14)

Y2 ≈ 3 y2
t + y2

ντ , YX ≈ y2
ντX1

1
,

G2 ≈ 3 y4
t + y4

ντ , GX ≈ y4
ντX1

1
, GνX1 ≈ y2

ντ y
2
ντX1

1
.

The Majorana masses of the neutrinos 15 and the Dirac masses of the X1-particles we put
to mX1 ∼ 1014GeV. The Majorana masses of the X2-particles play no essential rôle for this
numerical analysis. It triggers a seesaw mechanism for the X2-particles but has no effect on the
masses of the scalar fields since we neglect the Yukawa matrix gX2 . For the masses of the three
Vc-particles we choose mVc ∼ 5.5 × 1015GeV. This particular value of the Vc-particle masses
allows to fulfill the boundary conditions (11).
Defining x := gντ /gt the boundary relations (11), (12), (15) and (16) among the dimensionless
parameters at the cut-off scale Λ simplify to
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1 = g2
2 = g2

3 =
3

2
g2

4 =
1

6
g2
t (3 + x2) =

1

6
y2
ντX1

1
=

1

36

(3 + x2)2

3 + x4
λ1 =

1

36
λ2 =

1

36

3 + x2

x2
λ3 (17)

So the remaining free parameter for this particular point in parameter space, the ratio x, has
to be chosen such that the low energy value of gt coincides with its experimental value given by
the experimental value of the top-quark mass. All normalisations are chosen as in 15, i.e. the
Standard Model fermion masses are given by mf =

√
2(gf/g2)mW± .

Let us determine the cut-off scale Λ one-loop renormalisation group equations 18,19,20 for g1, g2

and g3. As experimental low-energy values we take 21

g1(mZ) = 0.3575, g2(mZ) = 0.6514, g3(mZ) = 1.221.

The one-loop renormalisation group analysis shows that the high-energy boundary conditions
for the gauge couplings in (17)

7

6
g1(Λ)2 = g2(Λ)2 = g3(Λ)2

can be met for Λ ≈ 2.6× 1018 GeV. The running of the gauge couplings is shown in figure 1.
Both scalar fields have nonzero vacuum expectation values, |〈H〉| = vH/

√
2 6= 0 and |〈ϕ〉| =

vϕ/
√

2 6= 0. With the W± boson mass, mW± = (g2/2) vH , we can determine the vacuum expec-
tation value vH of the first scalar field and obtain with mW± = 80.34 GeV 21 its experimental
value vH = 246.8 GeV. In the numerical analysis it turns out that the errors are dominated by



the experimental uncertainties of the top quark mass and the SMS mass. Therefore we neglect
the experimental uncertainties of the W± bosons and of the gauge couplings g1, g2 and g3. The
vacuum expectation value of ϕ is a free parameter and is determined by µϕ. The mass matrix
is not diagonal in the weak basis, but the mass eigenvalues can be calculated to be 13

mφH ,φϕ =
λ1

6
v2
H +

λ2

6
v2
ϕ ±

√(
λ1

6
v2
H −

λ2

6
v2
ϕ

)2

+
λ2

3

9
v2
Hv

2
ϕ. (18)

To obtain the low energy values of the quartic couplings λ1, λ2 and λ3 we evolve their values at
the cut-off Λ fixed by the boundary conditions (17). The top-quark mass has the experimental
value mt = 173.5±1.4 GeV21 which determines the paramter x = 2.145±0.065. As a very recent
input we have the SMS mass mΦH = 125.6± 1.2 GeV with the maximal combined experimental
uncertainties of ATLAS1 and CMS10. We identify the SMS mass with the lower mass eigenvalue
in (18). As it turns out, this is a reasonable assumption as long as the vacuum expectation value
vϕ is larger then the vH .
With the above values of the top quark and the W± boson masses and the previous results on
the gauge couplings we obtain from the running of the couplings, form the whole set of boundary
conditions (17) at Λ and from the mass eigenvalue equation (18) that vϕ = 595± 159 GeV. The
error in the vacuum expectation value is rather large due to the flat slope of the curve of the
light eigenvalue, see figure 1. The flat slope amplifies the experimental uncertainties of the top
quark mass and the SMS mass. We notice that vϕ is larger then vH but of the same order of
magnitude. This justifies the assumption to run all three quartic couplings down to low energies
and also ensures that the vacuum is stable up to the cut-off scale Λ ≈ 2.6×1018 GeV, see 17 and
references therein. For the second mass eigenvalue we find mΦϕ = 381±90 GeV. For the mass of
the new gauge boson ZX associated to the broken U(1)X subgroup we get mZX = 209±56 GeV
where we took the value of g4(250 GeV) ≈ 0.351 as a very good approximation and neglected
further uncertainties of g4. Note that the masses of the gauge and the scalar sector are lower
than in the related model 27.
To get a rough estimate of the masses of the X1- and X2-particles we note that the gντX1

1
∼ 1. So

if we assume that gντX1
1

dominates the sum of the squared Yukawa coupling YX with an accuracy
of a few percent, it is reasonable to take gXi

1/2
≤ 0.1 for the remaining Yukawa couplings. This

leads to X1-particle masses of the order 50 GeV, or less. If we assume that the Majorana masses
of the X2-particles (ΓX2)ij � vϕ then we expect three mass eigenstates of order |(ΓX2)| and
three of order v2

ϕ/|(ΓX2)|. These particles could therefore populate lower mass scales.
Let us end this short note with some open questions. We have only performed a one-loop
renormalisation group analysis. Yet the two-loop effects on the running of the top-quark mass
are of the order of 15%. In view of the sensibility of the scalar masses to the top-quark mass, how
stable are the numerical results with respect to two-loop effects? Furthermore how stable are the
results with respect to variations in the parameter space? From the experimental point of view
the question is of course the detectability of the new particles (at the LHC?) and whether the
dark sector contains suitable dark matter candidates. One would expect more kinetic mixing of
U(1)X to the hypercharge group U(1)Y compared to the model 27 due to the fact that here the
Vc-particles may have a different masses and therefore mix the abelian groups. This poses the
question how Z ′-like the ZX -boson are and whether they are already excluded (at least for the
mass range explored in this publication). The model certainly has a rich phenomenology and
is one of the few known models to be consistent with (most) experiments, with the axioms of
noncommutative geometry and with the boundary conditions imposed by the Spectral Action.
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Figure 1: Left:Running of the gauge couplings with normalisation factors according to the high-energy boundary
conditions (17). Right: Example for the mass eigenvalues mH and mϕ of the scalar fields H and ϕ with respect to
v2. Here the top quark mass is taken to be mt(mZ) = 173.5 GeV and the experimental SMS mass mexp. = 125.5

GeV. We obtain a heavy scalar with mϕ = 320 GeV and a U(1)X -scalar boson mass mZX = 172 GeV.
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Diboson Physics at the Tevatron
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We present an overview of the recent results on the production of massive boson pairs in p-pbar
collisions at a center-of-mass energy of 1.96 TeV, studied by the CDF and D0 experiments
at the Tevatron. The measurements performed are a precise test of the Standard Model and
crucial backgrounds for several different searches for new physics. In particular the good
knowledge of the diboson production in decay modes involving heavy quarks improved the
CDF and D0 sensitivity in Higgs boson searches. The results presented in this paper, which
in some cases refer to the full Tevatron data sample, represent part of the Tevatron legacy.

1 Introduction

The precise measurement of the production of pairs of gauge bosons is a fundamental test of the
Standard Model (SM) predictions in the electroweak sector and a way to search for evidence of
new physics at a given energy scale. Contributions from new physics can modify the expected
production rates and the observed process topology, through deviations of the trilinear gauge
couplings (TGCs)1, indicating possible exotic contributions. Measuring increasingly small cross
sections is also a milestone in the exploration path: as diboson production is a major background
to Higgs searches, it is important to understand it properly. After the end of the Tevatron
operation, the complete collected dataset can be exploited to achieve the maximum precision
measurements.

2 Wγ and Zγ

The production of Wγ in hadronic collisions presents a peculiar interference between tree level
diagrams at specific angles between the incoming q and the W boson in the Wγ rest-framea.
This structure can be experimentally observed as a dip in the charge-signed lepton-photon
rapidity difference around -1/3. This is sensitive to contribution from additional diagrams due
to physics beyond the SM (BSM) that can modify the observed topology. The analysis carried
out by D0 exploits 4.2 fb−1 of data2 and selects events based on the presence of an isolated
lepton (e, µ), missing transverse energy, and a photon identified using a neural network (NN).
Background contributions to this signature are at the level of 20-25%, dominated by W+jets
production, which is estimated from data. Figure 1(a) shows the distribution of the signed
rapidity difference for the data compared with the expectation from the simulation. The cross
section times BR(W → `ν) is measured in a subsample of events that have ET (γ) >15 GeV

aThe production has amplitude zero in the SM around cos θ = -1/3.



and ∆R(`γ) >0.7 and is found to be 7.6±0.4(stat.)±0.6(syst.) pb, in good agreement with the
SM expectation of 7.6 ± 0.2 pb3. The contribution from anomalous TGC would modify the
photon energy spectrum, increasing the high-ET photon production. A binned likelihood fit to
the ET (γ) distribution is used to extract limits on the WWγ couplings. Assuming new physics
contribution at the scale Λ = 2 TeV 95% C.L. limits on ∆kγ and λγ are set: |∆kγ | < 0.4 and
-0.08 < λγ < 0.07.

D0 exploits 6.2 fb−1 of data to measure Zγ production in the ``γ final state4, selecting
events with two leptons (`=e,µ) with an invariant mass greater than 60 GeV, and an isolated
photon (∆R`γ >0.7). The observed yields in this selected sample give a measured cross section
σ(Zγ → ``γ)=1.09±0.04(stat.)±0.06(syst.) pb in agreement with the NLO SM predictions
obtained using the MCFM generator3. From the photon pT distribution (Figure 1(b) shows
the differential cross section dσ/dpT ) for events with pT (γ) >30 GeV 95% C.L. limits are set on
neutral ZZγ and Zγγ TGCs, combined with previous results in ``γ4 and ννγ5 decay modes. The
limits for Λ=1.5 TeV are |hZ3 | <0.026, |hZ4 | <0.0013, |hγ3 | <0.027, |hγ4 | <0.0014. CDF considered
``γ and ννγ decay modes in a sample of 5 fb−1 of data6 to set limits on anomalous TGC from the
ET (γ) >50 GeV and ET (γ) >100 GeV photon spectrum in the two decay channel respectively
(see Figure 1(c)): -0.020< |hZ3 | <0.021, |hZ4 | <0.0009, -0.022< |hγ3 | <0.020, |hγ4 | <0.0008.

)
l

η - γη (× lQ
-4 -3 -2 -1 0 1 2 3 4

E
ve

nt
s/

0.
7

0

20

40

60

80

100

120

140 /d.o.f. = 4.6/112χ

data - background
SM

-1DØ, 4.2 fb

(a) (b) (c)

Figure 1: (a)The charge-signed photon-lepton rapidity difference distribution for Wγ events selected by D0. (b)
Differential cross section dσ/dpγT distribution for Zγ events selected by D0. (c) ET (γ) distribution for Zγ → ννγ

events selected by CDF, exploited for the TGC limit calculation.

3 Heavy dibosons

3.1 WZ → `ν`′`′

The reconstruction of WZ production in its leptonic decay is based on the identification of
three isolated high-momentum leptons (`=e,µ), and a significant amount of missing transverse
energy E/T (E/T ≥25 GeV). These requirements select a cleanWZ sample reducing the background
contribution below 10%. The CDF and D0 collaborations carried out a measurement of the WZ
production cross section using 7.1 fb−17 and 8.6 fb−18 of integrated luminosity respectively. CDF
exploits an artificial neural network (NN) to separate signal from background and measures the
cross section from a fit to the NN output distribution, shown in Figure 2(a). The fit gives a cross
section of 3.9+0.6

−0.5(stat.)
+0.6
−0.4(syst.) pb, in agreement with the SM expectation σWZ= 3.46±0.21

pb3. D0 measures a cross section of 4.50±0.61(stat.)+0.16
−0.25(syst.) pbb from a fit to the W boson

transverse mass distribution, mT (W ), shown in Figure 2(b). Both CDF and D0 extracted 95%

bThis cross section is calculated in the kinematic region of events with m`` ∈[60,120] GeV/c2, to be comared
with σNLO

WZ =3.21±0.19 pb.



C.L. limits on anomalous TGC from a fit to the pT (``) distribution (see Figure 2(c)), since a
deviation of the couplings with respect to the SM predictions would result in a harder Z boson pT
spectrum. For a new physics contribution at Λ=2 TeV CDF obtains the limits -0.09< λZ <0.11,
-0.08< ∆gZ1 <0.20, -0.39< ∆kZ <0.90, while D0 sets -0.077< λZ <0.089, -0.055< ∆gZ1 <0.117.
D0 combined the analysis in this final state with the aforementioned Wγ analysis and previous
measurements of WW → `ν`′ν done using 1.0 fb−1 and of WW +WZ → `νjj using a total of
5.4 fb−1 to set the most stringent limits on neutral TGC parameters at hadron colliders 9.
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Figure 2: (a)The NN output distribution for WZ → `ν`′`′ events selected by CDF. (b)The W transverse mass
distribution for WZ → `ν`′`′ events selected by D0. (c) The pT (``) distribution exploited by D0 to set limits on

neutral TGCs.

3.2 ZZ → ```′`′, ZZ → ``νν

CDF considered the full collected dataset, corresponding to 9.7 fb−1, to obtain the best mea-
surement to date of the ZZ production cross section exploiting the two leptonic decay modes
```′`′ and ``νν. The reconstruction of four isolated leptons (`=e,µ) provides a really clean ZZ
sample in the former decay mode, while additional requirements on the two dilepton invariant
masses reduce the background below 1%, mainly due to jets misidentified as leptons. ZZ → ``νν
reconstruction is based on the presence of two leptons and a significant amount of E/T, aligned in
the opposite direction with respect to the Z → ``. An artificial NN is then exploited to further
separate the signal from the dominant background due to Z+jets production, and the NN out-
put distribution of it is used to measure the production cross section. The combination of the
measurements in the two leptonic decay modes gives as a result σ(ZZ)= 1.38+0.28

−0.27 pb, in good
agreement with the theoretical prediction of 1.4±0.1 pb3. D0 carried out similar measurements
using 6.4 fb−1 and 8.6 fb−1 of data in the ```′`′ and ``νν decay respectively10. The combination
of the analysis in the two final states gives a measured cross section of 1.44+0.31

−0.28(stat.)
+0.17
−0.19(syst.)

pb. D0 is currently updating the ZZ analyses to the full dataset; the combination with CDF
result will be the most precise measurement at the Tevatron for this process.
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for ZZ → eeνν(b) and ZZ → µµνν(c) events selected by D0.



3.3 WW/WZ → `νjj

The semileptonic decay of dibosons is more challenging at hadron colliders since a small signal has
to be extracted from background dominated sample, mostly composed by W/Z+jets production
and QCD processes. The reconstruction of WW and WZ in events with one lepton (`=e,µ),
significant E/T and at least two hadronic jets is important to validate the searches for the Higgs
boson production in similar final states. Once reconstructed the W boson from its `ν decay,
interesting properties of the investigated signal can be obtained from the di-jet invariant mass
distribution mjj . After the observation of this process by CDF11,12 and D014 exploiting part of
the collected dataset, CDF reported on a larger data sample an excess in the data with respect
to SM expectation15 that D0 did not confirmed. A lot of effort has been done to understand this
behaviour and improve the modeling of hadronic jets in the detector applying specific corrections
for quark and gluon jets (see Figure 4). As a result of these tuning studies CDF obtained a good
agreement between data and SM only expectations, as sown in Figure 4 for the di-jet invariant
mass distribution for `νjj events selected13.

(a) (b)

Figure 4: (a) Jet Energy Scale correction applied to quark/gluon-like jets in MC simulations, as a function of
the jet ET . (b) The mjj distribution for `νjj events collected by CDF, compared to signal and background

expectations.

The D0 collaboration considered the same processes and separated the collected data in
different subsample according to the tagged-flavorc of the jets reconstructed in the final state. In
the sub-samples of events with zero, one, or two b-tagged jets the WW/WZ ratio is different and
the two processes are expected to appear as two slightly displaced peaks in the mjj spectrum,
centered at mW and mZ respectively. To separate the signal from the large W+jets background
contamination D0 uses a Random Forest (RF) classifier, including the number of b-tagged jets
as input information. Combining the mjj distribution in the three subchannels shown in Figure
5 D0 measures in a sample of 4.3 fb−1 of data a cross section σ(WW + WZ)= 1.96+0.32

−0.30 pb,
assuming the ratio WW/WZ fixed to the SM prediction. The simultaneous fit of the cross
section of the two processes gives as a result σ(WW )= 15.9+3.7

−3.2 pb and σ(WZ)= 3.3+4.1
−3.3 pb,

where the correlation between the two components is shown in the contour plot in Figure 6(a).

3.4 WZ/ZZ → `ν+heavy flavor

The WZ+ ZZ production in final states including heavy flavor jets is the measurement that
completes the knowledge of heavy diboson production at the Tevatron. A pair of b-jets from
the Z decay can be combined with different decay modes of the second vector boson, leading
to ννbb, `νbb, ``bb final states. These signatures are very similar to those exploited in the
search for a low-mass Higgs boson at the Tevatron (WH → `νbb, ZH → ``bb, and ZH →

cAs it’s usually done in similar multipurpose experiments, tagging algorithms are used to identify jets from
b-quarks looking for clusters of tracks pointing to a secondary vertex displaced from the collision one.
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Figure 5: Background subtracted di-jet invariant mass distribution for `νjj events with (a) no tagged, (b) one
tagged, (c) two tagged jets, collected by CDF, compared to diboson signal expectation.
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Figure 6: (a)Result of the simultaneous fit of WW and WZ cross section made by D0 exploiting different tag
sub-channels in `νjj sample. (b)Result of the simultaneous fit of WZ and ZZ cross section made by D0 combining

different semileptonic decays of V Z.

ννbb), hence the diboson measurements would be a validation of the searches carried out at
CDF and D0 in these channels. The different analyses aiming to search for the Higgs boson
have been re-optimized for the diboson cross section measurement, adapting the multivariate
discriminants for the isolation of WZ and ZZ signals. CDF combined the data from the full
collected dataset for the three aforementioned final states (see Figure 7), and for each one
considered sub-channels corresponding to events with one or two tagged jets. The fit to the final
discriminant gives as a result σ(WZ + ZZ)= 4.08+1.38

−1.26 pb, that has a large uncertainty but is
compatible with the SM expectation σ(WZ +ZZ)= 4.4±0.3 pb3. A similar combination of the
tagged final states has been done by D016 (see Figure 8(a-b)) exploiting samples of data ranging
from 7.5 fb−1 to 8.4 fb−1. The combined fit to the final discriminant distributions gives σ(WZ+
ZZ)= 5.0±1.0(stat.)+1.3

−1.2(syst.) pb assuming the SM prediction for the ratio WZ/ZZ. The
simultaneous fit to the two processes cross sections gives σ(WZ)= 5.9±1.4(stat.)±0.7(syst.) pb
and σ(ZZ)= 0.45±0.61(stat.)±1.2(syst.) pb, with the correlation between the two highlighted
in Figure 6(b). All CDF and D0 subchannels were used as input into a single final discriminant,
shown in Figure 8(c); the fitted cross section is σ(WZ+ZZ)= 4.47±0.64(stat.)±0.72(syst.) pb,
and the diboson signal is observed with 4.6 σ significance17.

4 Conclusions

The CDF and D0 collaborations presented their recent results on the study of diboson production
at the Tevatron. The production of gauge boson pairs has been measured in different final
state, involving both leptonic and hadronic decays of the bosons. The measured cross sections
have been found in agreement with the SM expectation within the statistical and systematic
uncertainties, and tight constraints have been set on the TGC parameters. The evidence of heavy
diboson production in final states containing heavy flavor jets is a validation of the several low-



)
2

,j
1

M(j
0 50 100 150 200 250 300 350 400

E
ve

nt
s/

bi
n 

[fi
t t

o 
da

ta
]

0

10

20

30

40

50

60

70

80

90 : SecVTX + SecVTX (SS)-1+b-jets 9.45 fbTE

W/Z + h.f. Top Multijet WZ+ZZ

WW Data

[CDF II Preliminary]

SR

CDF fit

)2Dijet mass (GeV/c
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 e

ve
nt

s

0

20

40

60

80

100

120
CDF Data

QCD
DiTop

STopS

STopT

Wlf

Wbb

Wcc

Wc
Zjets

WW

WZ

ZZ

 )-1WH, All leptons, 2 jets, TT+TL             CDF Run II Preliminary ( 9.45fb

)2 Dijet Mass (GeV/c

0 100 200 300 400

 E
ve

nt
s/

(5
 G

eV
)

0

20

40

60

 data

 Z+lf

 Z+bb

 Z+cc
 tt

 ZZ

 WZ

 WW

 fake Z

Full CDF Fit

  TwoJet  ThreeJet  TT  TL  Tx  LLµµshowing :   ee  

CDF Run II Preliminary 9.45/fb

(a) (b) (c)

Figure 7: Di-jet invariant mass distribution for events collected by CDF in the (a)ννbb, (b)`νbb, (a)``bb final
state, compared to the signal and background expectations.
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Figure 8: (a-b)Background subtracted di-jet invariant mass distribution for (a) single-tag and (b) double-tag
events collected by D0 combining all the considered final states. (c)Final discriminant distribution exploited for

the Tevatron combined measurement of WZ/ZZ cross section in semileptonic final states containing b-jets.

mass Higgs boson searches carried out by CDF and D0. These results join the set of the other
precise measurements preformed at the Tevatron that probed the consistency of the Standard
Model so far.
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I elaborate on a link between the string–scale breaking of supersymmetry that occurs in a class
of superstring models and the onset of inflation. The link rests on spatially flat cosmologies
supported by a scalar field driven by an exponential potential. If, as in String Theory, this
potential is steep enough, under some assumptions that are spelled out in the text the scalar
can only climb up as it emerges from an initial singularity. In the presence of another mild
exponential, slow–roll inflation is thus injected during the ensuing descent and definite imprints
are left in the CMB power spectrum: the quadrupole is systematically reduced and, depending
on the choice of two parameters, an oscillatory behavior can also emerge for low multipoles
l < 50, in qualitative agreement with WMAP9 and PLANCK data. The experimentally
favored value of the spectral index, ns ≈ 0.96, points to a potentially important role for the
NS fivebrane, which is unstable in this class of models, in the Early Universe.

1 Brane SUSY breaking in String Theory

Key progress in String Theory 1 in the mid nineties was spurred by the identification of dualities
relating to one another spectra that appear vastly different at first sight. Some of these dual-
ities are non perturbative from the string vantage point but find a partial justification in the
low–energy Supergravity, while others are captured by string perturbation theory. The latter
include the orientifold projections 2 that can associate open sectors to corresponding closed–
string spectra, whose simplest manifestation is the link between the type–IIB theory of oriented
closed strings and the SO(32) type–I theory. In the geometrical picture proposed in 3, this
particular projection is induced by spacetime–filling non–dynamical extended objects, the O9−
orientifolds, whose negative tension T and charge Q are identical in suitable units. Since the cor-
responding lines of force would have nowhere to come from, the charge Q is to be compensated
via dynamical extended objects, the D9–branes. These carry in their turn identical tension T
and charge Q that are however positive, so that both the total charge and the total tension
cancel in the vacuum of the SO(32) type–I superstring. Another option, whose significance was
appreciated later, rests on a different type of orientifold, also visible in perturbation theory 4

and whose first manifestation was found long before in 5. Commonly referred to as O9+, this
orientifold is somehow more standard, since it carries identical and positive tension T and charge
Q. It results in a different projection 6,7 that is still supersymmetric, but now D9 anti–branes
are to be present in the vacuum to compensate the positive charge, with the end result that



the tensions add up rather that canceling as before while supersymmetry appears non–linearly
realized in the low–energy spectrum 8. More in detail, in the open sector Bose and Fermi excita-
tions that would be paired in the SO(32) superstring display mass differences sized by the string
scale 1/

√
α′ and include a goldstino that conveys the breaking to the closed sector. The latter

appears supersymmetric in the partition function only because in this “brane SUSY breaking”
(BSB) phenomenon 6,7 the open sector emerges at a higher order in the genus expansion, from
(projective) disk amplitudes, and a similar pattern is found in lower–dimensional BSB models 7.

The potential applications of BSB are apparently hampered by the “smoking gun” that it
leaves behind, an exponential potential that takes a universal form in the “string frame”, i.e. if
the terms in the low–energy Supergravity are accompanied by powers of the string coupling

gs = eφ (1)

that reflect their origin in the Polyakov genus expansion:

S10 =
1

2κ2
10

∫
d10x
√
−g

{
e− 2φ

(
−R + 4 (∂φ)2

)
− T e−φ + . . .

}
. (2)

The exponential potential clearly complicates matters since flat space does not solve the field
equations, and therefore insisting on the standard setting would require that resummations be
implemented in String Theory 9. Still, the basic BSB phenomenon that we have illustrated has
the encouraging feature of being free from tachyon instabilities at the classical level.

A vastly different option is suggested by the link introduced by BSB between the SUSY
breaking and string scales, which are naturally, albeit not necessarily, identified with GUT scales
O(1016)GeV . Could models of this type be perhaps of interest for the Early Universe 10,11?

2 A climbing scalar in d dimensions

Let us turn to consider the behavior of a minimally coupled scalar field Φ for which

S =

∫
ddx
√
−g

[
− 1

2κ2
d

R − 1

2
(∂Φ)2 − V (Φ) + . . .

]
(3)

in spatially flat cosmologies of the type

ds2 = − e 2B(t) dt2 + e 2A(t) dx · dx , dtc = eB(t) dt , (4)

where B(t) connects the “parametric” time variable t to the actual cosmological time tc. If the
potential V (Φ) never vanishes, combining the convenient gauge choice

V (Φ) e 2B =
M

2

2κ 2
d

(
d− 2

d− 1

)
(5)

with the redefinitions

τ = M t , A = (d− 1)A , ϕ = κd

√
d− 1

d− 2
Φ , V(ϕ) = 2κ2

d

(
d− 1

d− 2

)
V (Φ) , (6)

one arrives at a neat universal form for the resulting equations in an expanding Universe:

ϕ̈ + ϕ̇
√

1 + ϕ̇ 2 +
(

1 + ϕ̇ 2
) 1

2V
∂V
∂ϕ

= 0 , Ȧ =
√

1 + ϕ̇ 2 . (7)

Here “dots” denote derivatives with respect to the rescaled parametric time τ , and interestingly
the driving force results from the logarithm of the scalar potential.



Eqs. (7) are exactly solvable if

V(ϕ) =
(
M
) 2

e 2 γ ϕ , (8)

and many explored this type of systems after Halliwell’s identification of the gauge choice (5) 12,
until the exact solution was first presented for γ = 1 by Dudas and Mourad in 13 and then
for all γ by Russo in 12. Let us review some key features of these solutions following 10, where
the climbing behavior was identified, taking into account that up to redefinitions of ϕ one can
restrict the attention to positive values of γ. There are then two vastly different regions:

1. For 0 < γ < 1 two distinct types of solutions exist: a climbing scalar, for which

ϕ̇ =
1

2

[√
1− γ
1 + γ

coth
(τ

2

√
1− γ2

)
−
√

1 + γ

1− γ
tanh

(τ
2

√
1− γ2

)]
, (9)

and a descending scalar, for which

ϕ̇ =
1

2

[√
1− γ
1 + γ

tanh
(τ

2

√
1− γ2

)
−
√

1 + γ

1− γ
coth

(τ
2

√
1− γ2

)]
. (10)

In the former solution ϕ emerges from the initial singularity, set here at τ = 0, climbing
up the exponential potential to then revert its motion and descend along it, while in the
second it emerges directly climbing it down. In both cases, the scalar is readily driven by
cosmological friction to approach the limiting speed

vl = − γ√
1− γ 2

, (11)

and for any 0 < γ < 1 there is also an exact solution of eq. (7) where ϕ proceeds all the
way at the limiting speed (11). This is the Lucchin–Materrese (LM) attractor 14, which
takes such a simple form in the convenient gauge (5). If γ < 1√

d−1
the limiting speed

corresponds to a slow–roll inflationary phase of the Universe.

2. As γ → 1 the limiting speed diverges, while the LM attractor disappears at the “critical”
point γ = 1. The descending solution is not present anymore for γ ≥ 1, where the scalar
can only emerge from the initial singularity while climbing up the corresponding steep
potentials. For γ = 1 the climbing solution is particularly simple, and reads

ϕ̇ =
1

2 τ
− τ

2
, (12)

so that for large τ it approaches a uniformly accelerated motion in the gauge (5).

No additive constants are present in ϕ̇, while ϕ clearly does contain an initial–value parameter
ϕ0, and this can effectively tune the strength of its interaction with the exponential barrier.

3 String realizations

Can these solutions play a role in String Theory? The actual link entails an interesting subtlety,
which I can briefly illustrate starting from the compactification of the Lagrangian (2) to d
dimensions on the metric

ds2 = e
− (10−d)

(d−2)
σ
gµν dx

µ dxν + eσ δij dx
i dxj , (13)



Figure 1: MS potentials for the two–exponential case of eq. (16) with ϕ0 = −4 (left) and with ϕ0 = 0 (right).
Both approach eventually the LM attractor curve (dashed line). Notice, however, that this occurs earlier in the
first case, where the curve also overtakes it, and later in the second, where the curve always stays well below.

whose dependence on the scalar σ that sizes the internal volume has been arranged in such a
way that the system ends up in the Einstein frame. The reduced Lagrangian,

Sd =
1

2κ2
d

∫
d dx
√
−g

{
−R − 1

2
(∂φ)2 − 2(10− d)

(d− 2)
(∂σ)2 − T e

3
2
φ− (10−d)

(d−2)
σ

+ . . .

}
(14)

can be turned into the more conventional form

Sd =
1

2κ2
d

∫
d dx
√
−g

{
− R − 1

2
(∂Φs)

2 − 1

2
(∂Φt)

2 − T e∆ Φt + . . .

}
(15)

by field redefinitions but then, remarkably, rescalings similar to those in eq. (6) show that the
exponential potential for Φt has γ = 1, and is thus “critical” for all d 15! The presence of the
second scalar Φs clearly complicates matters, but we shall assume nonetheless that it is somehow
stabilized and we shall thus follow the common practice of concentrating on one–field models of
inflationary Cosmology.

A climbing scalar is of special significance in String Theory, since it is naturally compatible
with an upper bound on the dilaton φ and thus with a perturbative string regime. However,
while later epochs will be central in what I am about to describe, let me stress that I am not
aware of fully convincing arguments to ignore, as we did in 10,11, higher–derivative corrections to
the effective action (2) near the initial singularity, which generally make climbing not inevitable.
Nonetheless, let me conclude this section on a positive note, mentioning briefly another little
miracle 10: in four dimensions the climbing behavior persists even if one includes the axion
partner θt of Φt, since its non–minimal kinetic term freezes it out near the initial singularity.

4 Implications for the CMB power spectrum

The critical exponential potential of eq. (15) is not alone in String Theory. Already in the simple
model of 6 it is accompanied in principle by a similar term with γ = 1/2 that originates from
the non–BPS D3 brane of 16 and is capable of supporting an inflationary phase, so that in the
following I shall focus on the more general class of potentials

V(ϕ) = M
2
(
e 2ϕ + e 2 γ ϕ

)
, (16)

and the comparison with the actual CMB power spectrum tilt determines γ ≈ 1
12.4 as an optimal

choice. This class of potentials combines an early climbing phase, a sort of bounce against a
“hard exponential wall” and a final inflationary descent. It is not exactly solvable in general,
but two choices of qualitatively similar integrable potentials are described in 15. The wide scan



Figure 2: Scalar power spectra for two values of ϕ0, ϕ0 = −1.5 (left) and ϕ0 = 0 (right).

presented in 17 opens a number of possibilities for brane contributions to be held responsible
for the value needed to account for the tilt, and an extension of the reasoning sketched in the
preceding section yields a prediction for the values of γ that can be induced by a generic p brane
coupling to the dilaton, in string frame, as exp(−αφ). The result is simply 15

γ =
1

12
(p + 9 − 6α) , (17)

so that these values are remarkably quantized in units of 1
12 , a few percents from the experi-

mentally favored value! There is also a clear suspect for the best–fit value 1
12 , the NS fivebrane

wrapped on a small internal cycle (p = 4, α = 2). This brane is interestingly unstable in orien-
tifold models, so that it is tempting to associate to its decay the graceful exit from slow roll and
the subsequent reheating of the Universe.

Let me now turn to examine the implications of the potential (16) for the CMB scalar power
spectrum. The key tool is provided by the Mukhanov–Sasaki (MS) equation 18,

d 2vk(η)

dη2
+
[
k2 − Ws(η)

]
vk(η) = 0 , (18)

where

ds2 = e
2
3
A(η)

(
− dη2 + dx · dx

)
, Ws =

1

z

d 2 z

dη 2
, z(η) ∼ e

1
3
A(η) dϕ(η)

dA(η)
. (19)

ϕ(η) and A(η) are background values and η denotes the conformal time. Details on the spectrum
of tensor perturbations, which also overshoots the attractor curve and disappears as k → 0, can
be found in 11.

The evolution described by the MS equation finds an instructive analogy in the time–
independent boundary–value Schrödinger problem, with the important proviso that in infla-
tionary dynamics one is actually solving an initial–value problem for the counterparts of the
flat–space exponentials e−iEkt. The MS potential Ws(η) has some universal features, since it
behaves near the initial singularity (at a finite negative conformal time −η0) and at late times
(η → 0−) as

Ws ˜η→−η0
− 1

4

1

(η + η0)2
, Ws

η̃→0−

ν2 − 1
4

η2

[
ν =

3

2

1 − γ 2

1 − 3 γ 2

]
. (20)

As a result, Ws must cross the real axis, and actually does it once in the models of interests,
before approaching an infinite barrier at the origin of conformal time (fig. 1). In Quantum
Mechanics this barrier would result in total reflection, but in the MS initial–value problem the
growing mode generally dominates in the classically forbidden region. In other words, the WKB
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Figure 3: A qualitative comparison between the low–` portion of the WMAP9 plot and the first C`’s for the
BSB–inspired potential (16), normalized with respect to C30 and computed for a climbing phase that occurred
about one e–fold before the horizon exit of the current Hubble scale. The oscillations are very sensitive to ϕ0 and

disappear if the current Hubble scale exited more than 3–4 e–folds after the onset of inflation.

“barrier penetration factor” leaves way here to a “barrier amplification factor”, and after a
(large) number of e–folds that depends on ε

vk(− ε) ∼
1

4
√
|Ws(− ε) − k2|

exp

(∫ −ε
−η?

√
|Ws(y) − k2| dy

)
, (21)

where −η? denotes the classical inversion point. The extent of the amplification reflects the area
below the positive portion of Ws, and therefore an inspection of fig. 1 suffices to acquire a clear
qualitative picture of the power spectrum

P (k) ∼ k3

∣∣∣∣vk(− ε)z(− ε)

∣∣∣∣2 . (22)

The plots in fig. 1 show typical MS potentials Ws for the two–exponential problem and for
a potential V(ϕ) containing only the milder term, and finally in all cases the dashed curves
correspond to the LM attractor, for which the second of eqs. (20) applies for all negative η’s.
Notice that P (k) must tend to zero as k → 0 simply due to the initial singularity, which
forces the curve to cross the real axis, so that the area below it is bounded as k → 0. As
a result, the power spectra for our “climbing” systems experience a k3–falloff for small k, in
contrast with the k3−2ν–growth that occurs for the LM attractor. On the other hand, for large
k the “climbing” power spectra approach the attractor result, albeit more slowly in the two–
exponential system, whose Ws stay well below the attractor curves of fig. 1 for a while. These
considerations are well reflected in fig. 2, but for the oscillations that are missed altogether by
the WKB approximation, here as in Quantum Mechanics, where they would reflect resonant
transmission through a potential well.

5 An observable window in the Cosmic Microwave Background ?

Can this class of string–inspired models capture some features of the WMAP9 or PLANCK
multipole plots 19? The actual comparison depends, so to speak, on the portion of the power
spectra of 11 that is accessible to current observations. One can anticipate that any significant
effects should only concern the low–` portions, since the power spectra of fig. 2 merge eventually
with the attractor curve, but our real chance of connecting the current data to String Theory
via BSB rests on the enticing possibility that Nature is unveiling the onset of inflation. The
low–k portions of the power spectra translate directly, via the Fourier–Bessel integrals

C` =
2

9π

∫
dk

k
P (k) j2

`

[
k∆η

]
, (23)



where ∆η denotes our current comoving distance from the last scattering surface, into corre-
sponding predictions for the multipole coefficients with ` < 50. Since the squared j`’s are peaked
for arguments of order `, if our Universe were confronting us with the growing portions in fig. 2
one could anticipate that the quadrupole should be reduced for all models under scrutiny. On
the other hand, the behavior of subsequent multipoles should depend on the details of the dy-
namics, and thus on the value of ϕ0. In11 we contented ourselves with the quadrupole reduction,
but playing with ϕ0 can enhance the oscillations, so that one can end up with curves like the
left one of fig. 3. This is qualitatively similar to the low–` portion of the WMAP9 results, which
is surrounded by the ellipse in fig. 3, so that String Theory and BSB are perhaps finding some
indirect evidence in the CMB! Of course, cosmic variance adds more than a word of caution
to this suggestion, but nonetheless one can explore the possibility of arriving at a best fit of
the present data playing with the two parameters at our disposal, the observable window of the
spectrum and the value of ϕ0. The optimal model would be an ideal starting point to analyze
the bispectrum, which could then lend further support to this picture (or perhaps disprove it)20.
Let me conclude by stressing that refined analyses of the low–` tail of the CMB power spectrum
are starting to appear 21, and that they point to a lowering of the quadrupole. Time will tell
whether these exciting signs will materialize.

6 Conclusion

I have reviewed the work of 10, where a link was proposed between a peculiar string–scale SUSY
breaking mechanism, “brane SUSY breaking” or BSB for short, and the onset of inflation. I have
also reviewed its application to the CMB power spectrum presented in 11, and I have mentioned
some recent results that are in qualitative agreement with the low–` tails of WMAP9 or PLANCK
data. BSB results in a “critical” logarithmic slope for a tree–level exponential potential, and
under some assumptions this forces the inflaton (a mixture of the dilaton and the scalar related
to the volume of the extra dimensions, in the setting that we have analyzed) to emerge from
the initial singularity while climbing it up. The subsequent descent could have injected the
inflationary phase of our Universe, so that String Theory and BSB are perhaps providing some
clues onwhy and how inflation started. Remarkably, under the same assumptions all branes in
String Theory yield tree–level contributions to the scalar potential with logarithmic slopes that
are quantized in terms of γ = 1

12 , which lies a few percents away from the experimentally favored
1

12.4 ! As we have seen, this picture could have left tangible signs in the CMB power spectrum that
are intriguingly along the lines of the WMAP9 plot of fig. 3. How about the subsequent evolution,
then? Admittedly, we are not addressing in detail key issues like the graceful exit and reheating,
since our current grasp of String Theory would be of little help in this respect, although eq. (17)
points to the (unstable) NS fivebrane, which could have played a key role in connection with the
graceful exit from inflation and with the subsequent reheating. At any rate, the relevant scalar
actors of the early phase couple to other fields in the rich fashion that is typical of Supergravity,
in a version with non–linear supersymmetry but containing nonetheless the types of matter
couplings that are generally associated with reheating (see e.g. 22 and references therein). More
work is needed to clarify the issue, but let me close mentioning a remarkable exact solution 15

whose potential (left portion of fig. 4)

V(ϕ) ∼ arctan
(
e− 2ϕ

)
(24)

combines a “critical” tree–level exponential with similar, if ad hoc, higher–genus closed–string
terms to provide a vivid picture of a graceful exit from an initial climbing phase. This potential
is essentially a step function with a slight tilt and ϕ has the option of emerging from the right
to climb it up, linger for quite a while on the plateau and then eventually roll down as inflation
ends. Or, alternatively, to emerge from the left, undergo slow roll on the plateau and roll down



Figure 4: The step potential of eq. (24) (left) and a graceful exit from climbing and inflation (right): the dotted
curve and the continuous one represent, respectively, ϕ(t) and the acceleration of the Universe.

as inflation ends. The right portion of fig. 4 displays an example where 50 e–folds of inflation
are produced climbing up from the right. The early climbing phase, however, is not inevitable
in this example: the scalar could also move fast all the way, giving rise to no inflation at all.
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The lepton flavor violating decay, µ+ → e+γ, is searched for in the dataset collected by
the MEG experiment in years 2009 to 2011. The search sensitivity is significantly improved
compared to the previous result of the MEG experiment by new analysis algorithms and
increased data statistics with the new data taken in year 2011. The events observed in
the dataset are found to be consistent with null-signal hypothesis and the most stringent
upper limit on the branching ratio of the decay, B(µ+ → e+γ) < 5.7 × 10−13 (90 % C.L.), is
established.

1 Introduction

The lepton flavor violating decay µ → eγ is highly suppressed down to an immeasurably small
rate in the Standard Model (SM) due to tiny neutrino masses, while well-motivated theoretical
models of new physics beyond SM (BSM) predict sizable rates even close to the present experi-
mental bound. The µ→ eγ decay is, therefore, one of the most fascinating tools to explore the
BSM physics. The MEG experiment searches for µ+ → e+γ with an unprecedented sensitivity
using innovative detector technologies and the world’s most intense DC muon beam at Paul
Scherrer Institute (PSI). The previous best upper limit on the branching ratio of the µ+ → e+γ
decay (B < 2.4 × 10−12 at 90 % C.L.) was set by the MEG experiment in 2011 with the data
taken in 2009–20101. We have recently published a new result where the dataset 2009–2010 is
reanalyzed with improved analysis algorithms together with a new dataset taken in 2011 dou-
bling the total data statistics2. The new result is presented here as well as the future prospects
of the experiment including the upgrade plan.

2 MEG Experiment

The MEG experiment is based on a high resolution detector system composed of a 900 ` liquid
xenon (LXe) γ-ray detector and a positron spectrometer with a gradient magnetic field. The
details of the MEG detector are described elsewhere3.

The LXe detector reconstructs the energy, position and timing of the incoming γ-ray with
a non-segmented 900 ` LXe scintillator volume viewed by 846 photomultiplier tubes (PMTs)
submerged in the liquid. The γ energy is reconstructed by the sum of the collected scintillation
photons together with optimal corrections. The energy scale is calibrated with monochromatic
55 MeV-γ from π0 decay following the charge exchange reaction (CEX), π−p → π0n. The
position-dependent energy resolutions (defined as σ of the response function at the high energy
side) are measured in the CEX run and the average energy resolutions are evaluated to be
1.7% (1.9%)a and 2.4% (2.4%) for radial depths larger and smaller than 2 cm, respectively for

a We quote in parentheses the value in the 2009–2010 data when different from that in 2011.



the signal γ energy of 52.8 MeV. The position dependence of the energy resolutions is taken
into account in the likelihood analysis. The three-dimensional position of the γ conversion is
reconstructed by the light distribution observed by the PMTs near the γ incident position. The
position resolutions are evaluated by a Monte Carlo simulation to be 5 mm on the γ entrance
face and 6 mm for the radial depth, which are well validated by placing a lead slit collimator in
front of the LXe detector in the CEX run.

The positron spectrometer is composed of a low-mass drift chamber system measuring the
positron track and fast scintillator timing counters measuring the positron timing, both of which
are placed in a gradient magnetic field generated by a thin-wall superconducting magnet. The
positron energy resolution is extracted from the spread of the kinematic edge of the Michel decays
(µ+ → e+νν̄). The energy response function for the signal positron is well-described with three
Gaussian functions with a resolution (fraction) of the core component of 305 keV (85%). The
positron angular and vertex resolutions at the target are estimated using positron events making
two full turns in the tracker. The resolutions are extracted by taking the difference between
the two tracks independently reconstructed from the two turns. The φe end θe resolutions are
measured to be 7.5 (7.0)b and 10.6 (10.0) mrad, respectively. The vertex resolutions are estimated
to be 1.9 (1.5) mm along the beam axis and 1.3 (1.2) mm in the vertical direction. Combining
the γ position resolutions and positron angular and vertex resolutions gives the resolutions on
the relative angles of 16.2 (15.7) and 8.9 (9.0) mrad for θeγ and φeγ

c, respectively.

The resolution of the relative timing (teγ) is estimated to be 127 (135) ps using the peak
from the radiative muon decays (RMDs) observed in the Eγ sideband.

3 µ+ → e+γ Search in 2009–2011 Dataset

In this work a new dataset taken in 2011 is analyzed by improved algorithms together with the
previous data taken in 2009–2010 and the analyzed data statistics is doubled compared to the
previous result. A few major hardware improvements were carried out in run 2011. The LXe
detector is better calibrated in 2011 in the CEX run by switching the detector to tag one of the
two γ-rays from π0 decay on the opposite side to the LXe detector from NaI detector to BGO
detector for better efficiency and resolution. The alignment of the drift chamber modules is also
improved by a new optical surveying using a laser tracker and a prismatic corner cube reflector
attached on each module. The efficiency of the data taking is improved in 2011 from 72 % to
96 % with a new multiple buffer readout scheme.

The analysis algorithms are also significantly improved. An FFT-based noise filter is devel-
oped to reduce the electric noise in the drift chamber signal in the offline analysis. The angular
resolutions and efficiency are improved by about 10 % each at most (depending on the noise
level). The positron track fit algorithm based on a Kalman filter technique is totally revised
with a better modeling of the hits and tracks based on the GEANE package4,5 and also with a
better model for the detector materials. Fig. 1 (left) shows the measured energy spectra of the
Michel positrons with the old and new reconstruction algorithms. It can be seen that the higher
energy tail is clearly reduced. The reconstruction efficiency is found to be improved by 7 % with
the new algorithm. Furthermore the new track fit algorithm provides an error matrix for the fit
parameters which is well consistent with the measured resolutions. The per-event error matrix is
incorporated into the probability density functions (PDFs) in the maximum likelihood analysis,
which results in an improvement in the branching ratio sensitivity by 7 %. The identification of
the pileup of BG γ-rays is crucial for the γ analysis since about 15 % of the events suffer from
the pileup at the current beam intensity of 3 × 107 µ+/sec. The pileup is identified by using
the pattern in the light distribution measured with the PMTs and the PMT time distribution.

bφe resolution depends on φe and the resolution at φe = 0 is shown in the text.
c θeγ = (π − θe) − θγ and φeγ = (π + φe) − φγ , θ and φ being the polar angle and the azimuthal angle,

respectively, taking the z-axis as the beam-axis.



 (MeV)eE

50 52 54 56

)
1

 (
M

e
V

e
d

N
/d

E

3
10

210

110

 (MeV)γE
45 50 55 60 65 70

N
u

m
b

e
r 

o
f 

e
v
e
n

ts
 /

 (
0
.5

 M
e
V

)

10

210

3
10

410

5
10

Figure 1: (Left) Michel positron spectrum in the time sidebands with the old (black dashed line) and the new
(red solid line) track reconstruction code. (Right) BG Eγ spectra in the time sidebands with different pileup
elimination algorithms. Black dots: no pile-up elimination; blue dot-dashed: previous algorithm; red solid: new

algorithm.

The contribution of the pileup γ-ray in each event is eliminated after the identification without
discarding the event. In the new analysis the algorithm for the pileup elimination is improved
by analyzing the PMT waveform in detail after summing up all channels. A further reduction
of the tail in the BG Eγ spectrum can be seen in Fig. 1 (right). The new pileup elimination
algorithm also improves the overall efficiency of the γ reconstruction from 59 % to 63 %.

The µ+ → e+γ signal is identified as an event with a back-to-back, monoenergetic (52.8 MeV),
time coincident γ-positron pair and is characterized with the five observables; the γ and positron
energies (Eγ , Ee), their relative directions (θeγ , φeγ) and emission time (teγ). The predominant
BG is the accidental overlap (ACC) between Michel positron and BG γ from positron annihila-
tion in flight or RMD. The coincident high-energy positron and γ from RMD is another source of
BG, but its contribution is smaller than that of the ACC with the present detector resolutions.

The number of signal is extracted by a maximum likelihood analysis performed in the analysis
region defined by 48 < Eγ < 58 MeV, 50 < Ee < 56 MeV, |teγ | < 0.7 ns, |θeγ | < 50 mrad and
|φeγ | < 50 mrad. The estimation of the background rate and the extraction of the PDFs are
performed with higher statistics data in the time (teγ), energy (Eγ) and angle (θeγ or φeγ)
sidebands which are defined as 1< |teγ | < 4 ns, 40 < Eγ < 48 MeV, 50< |θeγ | < 150 mrad and
50< |φeγ | < 150 mrad, respectively. The signal PDFs are defined from the detector response
functions measured with the calibration data. The PDFs for the RMD are defined from the
theoretical spectra convoluted by the detector response function. The PDFs for the ACC are the
single background spectra measured in the sidebands. The confidence intervals on the number
of signal are calculated by a frequentist method with a profile likelihood-ratio ordering6,7, where
the numbers of RMD and ACC events are treated as nuisance parameters. The sensitivity of
the experiment is defined as the 90 % C.L. upper limit on the branching ratio averaged over
pseudo experiments based on null-signal hypothesis with the expected rates of ACC and RMD
estimated from the observation in the sidebands. The sensitivity calculated for each dataset
is listed in Table 1. The best sensitivity of 7.7 × 10−13 is achieved with all combined dataset
2009–2011.

Figure 2 shows the event distributions on the (Ee, Eγ)- and (cos Θeγ , teγ)d-planes for the
combined 2009–2011 dataset together with the contours of the averaged signal PDFs, where no
excess of the events around the signal region is observed. A maximum likelihood fit is performed
in the analysis region and the projection of the fitted likelihood function on each observable
for the combined 2009–2011 dataset is shown in Fig.3. The estimated number of signal is
translated to the signal branching ratio by combining two independent normalization methods,

dΘeγ is the opening angle between positron and γ.



either counting the number of Michel positrons with a dedicated trigger or the number of RMD
events observed in the sidebands. The confidence intervals of the branching ratio computed
in the maximum likelihood analysis are shown in the left in Fig. 4. The curve of the profile
likelihood ratio as a function of the branching ratio, which is not directly used in the analysis,
is also shown for reference in the right in Fig. 4. All the datasets are consistent with null-signal
hypothesis. The observed upper limits at 90% C.L. and the best estimates of the branching
ratio are summarized in Table 1. The best upper limit of 5.7 × 10−13 (90% C.L.) is observed
with all combined dataset 2009–2011, which is four times more stringent than the previous best
upper limit by the MEG experiment.
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applied. The signal PDF contours (1, 1.64 and 2 σ) are also shown.

Figure 3: The fitted likelihood function projected to each observable for the combined 2009–2011 dataset.

4 Summary and Perspectives

In summary the lepton flavor violating decay µ+ → e+γ is searched for with the highest sen-
sitivity in the data collected in 2009–2011 by the MEG experiment. The observed events are
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Table 1: Best estimates, upper limits at 90% C.L. and sensitivities of the branching ratio for the 2009–2010
combined data, 2011 alone data, 2009–2011 combined data. The total numbers of µ+ stops on target are also

shown for reference.

Dataset µ+ stops Best estimate Upper limit Sensitivity

2009–2010 1.75× 1014 0.09× 10−12 1.3× 10−12 1.3× 10−12

2011 1.85× 1014 −0.35× 10−12 6.7× 10−13 1.1× 10−12

2009–2011 3.60× 1014 −0.06× 10−12 5.7× 10−13 7.7× 10−13

consistent with null-signal hypothesis and the most stringent upper limit on the branching ratio
of the decay, B < 5.7 × 10−13 (90 % C.L.), is established, improving the previous best upper
limit by a factor of four.

The MEG experiment is now exploring the branching ratio region predicted by the BSM
physics models. The MEG experiment will continue the data taking till summer in 2013. The
total data statistics will be doubled together with the data taken in 2012 which is now being
analyzed, expecting to reach the final sensitivity of the current MEG experiment below 5×10−13.

An upgrade program of the MEG experiment is underway to improve the search sensitivity
by another order of magnitude8. Most of the sub-detectors will be substantially modified or
totally rebuilt to significantly improve their resolutions and efficiencies and to cope with twice
or higher µ+ beam intensity. The current positron tracking system composed of 16 drift chamber
modules will be replaced by a unique volume drift chamber with a stereo wire configuration. The
present positron timing counter composed of two sets of 15 scintillator bars with PMT readout
will be replaced with a pixelated scintillation detector. It consists of several hundreds of ultra-
fast plastic scintillator plates readout by silicon photomultipliers (SiPMs). The efficiency and
most of the resolutions of the new positron spectrometer are expected to be improved by a factor
of two. A major performance improvement of the LXe detector is also required. The energy
and position resolutions of the current LXe detector are limited by the non-uniform coverage
with 2-inch PMTs. The PMTs on the γ entrance face will be replaced with smaller photosensors
to improve the uniformity and granularity of the scintillation readout. A UV-enhanced MPPC
with a 12 × 12 mm2 active area is under development as a replacement of the PMT. Fig. 5
shows a comparison of the light distribution between the present and upgraded detectors for the
same simulated event with pileup γ. The pileup γ is clearly resolved in the upgraded detector.
The energy and position resolutions are found to be significantly improved from a Monte Carlo
simulation.



Figure 5: The light distributions in (left) the current and (right) upgraded LXe detectors for the same simulated
pileup γ event.
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The upgrade proposal was approved at PSI in January 2013. We plan to finish the develop-
ment and construction of the new detectors in next two years and then to start the data taking
in 2016. The projected sensitivity of the upgraded experiment is shown in Fig. 6. We expect
to reach a sensitivity of 5× 10−14, which is ten times higher than the sensitivity of the current
MEG experiment, in 3 years running.
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A small selection of the most recent QCD results of the ATLAS and CMS experiments will be
presented. The results use data collected during the 2010 and 2011 LHC running, at a center of
mass energy of 7 and 2.76 TeV, corresponding to a total integrated luminosity of 5 fb−1. First,
a review of the reconstruction and calibration of jets at both experiments will be presented.
Then, the inclusive jet and dijet cross section measurements from both experiments will be
discussed, and the measurement of the strong coupling constant from the CMS experiment will
be shown. The jet mass and substructure measurements from both experiments will follow,
as well as the kT splitting scales measurement from the ATLAS experiment. Finally, the dijet
angular distributions will be presented as a QCD measurement but also as a search for new
physics.

1 Introduction

Measurements of QCD at the LHC experiments are of great importance for several reasons: they
provide tests of perturbative QCD in a new energy regime, in a totally unexplored kinematic
region. They provide constraints on proton density functions (PDFs), measures of the strong
coupling constant, studies of initial/final state radiation and parton showering effects. They
are used in tuning of the event generators in order to better describe the data. They provide
a precise measurement of the main background for most of the new physics searches. Finally,
they are sensitive to new physics.

2 Jet reconstruction, calibration and resolution

Jets are reconstructed using the anti-kT clustering algorithm 1 with a distance parameter ∆R =√
(∆φ)2 + (∆η)2 = 0.4 and 0.6 for ATLAS and 0.5 and 0.7 for CMS. The four-momentum

recombination scheme is used by the ATLAS experiment with inputs calorimeter topological
clusters or towers2 . The inputs to the jet clustering algorithm for CMS are the four-momentum
vectors of reconstructed particles with the particle-flow technique 3 which combines information
from several subdetector systems. The measured jet transverse momenta are corrected using jet
energy corrections (JEC) obtained as described in 4,5, with a systematic uncertainty of ∼ 1% for
jets with pT > 100 GeV for both experiments 6,7.

3 Inclusive jet and dijet cross sections

Measurements of the inclusive jet and dijet cross sections can be used to test the predictions of
perturbative QCD, constrain PDFs of the proton, differentiate among PDF sets, and look for
possible deviations from the standard model (SM). The ATLAS and CMS experiments performed
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Figure 1: Inclusive (upper two rows) and dijet (lower two rows) jet cross sections from CMS as a function of the
jet pT and dijet mass, respectively, and comparisons with different PDF sets.

the measurements of the differential dijet and inclusive jet cross sections 8,9 for different rapidity
bins the former with the initial 37 pb−1 sample, and the latter with the entire 7 TeV data
sample yielding measurements for which the experimental uncertainties became comparable
with the theoretical ones as shown in Fig. 1 and 2. The measurements of both experiments
show agreement with expectations using different PDF sets, and agreement with each other
given the experimental and theoretical uncertainties. The ATLAS experiment also performed a
measurement of the inclusive jet cross section ratio at two different centre of mass energies 10,
leading to a cancellation of the experimental systematics to a very large extend as shown in Fig.
3 compared with the experimental uncertainties in Fig. 2. This ratio measurement was used for
the tune and to better constraint the gluon PDF.

4 Measurement of the strong coupling constant

The measurements of the strong coupling constant (αS) are of great importance not only because
they are studying the most fundamental QCD quantity, but also because the running of αS ,
especially at high momentum transfer (Q), is sensitive to new physics like Supersymmetry11 and
extra spacetime dimensions 12 . The CMS experiment has recently reported on a measurement
of αS using the ratio of events with three and two jets, 13. The advantage with this ratio
measurement is that most of the experimental as well as theoretical uncertainties cancel, as seen
in Fig. 4 (left plot) , allowing for a very precise measurement. In addition, this ratio is very
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different PDF sets.
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Figure 4: Ratio of the three to two jet cross section as a function of the averga pT of the two leading jets and
with the NNPDF set used for the theoretical prediction.

sensitive to the value of αS as seen in Fig. 4 (right plot) allowing for a fit in order to extract its
value. This is the first and most precise measurement at the TeV scale as seen in Fig. 5.

5 Jet mass and substructure

The measurement of the jet mass is important since it can be used to discriminate between mas-
sive (SM or new physics) particles decaying to jets and QCD jets. In addition, jet “grooming”
techniques 14,15,16,17, have been developed looking for inner structure (jet sub-structure) in the
formed jets. These techniques are designed and used to separate jets from the decay of heavy
boosted particles from quark/gluon initiated ones with large mass. Both of these measurements
have been performed by the LHC experiments 18,19 with a variety of jet algorithms, cone-sizes,
and data samples. In Fig. 6 the jet mass measurements from both ATLAS and CMS are shown,
for which the Cambridge Aachen (CA) algorithm 1 is used with a cone R = 1.2 and the fil-
tering technique is applied. An inclusive jet sample with low pileup is used by ATLAS, and a
Z+jets sample with the total 2011 data-set is used by CMS. Both measurements show agree-
ment with expectations when compared to the leading-order (LO) parton-shown Monte Carlos
Herwig++ 20 and Pythia 21. In general the experimental measurements show agreement with
LO QCD predictions, which improves with the implementation of the jet grooming techniques.

6 kT splitting scales

The ATLAS experiment has recently preformed a measurement that probes the details of the
QCD evolution of the produced partons into hadronic jets 22 , with an aim to improve theo-
retical modeling of perturbative QCD (pQCD) effects. Specifically the splitting scales of the
kT clustering algorithm 23,24 have been measured using a W+jets sample. As seen in Fig. 7
in the “hard” region dominated by pQCD effects a reasonable agreement is observed between
measurements and the multi-leg generators, whereas in the “soft” region, which is dominated
by multi-parton interactions and hadronization effects, large variations between all generators
become evident.
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7 Dijet angular distributions

The measurement of the dijet angular distribution as expressed by variable

χ = 1+|cos(θ∗)|
1−|cos(θ∗) in the limit of massless scattering partons, which is expected to be flat for

QCD but show deviations when new physics is present like quark compositeness 25,26. The
great advantage of this measurement is that it has small experimental (absolute energy scale
uncertainty cancels) and theoretical uncertainties (PDF uncertainty is not dominant). Both the
ATLAS and CMS experiments have measured this quantity 27,28, and interpret the results in the
context of new physics models as shown in Fig. 8. The observations agree well with next-to-
leading order QCD yielding therefore stringent limits in the characteristic scale Λ at which new
interactions appear between the quark constituents.

8 Summary

We have presented a small selection of recent QCD results from the ATLAS and CMS collab-
orations. In general ATLAS and CMS results are in agreement given slight differences in the
variable definitions and in jet cone-sizes. These measurements are important for a variety of
studies from tests of new physics models, constrain and tune PDFs, extract the strong coupling
constant and test its running, to the study the effect of various jet algorithms.
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ELECTROWEAK RESULTS FROM HERA

A.F. ŻARNECKI
(on behalf of the H1 and ZEUS collaborations)
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Neutral and charged current deep inelastic ep scattering with longitudinally polarised lepton
beams has been studied with the H1 and ZEUS detectors at HERA. The differential cross
sections were measured in the range of four-momentum transfer squared, Q2, up to 50’000
GeV2, where electroweak effects become clearly visible. The measurements were used to
determine the structure function xF3 and to constrain vector and the axial-vector couplings
of the light quarks to the Z0 boson. The polarisation dependence of the charged current total
cross section was also measured.
Limits on flavour changing neutral current processes were computed from the search for single-
top production. The elastic Z0 production cross section was measured to be in agreement with
the SM prediction. Limits on new physics phenomena at high Q2 were also derived within
the general framework of four-fermion eeqq contact interactions.

1 Introduction

The HERA accelerator was built at DESY, Hamburg, to study electron-proton and positron-
proton collisions at center of mass energies of up to 320 GeV. Scattering events were recon-
structed in two multi-purpose detectors, H11 and ZEUS2, both equipped with silicon tracking,
drift chambers, hermetic calorimetry and muon detector systems. During the so called HERA I
running phase (1994-2000), about 100 pb−1 of data were collected per experiment, mainly coming
from e+p collisions. After the collider upgrade in 2000-2001, resulting in significant increase of
luminosity, about 400 pb−1 of data per experiment were collected in the so called HERA II phase
(2002-2007). Moreover, spin rotators installed at the H1 and ZEUS interaction regions allowed
the operation with longitudinal electron or positron polarisation. With an average lepton beam
polarisation of about 30-40% and a significant increase of integrated luminosity (especially for
the e−p sample), HERA II significantly extended the physics reach of the experiments. Different
detector configurations and complementary event reconstruction methods used by two collab-
orations allowed for an additional reduction of not only the statistical but also the systematic
uncertainties in the combined analysis of H1 and ZEUS data.
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Figure 1: Q2 dependence of the NC and CC cross sections dσ/dQ2 for the combined HERA I+II unpolarised
e−p and e+p data. The inner and outer error bars represent the statistical and total errors, respectively. The H1
and ZEUS data are compared to the Standard Model expectation based on the HERAPDF 1.5 parametrisation.

2 Deep Inelastic e±p Scattering

Deep Inelastic Scattering (DIS) was the main process studied at HERA. Precise HERA data
are in excellent agreement with Standard Model predictions over many orders of magnitude,
as illustrated in Figure 1. At very high squared momentum transfers Q2, comparable with
masses of the W and Z bosons squared, the contributions from neutral current (NC) and charge
current (CC) processes become comparable in size, which is a clear demonstration of electroweak
unification.

High Q2 NC DIS cross section, neglecting radiative corrections, can be written in terms of
three generalised structure functions F̃2, xF̃3 and F̃L:

d2σNC(e±p)

dxdQ2
=

2πα2

xQ4

[
Y+F̃

±
2 ∓ Y−xF̃

±
3 − y

2F̃±
L

]
where: Y± = 1± (1−y)2. The sensitivity to electroweak effects is mainly due to the interference
of photon and Z boson exchange which dominates over pure Z exchange effects in most of the
kinematic range covered at HERA. Corresponding contributions to the generalised structure
functions can be written as:

F̃2
±

= F γ2 − (ve ± Peae)χZ F γZ2 + (v2e + a2e ± 2Peveae)χ
2
Z FZ2

xF̃3
±

= − (ae ± Peve)χZ xF γZ3 + (2veae ± Pe(v2e + a2e))χ
2
Z xF

Z
3

where Pe is the lepton beam polarisation and χZ = 1
sin2 2θW

( Q2

M2
Z+Q

2 ). Access to electroweak

effects is provided by measuring differences between cross section for different charges and po-
larisation, thereby removing the pure photon-exchange part, described by F γ2 . In particular,

polarisation asymmetries can be used to constrain contribution from F γZ2 structure function,
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which is sensitive to d/u ratio at high-x and to the vector quark couplings, vq. A comparison of

e−p and e+p cross sections, i.e. the measurement of the charge asymmetry, accesses the xF γZ3
contribution, which is dominated by the valence quark distributions at high Q2 and is sensitive
to the axial-vector quark coupling, aq.

Both, the H1 and ZEUS experiments, have measured neutral current DIS cross sections for
both charges and both helicity states. Results on polarised cross-section asymmetries, A±, as
obtained by the H1 Collaboration3, are shown in Figure 2 (left). Parity violation due to γ − Z
interference is clearly visible, in agreement with Standard Model expectations. The measurement
can also be used to extract the F γZ2 contribution, as illustrated in Figure 2 (right). Shown in

Figure 3 is the measurement of the structure function xF γZ3 by the ZEUS Collaboration4; a
similar measurement has been also performed by H1 3. The results agree very well with the
Standard Model predictions obtained from NLO QCD fits to inclusive data.

The CC DIS cross-section dependence on the longitudinal lepton-beam polarisation also
follows exactly the Standard Model predictions, as shown in Figure 4. For electron beams, only
the left-handed initial state contributes to the scattering cross-section, whereas for positrons
only the right-handed state contributes. This is expected from the chiral structure of the model.
The results can be used to set limits on the possible contribution from right-handed currents.
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Assuming SM couplings and a light right handed νe, the H1 collaboration excluded the existence
of right handed weak bosons of masses below 214 (194) GeV for e−p (e+p) scattering.

The wide kinematic range covered, and the high precision of the NC and CC DIS measure-
ments for polarised e−p and e+p, allow not only the determination of the parton distribution
functions of the proton from the HERA data alone, but also allow the simultaneous determi-
nation of PDFs and electroweak parameters. Results on the weak neutral current couplings of
u and d quarks to the Z0 boson, as obtained by the H1 Collaboration5, are presented in Fig-
ure 5. Results from the earlier ZEUS analysis and limits determined by the CDF experiment
and the LEP EWWG are included for comparison. A good agreement with the Standard Model
predictions is observed. Determinations of the light-quark couplings at HERA turn out to be
competitive in precision with those obtained from the Tevatron and LEP experiments.

DIS cross sections at HERA are also sensitive to possible new interactions between elec-
trons and quarks involving mass scales above the center-of-mass energy, which could modify the
cross sections at high Q2 via virtual effects. This would result in observable deviations from
the Standard Model predictions. Many new interactions, such as processes mediated by heavy
leptoquarks, can be modeled as four-fermion contact interactions. The H1 Collaboration applied
a common method to search for deviations from SM predictions for different new physics scenar-
ios, which can be considered within this framework. Data on scattering of polarised electrons
and positrons collected from HERA II were combined with electron and positron data from
HERA I. No significant deviation from the Standard Model predictions was observed, as shown
in Figure 6 (left) and 95% limits were derived for the relevant parameters of the models studied.
For the general contact-interaction models, limits on the compositeness scale, Λ, ranging from
3.6 to 7.2 TeV were obtained, as shown in Figure 6 (right). The study of leptoquark exchange
yielded lower limits on the ratio MLQ/λ between 0.41 and 1.86 TeV. For models with large extra
dimensions, scales below 0.96 TeV were excluded. Finally, a quark-charge radius larger than
0.65 · 10−16 cm was excluded, using the classical form-factor approximation.
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3 Electroweak cross sections

Both the H1 and ZEUS Collaborations have used the high statistics of the collected data to study
a variety of processes sensitive to electroweak interactions, in particular the production of heavy
weak bosons and the top quark. One of the interesting signatures, which was considered in the
combined H1 and ZEUS analysis, is production of isolated high-pT leptons (electrons or muons)
and a large missing transverse momentum. The main SM process that may produce events
with this topology is the production of real W bosons via photoproduction with a subsequent
leptonic decay: ep→ eW±(→ lν)X. Only with the full HERA high energy data, corresponding
to an integrated luminosity of 0.98 fb−1, a cross section measurement for W± production in this
process became accessible. The expected numbers of signal and background events, after the
final selection cuts, were 64.7±9.9 and 23.1±3.3 respectively (total of 87.8±11.0) and observed
in the final data sample were 81 events. The distribution of the lepton-neutrino transverse mass,
M lν
T , for the final sample of selected H1 and ZEUS events is shown in Figure 7. The resulting

cross section estimate is:

σW = 1.06± 0.16(stat.)± 0.07(sys.) pb ,

in agreement with the SM prediction of 1.26± 0.19 pb.
A similar selection procedure can be used to search for single-top production at HERA. In

addition to an isolated lepton and missing transverse momentum, a large hadronic transverse
momentum, P hadT , is expected. A b-tagging algorithm can additionally be used to suppress
the W production background. Even though the SM cross section for single top production at
HERA is below 1 fb, the measurement of this process is important, as a significant enhancement
is expected in several BSM scenarios due to FCNC couplings. A search for anomalous single top
production was performed using the data collected with the ZEUS detector and a limit on the
production cross section σ < 0.13 pb (95% CL) was set8. The cross section limits were converted
into limits on the anomalous top quark couplings and the branching ratios t→ uγ and t→ uZ,
as shown in Figure 8.

Also in case of the Z0 production at HERA, the SM cross section is predicted to be very low,
about 0.4 pb. The ZEUS Collaboration studied this process using an integrated luminosity of
about 0.5 fb−1. Thanks to the excellent energy resolution of the ZEUS hadronic calorimeter, the
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hadronic decay mode could be used in this analysis, significantly increasing the expected event
rate. The analysis9 was restricted to elastic and quasi-elastic Z0 production in order to suppress
QCD multi-jet background. Figure 9 shows the invariant-mass distribution of the selected events.
It also shows the fit result for the signal plus background and the background separately. The
invariant mass distribution measured for inelastic events was used as a background template
in the fit. The fitted number of observed Z0 events is 15.0+7.0

−6.4, which corresponds to a 2.3 σ
statistical significance. The cross section for the elastic and quasi-elastic production of Z0 bosons
at
√
s = 318 GeV was calculated to be

σ(ep→ ep(∗)Z0) = 0.13± 0.06(stat.)± 0.01(syst.) pb .

This result is consistent with the SM cross section estimate of 0.16 pb.

4 Conclusions

With high luminosity and lepton beam polarisation, HERA provided a unique window for precise
electroweak studies. Although data taking was completed in 2007, the H1 and ZEUS collab-
orations are still working hard, making progress in understanding the detector and finalizing
various data analyses. The results presented at this conference are only a small selection of
recently completed work.

The presented results on the NC and CC DIS at high Q2, including charge and polarisation
asymmetries, are in very good agreement with the SM. With the high precision and the large
kinematic coverage of the data, the NLO QCD analysis was extended to extract not only par-
ton densities in the proton but to fit electroweak parameters as well. The obtained constraints
on the light-quark couplings to the Z0 boson are in good agreement with the Standard Model
predictions and are competitive in precision with LEP and Tevatron measurements. The precise
measurements of deep inelastic e±p scattering at large Q2 were also exploited to search for pos-
sible “new physics” beyond the Standard Model. As no significant deviation from the Standard
Model predictions was observed, limits were derived for different models of new physics.

The production of electroweak bosons and top quarks in ep collisions are also good bench-
mark processes for testing the Standard Model. The full HERA data sample from both experi-
ments was analysed, corresponding to a total integrated luminosity of 0.98 fb−1, in a search for
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W± production. The total and differential single W production cross sections were measured to
be in agreement with the SM predictions. An analysis of the ZEUS Collaboration resulted in the
first observation of Z0 production in ep collisions, with 15.0+7.0

−6.4 signal events, corresponding to a
2.3 σ statistical significance. The resulting cross section for elastic and quasi-elastic production
of Z0 bosons is consistent with the SM prediction.
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DISCOVERING WALKING TECHNICOLOR AT LHC AND LATTICE

KOICHI YAMAWAKI
Kobayashi-Maskawa Institute for the Origin of Particles and the Universe (KMI), Nagoya University,

Nagoya, 464-8602, Japan

Walking technicolor, having a large anomalous dimension γm ' 1 and approximate scale
symmetry, predicts Technidilaton, a light composite Higgs as a pseudo-Nambu-Goldstone
boson of the approximate scale symmetry, which can be identified with the 125 GeV boson
discovered at LHC. I will describe how such a weakly coupled light composite scalar can be
dynamically realized in the strongly coupled dynamics, and can be fit to the current data at
LHC, based on the ladder-like computation and the holographic one. I will also present results
of our lattice collaboration (LatKMI Collaboration) searching for a walking theory and a light
flavor-singlet scalar bound state in large Nf QCD.

1 Introduction

A Higgs boson at 125 GeV has been discovered at the LHC.1 Although the data so far are roughly
consistent with the standard model (SM) Higgs, it has been reported that in the diphoton channel
the signal strength of the boson has some tension with the SM Higgs. This may imply a hint
for a Higgs boson coming from physics beyond the SM.

Here we shall discuss the techni-dilaton (TD) as a composite Higgs boson, a technifermion
and an anti-technifermion bound state, predicted in the Walking Technicolor (WTC) 2,3 based
on the ladder Schwinger-Dyson (SD) equation, a concrete (approximately) scale-invariant gauge
dynamics, which was shown to have a large anomalous dimension γm = 1 as a solution to
the Flavor-Changing Neutral Currents (FCNC) problem of the original Technicolor (TC) 5 (See
Fig. 1). a TD arises as a pseudo Nambu-Goldstone (NG) boson of the spontaneous breaking of

Figure 1: The heading of Ref. 2. “Technicolor” and “Technidilaton” in the original manuscript were changed to
“Hypercolor” and “Dilaton” , respectively, by the PRL Editor without consent of the authors. See INSPIRE.

the approximate scale symmetry triggered by the techni-fermion condensation which breaks the

a A similar solution to the FCNC was also discussed 4 without notion of anomalous dimension and scale
invariance and hence without technidilaton.



electro-weak symmetry. Its lightness, 125 GeV, is therefore protected by the approximate scale
symmetry inherent to the WTC. Thus the discovery of TD should imply discovery of the WTC.
In fact we have demonstrated 6,7 that TD is nicely fitted to the LHC data as of July 4, 2012 1. b

Besides a folklore against the “lightness” of the composite Higgs, there also exists a folklore
against “weakness of the couplings”: “Strongly coupled dynamics cannot lead to the com-
posite Higgs coupled as weakly as the 125 GeV Higgs discovered at LHC”. This is totally a
misconception on where the strongly coupled dynamics come into play: All the bound states
(techni-hadrons) including the TD are certainly strongly coupled to each other within the WTC
sector just as hadrons in QCD are, whereas the couplings of 125 GeV Higgs observed at LHC
are not those among the techni-hadrons but only the couplings of the techni-hadrons to the SM
sector particles, which must be weak, through either the (weak) SU(2)×U(1) gauge couplings or
the (weak) effective Yukawa couplings (loop-suppressed and ETC-scale suppressed via ETC-like
couplings), all coming from outsides of the strongly coupled WTC sector. In fact we shall argue
the TD couplings to the SM particles are even weaker than those of the SM Higgs. 6,7 Actually,
the original TC 5 was over-killed (three times !) in the past, first by the problems of FCNC as
mentioned and then by the S,T,U parameters, and finally by the 125 GeV Higgs at LHC. We
shall discuss that all these problems will not be applied to the WTC.

2 Walking Technicolor

Let us begin with briefly summarizing the WTC given in Refs. 2,3 : In the ladder SD equation
with strong coupling α > αcr(=

π
3CF

), there exists a spontaneous-chiral-symmetry breaking

solution with the mass function of the fermion Σ(Q) (Q2 = −q2 > 0), Σ(Q) ∼ m2
F /Q (Λ �

Q � mF ), which is compared with the Operator Product Expansion to yield γm = 1, where
the dynamical mass mF (Σ(mF ) = mF ) is given by the form of essential singularity (so-called
Miransky scaling) ?:

mF ' 4Λ · exp

− π√
α
αcr
− 1

� Λ (α ' αcr) , (1)

with Λ being the cutoff introduced to the SD equation (usually identified with the Extended
TC scale ΛETC) and CF the quadratic Casimir of the fermion of the fundamental representation
of the gauge group. Such a dynamical generation of mF by the nonperturbative dynamics in
Eq.(1) should imply the nonperturbative running of the coupling α = α(µ), even when it is
perturbatively nonrunning (conformal):

βNP(α) = Λ
∂α

∂Λ
= −2αcr

π

(
α

αcr
− 1

) 3
2

� 1 , α(µ) = αcr

(
1 +

π2

ln2 (4µ/mF )

)
≈ αcr , (2)

for µ � mF , where the coupling α(µ) is now slowly running (“walking”) down to αcr which is
identified as the ultraviolet fixed point 9. c ( A schematic view of the WTC coupling in the light
of Caswell-Banks-Zaks infrared fixed point 10 is given in Fig. 2.)

Then the scale symmetry is broken explicitly as well as spontaneously, by the nonperturba-
tive running induced by the dynamical generation of mF , the same origin as the spontaneous
breaking, which leads to the scale anomaly: 〈∂µDµ〉 = 〈θµµ〉 = −βNP(α)

4α 〈G2
µν〉 = −O(m4

F ) 6= 0,
where Dµ and θµµ = ∂µD

µ are the dilatation current and the trace of the energy-momentum
tensor θµν , respectively, of the WTC sector, and 〈G2

µν〉 is the techni-gluon condensate (with the

b After the Moriond EW meeting where this talk was given, new data came out, with which the TD is still
consistent. See [Note added] in Ref. 8.

c The beta function in Eq.(2) has a multiple zero but not a linear zero, which implies that the beta function
should turn over to the region α < αcr in such a way that αcr is viewed as an infrared fixed point from the side
of this region.



Figure 2: A schematic view of WTC. The would-be Caswell-Banks-Zaks infrared fixed point α∗ = α(µ = 0) is
washed out by the mass generation of mF when α∗ > αcr. The region II corresponds to a wide region mF < µ < Λ
with mF � Λ in Eq. (2), and the region III is essentially a (confining) pure Yang-Mills theory after the decoupling
of the technifermions with mass mF , and the region I, µ > Λ = ΛTC, is the asymptotically free region similar to
QCD asymptotics, where the intrinsic scale ΛTC, an analogue of ΛQCD, is typically taken as the ETC scale ΛETC.

perturbative contributions subtracted), with βNP(α) being the beta function given in Eq.(2).
This yields a non-zero mass of TD as a pseudo NG boson, which may be estimated through the
Partially Conserved Dilatation Current (PCDC) relation:

F 2
φM

2
φ = −dθ〈θµµ〉 =

βNP(α)

α
〈G2

µν〉 ' κV
(

2NTCNTF

π2

)
m4
F , (3)

where dθ (= 4) is the dimension of θµν , and Mφ and Fφ are respectively the mass and the decay
constant of TD denoted by φ, and an explicit ladder computation reads κV ' 0.7 11.

3 Discovering Walking Technicolor at LHC

Now we come to the TD phenomenology at LHC12,6,7. For concreteness we here discuss a specific
model, one-family model (1FM) 14, with 4-weak-doublets ND = 4 (colored techniquark doublet
and uncolored technilepton doublet), and hence the number of flavors NTF = 2ND = 8 in the
SU(NTC) gauge theory.d We have seen that the simplest model, the one-doublet model (1DM),
having just one weak-doublet, generally yields too small couplings and is invisible at LHC (and
hence ruled out as a TD candidate for the 125 GeV Higgs) in our framework.

Let us begin with the effective theory for the WTC which should be written in terms of the
technipions π and TD φ as the nonlinear realization of the scale symmetry (up to scale anomaly)
as well as the chiral symmetry, with the same results being obtained from the Ward-Takahashi
identities. 12 The chiral/EW- and scale-invariant Lagrangian thus takes the form

Linv =
v2

EW

4
χ2tr[DµU

†DµU ] + Lkin(χ) , (4)

where χ(x) = eφ(x)/Fφ is the field transforming linearly under the scale symmetry with the scale
dimension 1 and U(x) = e2iπ(x)/vEW (vEW = 246GeV) the chiral field expressed by the (partly
eaten) Nambu-Goldstone boson fields π, with DµU = ∂µU − iWµU + iUBµ being a covariant
derivative by the SU(2)W × U(1)Y gauge fields W and B (disregarding SU(3)c gauging for the
moment), and Lkin(χ) denotes the scale invariant kinetic term of φ. (It is straightforward to
introduce the techni-ρ/a1 mesons into this Lagrangian via Hidden Local Symmetries13, implying

d As a model-building point of view, we may generalize the 1FM by freely adding Nsinglet
TF weak-singlet

technifermions, if necessary to satisfy the walking behavior, in which case NTF = 2ND + Nsinglet
TF ≥ 2ND.

The ladder estimate of αcr combined with the two-loop value of the Caswell-Banks-Zaks infrared fixed point α∗
suggests 15 that the walking theory with SU(NTC) is close to the criticality α∗ ' αcr, or equivalently, the number
of technifermion flavors NTF should be just below Ncr

TF ' 4NTC. For lattice results, see section 4.



rich phenomenology at future LHC.) From the |DµU |2 term we read off the TD couplings to the

massive weak bosons: gφWW/ZZ =
2m2

W/Z

Fφ
.

The scale (as well as chiral) symmetry of the WTC sector is explicitly broken by the ETC
(responsible for the SM fermion masses) and the SM gauge interactions, (a part of) which may
be introduced into a scale-invariant manner using a spurion field S(x) transforming in the same
way as χ, with 〈S〉 = 1 breaking the symmetry:

LS = −mf

((
χ

S

)2−γm
· χ
)
f̄f + log

(
χ

S

){
βF (gs)

2gs
G2
µν +

βF (e)

2e
F 2
µν

}
, (5)

where Gµν and Fµν respectively denote the field strengths for QCD gluon and photon fields; gs
and e are the QCD gauge and electromagnetic couplings, respectively; βF s are the beta functions
only including the technifermion loop contributions. Here we disregard the explicit breakings
of the chiral symmetry (coming from |DµU |2 term as well as LS) which are responsible for the
mass of technipions (See Ref. 16 for details).

The TD Yukawa coupling to the SM f -fermion reads from the first term of LS in Eq.(5) as 3,

gφff =
(3−γm)mf

Fφ
, along with scale dimension of technifermion bilinear operator, (3 − γm). We

may take 1 < γm < 2 for the third-generation SM f -fermions like t, b, τ , as in the the strong ETC
model 17 where the condensate takes place by the combined effects of the WTC gauge coupling
plus the strong four-fermion coupling, GETC · (F̄F )2, arising from spontaneous breaking of ETC
to the TC group. Here we take γm ' 2, i.e., (3−γm) ' 1, for simplicity for the third-generation
SM f -fermions like t, b, τ which are relevant to the current LHC data.

Thus the TD couplings to W and Z bosons and fermions are related to those of the SM
Higgs by a simple scaling:

gφWW/ZZ

ghSMWW/ZZ
=

gφff
ghSMff

=
vEW

Fφ
(f = t, b, τ). (6)

In addition to the above scaling, the couplings to gluon and photon (G2
µν and F 2

µν terms in
LS) involve the beta functions, βF (gs) and βF (e), induced from F -technifermion loops which
may be estimated at the one-loop level (the same result in the ladder calculations) ?: βF (gs) =
g3s

(4π)2
4
3NTC , βF (e) = e3

(4π)2
16
9 NTC. We thus find the scaling from the SM Higgs for the couplings

to gg and γγ, which can approximately be expressed for 125 GeV as

gφgg
ghSMgg

' vEW

Fφ
· (1 + 2NTC) ,

gφγγ
ghSMγγ

' vEW

Fφ
·
(

1− 32

47
NTC

)
, (7)

where in estimating the SM contributions we have incorporated only the top and W boson loops.

Then we can fit the TD to the LHC data with adjusting the parameters vEW
Fφ

and NTC. The

best fit to the July 4, 2012 LHC data: 6 (see also footnote b)

vEW

Fφ

∣∣∣
best−fit

= 0.22 (NTC = 4), 0.17 (NTC = 5) . (8)

The salient feature of the TD is that the couplings are smaller than those of the SM Higgs by a
factor vEW/Fφ(� 1), which is compensated by the enhanced gluon fusion production due to the
colored technifermion contributions mentioned above:

gφgg
ghSMgg

� 1. This leads to signal strength

compared with that of the SM Higgs in the category of gluon-fusion production:

µX =
σφ(pp→ φ)× BR(φ→ X)

σhSM(pp→ hSM)× BR(hSM → X)
' 1 (X = WW/ZZ/τ+τ−/bb̄) , (9)

' 1.4 (X = γγ) , (10)



for a typical value vEW
Fφ

= 0.2, where the enhanced diphoton has extra contributions from the

charged technifermion loop. Eqs.(9, 10) are in agreement with the current LHC data. Without
such extra contributions, we have substantially smaller µX � 1 in the category of vector-boson
fusion/vector-boson associated production, which is consistent with the currently low significance
at LHC and should be tested in future.

Now we come to the evaluation of Fφ, or vEW
Fφ

by specific dynamical calculations.

In the ladder approximation, Mφ = 125 GeV may be fixed by the value of Fφ through
the PCDC relation, Eq.(3), with the ladder criticality condition NTF = 4NTC

15, where mF is
related to the decay constant of the technipion Fπ (= vEW√

ND
, ND = 4 for 1FM), through the

Pagels-Stokar formula: F 2
π = κ2

F
NTC
4π2 m

2
F , with the ladder value κF ' 1.4 11. Then we estimate

up to the 30 % uncertainties of the ladder approximations vEW
Fφ
' (0.1− 0.3) ·

(
ND
4

) (
Mφ

125 GeV

)
,

which is consistent with Eq. (8).
Another method to estimate Fφ is a (bottom up) holographic computation 18 which is a

deformation of the successful holographic QCD?, with the anomalous dimension γm = 0 replaced
by γm = 1 via the bulk mass term of the bulk scalar. In addition we also introduce a bulk gluon
field to match the current correlators to those of the Operator Product Expansion in QCD (γm =
0) and WTC (γm = 1). The model is very successful in reproducing the QCD phenomenology18,7.
The inclusion of the fully nonperturbative gluonic dynamics via gluon condensate is a distinct
feature compared with the ladder approximation which totally ignores non-ladder dynamics
most notably the full gluonic dynamics.

It was shown in WTC 7 that the massless limit of TD does exist when the technigluon
condensate becomes large,

Mφ

4πFπ
'
√

3

NTC

√
3/2

1 +G
→ 0

(
G ∼

〈αG2
µν〉

F 4
π

→∞
)
, (11)

which can be identified with the limit of conformality β(α)→ 0. Actually, the mass Mφ = 125
GeV corresponds to G ' 10, which is compared with the QCD best fit GQCD ' 0.25 18,7. Hence
the light TD can naturally be realized in the holographic method in contrast to the ladder
estimate of the PCDC relation where the TD gets decoupled in the massless limit 18,11. Also
note that Mφ is estimated fairly independently of the value of Fφ which is also contrasted to the
ladder PCDC estimate.

Most amazingly, the model predicts: 7

Fφ
Fπ
' (3− γm)

√
NTF

2
, (12)

independently of the holographic parameters in the light TD mass region, Mφ/(4πFπ)� 1, in a
way fairly insensitive to the precise value of the mass of Mφ. Then we have vEW

Fφ
= 1

2

√
2ND/NTF

for γm = 1.
Another nice feature of this holography is 7 that we can tune the S parameter, say S < 0.1,

fairly independently of the TD phenomenology for the 125 GeV Higgs data at LHC.
Incorporating typical ∼30% corrections into the holography coming from the next-to-leading

order terms in 1/NTC expansion, we may estimate the TD decay constant Fφ to get 7 vEW
Fφ
'

0.2− 0.4, which is consistent with the best-fit to the LHC data Eq.(8). Note also that in spite
of the qualitative difference in the massless limit, the holographic result numerically coincides
with the ladder estimate mentioned above, for the particular value Mφ ' 125 GeV.

4 Discovering Walking Technicolor on the Lattice

We have seen that the ladder and the holography describe the technidilaton consistently with the
125 GeV Higgs. However, both computations suffer from large uncertainties. Since the WTC is



a strongly coupled gauge theory, the most reliable method will be the lattice simulations.
We actually started two years ago such lattice simulations at KMI (“LatKMI Collaboration”)

in search for the WTC. On behalf of the LatKMI Collaboration I here present our lattice
results20,21,22 on the so-called large Nf QCD23, a class of SU(3) gauge theories with Nf fermions
having a degenerate mass mf which is eventually extrapolated to the chiral limit.

These theories are expected to become a walking theory at a certain large Nf less than
Nf = 16.5 where the asymptotic freedom is lost. The Caswell-Banks-Zaks infrared fixed point
at two loop appears at Nf ' 8, which may be washed out by the dynamical generation of the
fermion mass as was suggested by the ladder analysis for Nf < N cr

f ' 4Nc = 12 15 . Thus we
expect that the walking theory may be realized in between Nf = 8 and Nf = 12. Of particular
interest is to find a candidate for such a walking theory and, most urgently, a light composite
flavor-singlet scalar as a candidate for the technidilaton.

We have studied Nf = 4, 8, 12, 16 on the same setup to make a systematic study of the
spectrum throughout different Nf ’s. Our simulations are based on the tree-level Symanzik gauge
action and the highly improved staggered quarks (HISQ) action which, as expected, was actually
observed in our simulations to have a good flavor (taste) symmetry and small discretizing errors
in the staggered fermions. We here present selected results for Nf = 4, 8, 12 where the simulation
parameters (in units of lattice spacing a), bare coupling β = 6/g2, lattice size L × T and the
bare fermion mass mf , are as follows:
Nf = 4 22: β = 3.7, L3 × T = 123 × 18− 203 × 30, mf = 0.005− 0.05,
Nf = 8 22: β = 3.8, L3 × T = 183 × 24− 363 × 48, mf = 0.015− 0.16,
Nf = 12 20,21: β = 3.8, L3 × T = 183 × 24− 363 × 48, mf = 0.04− 0.2 ,
β = 4.0, L3 × T = 183 × 24− 363 × 48, mf = 0.05− 0.2,
with L being large enough for each mf such that mf � 1/L and mπL > 6 (L > 4 for Nf = 4).

The gross feature of each Nf can be seen from typical data on the ratio Fπ/Mπ of the decay
constant Fπ and the mass Mπ of π (corresponding to the Nambu-Goldstone pion in QCD) given
in Fig.3: For Nf = 12 (left panel), Fπ/Mπ stays non-zero constant value near the chiral limit,
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Figure 3: Typical chiral behavior of Nf = 4, 8, 12 seen by Fπ/Mπ when approaching Mπ → 0.

which is consistent with the hyperscaling relation in the conformal window without spontaneous
chiral symmetry brewing, while it diverges there for Nf = 8 (center panel) and Nf = 4 (right
panel), implying the chiral symmetry broken phase. Actually we made more detailed analysis for
Nf = 12, which is consistent with the finite-size hyperscaling relation in the conformal window,
having the anomalous dimension γm ∼ 0.4 − 0.5 somewhat smaller than that expected for the
walking theory 20. We also confirmed chiral symmetry is spontaneously broken for Nf = 4 22.

In contrast, the Nf = 8 data show a dual picture 22: They are consistent with chiral pertur-
bation theory for smaller mass region indicating clear signals that

Mπ = 0, Fπ 6= 0, Mρ 6= 0, < q̄q >6= 0 (mf = 0.015− 0.04) , (13)

in the chiral limit extrapolation, while the data for intermediate mass region are all consistent
with the hyperscaling relation

LMH = fH(Lm
1

1+γ

f ) (mf = 0.05− 0.16) , (14)



with γ(Mπ) = 0.57, γm(Fπ) ' 0.93, γm(Mρ) ' 0.80 , which should be a remnant of the
conformality even if the chiral symmetry is spontaneously broken. e This can be understood
naturally if the Nf = 8 theory is a walking theory described by the picture in Fig.2: Our lattice
simulations introduce the explicit mass mf as a probe, which may be either in the region III or
region II of the picture (left panel), depending on the cases mf � mF or mF � mf � ΛTC,
respectively, where ΛTC and mF in this case read respectively the intrinsic scale ΛQCD and a
typical scale of the spontaneous chiral symmetry breaking, roughly corresponding to the above
boundary value mf ' 0.04− 0.05. Such a dual feature is in fact a desired feature of the walking
technicolor and Nf QCD would be a dynamics as a candidate for the WTC.

Now I come to a scalar composite lighter than π in Nf = 12. 21 In Fig.4 we present the
results of a flavor-singlet scalar meson σ (q̄q bound state) from the fermionic operators, both
connected and disconnected correlators. We found a clean signal for the mass Mσ lighter than
MπFMσ < Mπ, in the full flavor-singlet correlator for mf = 0.06, which was also observed in
the gluonic correlators. Such a scalar lighter than π should be reflecting the conformality of the
dynamics in the energy region mF = O(Fπ) < µ < ΛQCD. Although we observed that Nf = 12
is consistent with the conformal window without chiral symmetry breaking and hence is not a
candidate for the WTC as a model of electroweak symmetry breaking, existence of such a light
scalar for Nf = 12 would also imply a similar light scalar, to be identified with the composite
Higgs, or technidilaton, in Nf = 8, which has a hyperscaling relation, a remnant of conformality
similar to Nf = 12, for the intermediate mf region as mentioned above. Work is in progress for
Nf = 8.
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Figure 4: A clean signal of Mσ observed both in the ferminic and gluonic operators at mf = 0.06 for Nf = 12.
(Left): Full connected and disconnected correlators. (Center): Correlators for different channels from the full
connected correlator, where the σ channel was extracted from a disconnected correlator. The mass Mσ is clearly
lower than the non-singlet scalar a0. (Right): Mσ lighter than Mπ (indicated by dashed green line) is compared

also with the glueball mass (heavier than Mπ) at mf other than mf = 0.06.

In conclusion, we have discussed technidilaton as a salient feature of the walking technicolor
to be tested at LHC and on the lattice. Ladder and holography give similar results both
consistent with the current data of the 125 GeV Higgs at LHC. We have discussed that Nf = 8
QCD is a walking theory having a large anomalous dimension near unity. We observed a light
composite scalar on the lattice at Nf = 12, which may suggest existence of a similar light scalar
at Nf = 8 whose dynamics above the chiral symmetry breaking scale is similar to Nf = 12.
Work is in progress towards this point. We hope to have more precise lattice data for WTC to
be tested by the up-graded LHC results coming two years later. We will see.
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PRECISION MEASUREMENT OF e+e− → µµγ AND e+e− → ππγ CROSS
SECTIONS WITH THE KLOE DETECTOR

C. BLOISE on behalf of the KLOE-2 Collaboration

Laboratori Nazionali di Frascati dell’INFN, Via E. Fermi, 40, 00044 Frascati, Italy

Measurements of the muon magnetic anomaly performed at the Brookhaven Laboratory have
reached a fractional accuracy of 0.54 10−6. The final result differs from the Standard Model
prediction by 3.2–3.6 standard deviations. Main uncertainty on the theoretical evaluations is
due to hadronic loop contributions which, at low energy, are not calculable in perturbative
QCD and are obtained from a dispersion integral over the measured hadronic cross section.
The KLOE experiment at the DAΦNE φ-factory in Frascati was the first to exploit Initial
State Radiation (ISR) processes for the precision measurement of the hadronic cross section
below 1 GeV, that accounts for most (75%) of the hadronic contribution to the muon anomaly.
In 2005 and 2008 KLOE published two measurements of the e+e− → ππγ cross section, with
the ISR photon at small angle. An independent measurement with the photon emitted at large
angle, to reach the dipion production threshold at s=0.1 GeV2, was published in year 2011.
Recently, a new analysis of KLOE data was performed, which directly derives the pion form
factor from the bin–by–bin ratio of e+e− → ππγ to e+e− → µµγ cross sections. We discuss
the final results of this analysis and present the comparison with our previous measurements.
High-luminosity e+e− colliders at the GeV scale have been recognized to be an ideal environ-
ment to search for the U-boson in the Dark Force sector. We present the preliminary results
of the U-boson search at KLOE using the µµγ sample, from which an exclusion plot in the
mass range from 600-1000 MeV is derived.

1 Introduction

The measurement of the muon magnetic anomaly, aµ = (11 659 208.0 ± 6.3) × 10−10 1, differs
from Standard Model (SM) estimates by 3.2-3.6 standard deviations2,3,4,5. A recent evaluation6

imposing model–dependent constraints on the pion form factor from other hadronic processes
besides e+e− annihilation to ππ (annihilation to πγ, ηγ, π+π−π0, dipion spectrum from τ decays,
meson radiative decays), finds an even larger discrepancy, between 4.7–4.9σ. The deviation
could be a signal of New Physics as argued by many theoretical papers since 2001 7,8. New
measurements of aµ, aiming to a four-times-better precision, are expected at Fermilab 9 and
J-PARC 10, for which it is important to confirm the evaluation of the hadronic corrections and
possibly improve on their accuracy.

The main source of uncertainty for the SM calculation of aµ is the leading hadronic vacuum
polarization term 2,3, ∆h, loaµ. It is obtained from a dispersion integral 11,12 over the “bare”
cross section σ0(e+e−→ hadrons(γ)) that is derived from the physical cross section, inclusive
of final state radiation, removing vacuum polarization (VP) effects and contributions due to
additional photon emission in the initial state. The leading order hadronic contribution is
∼690 × 10−10 2,3,4,5, to which the e+e−→π+π−(γ) process measured by KLOE is contributing
about 75% of the value and 40% of the uncertainty.



2 Measurement of σ(e+e− → π+π−) at DAΦNE

We have published three measurements 13,14,15 of σ(e+e−→π+π−) for 0.1 < M2
ππ < 0.95 GeV2,

with consistent results and a combined fractional uncertainty of about 1%.
The differential ISR cross section for the e+e− → π+π−γ final state is related to the dipion

cross section σππ ≡ σ(e+e− → π+π−γ) 16:

s
dσ(π+π−γ)

d sπ

∣∣∣∣∣
ISR

= σππ(sπ) H(sπ, s), (1)

where the radiator functionH is computed from QED with complete NLO corrections17,18,19,20,21.
Equation 1 is also valid for the di–muon final state with the same radiator function H. We

can therefore determine σππ from the ratio of the π+π−γ and µ+µ−γ differential cross sections:

σ0(π+π−, s′) =
dσ(π+π−γ, ISR)/ds′

dσ(µ+µ−γ, ISR)/ds′
× σ0(e+e− → µ+µ−, s′). (2)

Final state photon emission for both the π+π−γ and µ+µ−γ channels slightly modifies Eq.
2, and it has been considered in our analysis 22, where only events with photon emitted at small
angle are used, as discussed in Refs. 14,15, a choice that results in a large enhancement of ISR
with respect to FSR contribution.

The advantages of the ratio method are:

(i) the H function does not appear in Eq. 2. Therefore the measurement of σππ is not affected
by the related systematic uncertainty of 0.5% 17 ;

(ii) using the same data sample for the π+π−γ and µ+µ−γ events, there is no need for luminosity
measurements;

(iii) vacuum polarization corrections and most other radiative corrections cancel in the ratio;

(iv) using the same fiducial volume, acceptance corrections to the π+π−γ and µ+µ−γ spectra
almost cancel resulting in a small systematic uncertainty.

The pion form factor and ∆ππaµ have been obtained using the ππγ differential cross section
of Ref. 14 and the dσµµγ/dsµ measurement described in the following section.

3 The µµγ Differential Cross Section

The analysis is based on an event selection that requires:

(i) reconstruction of at least two tracks of opposite sign, with origin at the interaction region
(IP) and polar angle satisfying 50◦ < θ < 130◦. The momenta satisfy p⊥ > 160 MeV or
|pz| > 90 MeV, to ensure good reconstruction and efficiency;

(ii) polar angle θµµ of the the dimuon system (pµµ = p+ + p−) satisfying | cos θµµ| >cos(15◦);

(iii) computed mass for the two observed particles, as obtained from kinematical constraints
assuming ISR xxγ events, in the range 80 < mx < 115 MeV;

(iv) PID estimator, L±, which uses time of flight information and energy deposit of each charged
particle in the calorimeter, compatible with muon hypothesis at least for one track.

Residual e+e−γ, π+π−γ and π+π−π0 backgrounds are evaluated by fitting the observed mx

spectrum with a superposition of Monte Carlo simulation (MC) distributions describing signal
and π+π−γ, π+π−π0 backgrounds, and a distribution obtained from data for the e+e−γ back-
ground. In the ρ mass region, the fractional π+π−γ yield in the µµγ acceptance region is about
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Figure 1: Data and MC mx distributions for the π+π−π0 control sample, before (upper) and after (lower)
resolution correction, applied to improve the MC description of the low–energy mx tail.

15% of the sample. To improve the MC description of the low–energy mx tail of π+π−γ events
in the muon peak, we apply a data/MC resolution correction, function of sµ. This correction is
evaluated from a high–purity sample of φ→ π+π−π0 events, with the results shown in Fig. 1.

Contributions from e+e− → e+e−µ+µ− and e+e− → e+e−π+π− processes are evaluated
using the Nextcalibur 23 and Ekhara 24 MC generators. After analysis cuts, the e+e− →
e+e−π+π− process is found to be negligible, while the e+e− → e+e−µ+µ− background con-
tribution is between 0.6% and 0.1%, in the low M2

µµ region and is subtracted from the data
spectrum. Systematic errors in the background subtraction include: (i) errors on the param-
eters from the fit procedure: these decrease monotonically from 0.7% to 0.1% with respect to
sµ; (ii) the uncertainty on the data/MC resolution corrections: about 1% in the ρ mass region,
smaller at higher sµ, negligible at lower sµ values; (iii) the uncertainty on the e+e− → e+e−µ+µ−

process: about 0.4% at low sµ values, rapidly falling to 0.1% for sµ > 0.5 GeV2. The correctness
of the background estimate has been checked by two independent methods.

1) We perform a kinematic fit of the two track events assuming it is a µµγ state. The χ2 value
obtained is used as discriminant variable, instead of mx, in the fitting procedure described
above;

2) we improve the π-µ separation by use of mx, applying a quality cut on the helix fit for both
tracks. This cut reduces the dipion background in the dimuon signal region by more than
a factor of two.

The background fractions obtained for both cases are in good agreement with the standard
procedure.

The differential µ+µ−γ cross section is obtained from the observed event count Nobs and
background estimate Nbkg, as

dσµµγ
d sµ

=
Nobs −Nbkg

∆sµ

1

ε(sµ) L
(3)

where L is the integrated luminosity from Ref. 25 and ε(sµ) the selection efficiency. Figure 2,
top, shows the measured µ+µ−γ cross section compared with the QED calculations to NLO,
using the MC code Phokhara 20. Figure 2, bottom, shows the ratio between the two differential
cross sections. The band indicates the systematic uncertainty, experimental and theoretical, of
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Table 1: Comparison of the KLOE results on ∆ππaµ in the interval 0.35 < M2
ππ < 0.85 GeV2 common to all of

the independent measurements.

Analysis ∆ππaµ · 1010

[0.35 < M2
ππ < 0.95 GeV2]

ππγ to µµγ ratio 377.4± 1.1stat ± 2.7sys+th

σ(ππγ) (abs.); small–angle γ 379.6± 0.4stat ± 3.3sys+th

σ(ππγ) (abs.); large–angle γ 376.6± 0.9stat ± 3.3sys+th

the measured cross section. The average ratio, using only statistical errors, is 0.9981 ± 0.0015,
showing a good agreement within the quoted systematic uncertainty.

4 The Hadronic Vacuum Contribution to aµ

From the bin–by–bin ratio between our published 14 π+π−γ, and the µ+µ−γ differential cross
sections described above, we obtain the bare cross section σ0ππ(γ) (inclusive of FSR, with VP

effects removed) which is used in the dispersion integral for computing ∆ππaµ. Figure 3 shows the
π+π−γ and µ+µ−γ event spectra after background subtraction and data/MC corrections (top)
and the bare cross section σ0ππ(γ) (bottom). Systematic uncertainties on σ0ππ(γ) are smaller than

the individual uncertainty on ππγ and µµγ due to correlation between the two measurements22.
The dispersion integral for ∆ππaµ is computed as the sum of the values for σ0ππ(γ) times the

kernel K(s), times ∆s = 0.01 GeV2 :

∆ππaµ =
1

4π3

∫ smax

smin

d s σ0ππ(γ)(s)K(s) , (4)

where the kernel is given in in Ref. 12.
Eq. 4 gives ∆ππaµ = (385.1± 1.1stat ± 2.6exp ± 0.8th)× 10−10 in the interval 0.35 < M2

ππ <
0.95 GeV2, that is consistent with our previous measurements as shown in Tab. 1.

This result, with comparable total experimental uncertainty and a theoretical error reduced
by about 70% with respect to our previous measurements 14, confirms the current discrepancy
between the SM prediction and the experimental value of aµ.
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5 Searches for the U–boson

Some models of physics beyond the SM predict the existence of light neutral vector parti-
cles (called U–bosons) mediator of new gauge interactions under which ordinary matter is un-
charged 26,27. Motivated by astrophysical arguments, their mass, MU , is expected to be of order
1 GeV or lighter28,29. Coupling of SM particles with the U is possible via kinetic mixing between
the U and the ordinary photon 30, regulated by a dimensionless parameter ε, expected to be of
order ε ∼10−3 or lower.

These new particles can be observed as sharp resonances at MU in the invariant mass dis-
tribution of charged lepton or pion pairs in reactions of the type e+e− → l+l−γ or V → Pl+l−,
where V (P ) stands for any vector (pseudoscalar) meson, and l± can be muons, electrons or
charged pions.

KLOE has searched for U boson production in both modes, using φ → ηe+e− events (a),
and e+e− → µ+µ−γ events (b).

As for reactions (a), a first paper has been published 31 in which the presence of the η meson
was tagged using its π+π−π0 decays; a second paper has been subsequently issued 32 in which
also the 3π0 decay channel of the η was used. In both cases a sample corresponding to 1.7 fb−1

of data at the φ peak was used; no evidence of the U boson is found, and the exclusion plot, in
the interval 30 < MU < 400 MeV, has been obtained (Fig. 4).

Reaction (b) was studied on the sample used for the measurement of the ratio, R =
σ(e+e− → π+π−)/σ(e+e− → µ+µ−), presented in the previous section, exploiting the preci-
sion MC simulation of the QED process e+e− → µµγ reported in Fig. 2. The exclusion plot
is obtained using the CLS technique. The preliminary result shown in Fig. 4 covers the mass
region 600 < MU < 1000 MeV and is currently being extended to 500 MeV.
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Precision measurement of the oscillation frequency in the B0
s–B

0
s system

Sebastian Wandernoth
Physikalisches Institut, Heidelberg University, Im Neuenheimer Feld 226,

69120 Heidelberg, Germany

A measurement of the B0
s–B0

s oscillation frequency, which is equivalent to the mass difference
∆ms of the B0

s mass eigenstates, is presented. Using a dataset, corresponding to an integrated
luminosity of 1.0 fb−1, collected by the LHCb experiment at the LHC in 2011, a total of about
34,000 B0

s→ D−
s π

+ signal candidates are reconstructed. The average decay time resolution
is 44 fs and the effective tagging efficiency in this channel is εeff = 3.5%. The oscillation
frequency is measured to be ∆ms = 17.768 ± 0.023 (stat) ± 0.006 (syst) ps−1, which is the
most precise measurement to date.

1 Introduction

In the search for physics beyond the Standard Model of particle physics (BSM) there are two
conceptually different strategies at particle colliders. Direct searches aim at producing new heavy
particles and thus require to be performed at the highest possible energies. Indirect searches
focus on precision measurements of quantum loop induced processes in the Standard Model. In
the heavy quark sector there are very accurate theoretical predictions for these processes. It is
therefore an excellent place to perform these searches since BSM particles can contribute to the
loop diagrams and any deviation from the prediction would be a clear sign of BSM 1.

One place to look for BSM is the B0
s mixing sector. The B0

s mass eigenstates B0
H and B0

L are
linear combinations of the flavour eigenstates B0

s and B0
s.∣∣∣B0

L

〉
= p

∣∣∣B0
s

〉
+ q

∣∣∣B0
s

〉
(1)∣∣∣B0

H

〉
= p

∣∣∣B0
s

〉
− q

∣∣∣B0
s

〉
(2)

Therefore the simplified Schroedinger equation describing the time evolution ofB0
s andB0

s mesons

i
d

dt

(
B0

s

B0
s

)
=

(
M − i

2
Γ

)(
B0

s

B0
s

)
(3)

has off-diagonal elements in the mass M and decay width Γ matrices. This gives rise to B0
s–

B0
s oscillations 2. The dominant Feynman diagrams are shown in Figure 1. The measurement



Figure 1: Dominant Feynman diagrams for B0
s–B0

s oscillations in the Standard Model

of the oscillation frequency which is equivalent to the the mass difference ∆ms between the
mass eigenstates B0

L and B0
H, is an essential input to all time-dependent CP asymmetry mea-

surements in the B0
s system, such as the B0

s mixing phase in the decays B0
s→ J/ψK+K−and

B0
s→ J/ψπ+π− 3 and the measurement of the CKM angle γ in the decay B0

s→ D±
s K

∓ 4.

2 Analysis strategy

For this analysis a dataset, corresponding to an integrated luminosity of 1 fb−1, taken by the
LHCb experiment in 2011, was used. B0

s candidates are reconstructed in the decay channel
B0

s→ D−
s π

+, using five different D−
s decay modes, D−

s → φ(K+K−)π−, D−
s → K∗0(K+π−)K−,

D−
s → K+K−π− non resonant, D−

s → K−π+π− and D−
s → π−π+π−. The combined number of

signal candidates is about 34,000. The reconstructed B0
s invariant mass is used to separate signal

from background (see Figure 2). The measurement of ∆ms is performed decay-time-dependent.
So the final fit is a two-dimensional maximum likelihood fit in invariant mass and decay time.

Figure 2: Invariant mass distributions for B0
s→ D−

s π
+candidates with the D−

s meson decaying as
a) D−

s → φ(K+K−)π−, b) D−
s → K∗0(K+π−)K−, c) D−

s → K+K−π− non resonant, d) D−
s → K−π+π−,

and e) D−
s → π−π+π−. The various background components are described in the text.

Another important ingredient for the analysis is the knowledge whether the B0
s meson de-

cayed in the same flavour as it was produced with (unmixed) or it decayed in the opposite
flavour (mixed). The flavour at decay is given directly by the charge of the D±

s meson since it
is a flavour specific final state. The flavour at production is given by so called flavour tagging
algorithms which will be discussed in some detail in the following section.

The analysis has been performed “blinded”, which means that during the analysis process
the result of ∆ms was shifted by an unknown number and only after the analysis was finalized
was the result revealed.



3 Decay Time Resolution & Flavour Tagging

The challenge of measuring the B0
s–B0

s oscillation frequency is that, since it is so fast, an excellent
decay time resolution is required. The decay time is measured as

t =
Lm

p
. (4)

The decay time resolution is dominated by the accuracy to determine the decay vertex and
found to be 44 fs.

The flavour of the B0
s meson at production is provided by flavour tagging algorithms. These

are divided into two categories, opposite and same side tagging algorithms. The opposite side
tagger take advantage of the fact that b quarks are predominantly produced in bb̄ pairs at the
LHC. So by partially reconstructing the second b hadron in the event the flavour of the signal
B0

s candidate can be deduced. For this, b decay products such as charged leptons and kaons are
used as well as an inclusive reconstruction of the b decay vertex charge 5.

Same side flavour tagging algorithms take advantage of the fact that for the hadronization of
a B0

s , an s quark has to be created from the vacuum. Since this is also only possible by creating
an ss̄ pair, an s̄ quark should be close to the B0

s meson in phase space. This s̄ quark forms in
about 50% of the cases a charged kaon which can be detected and by determining its charge the
B0

s flavour can be concluded 6.
All flavour tagging algorithms have two figures of merit. First there is the tagging efficiency

εtag which is the fraction of B0
s candidates for which the algorithms give a decision. Secondly

there is the mistag probability ω which is the fraction of B0
s candidates for which the decision

given by the algorithm is wrong. These two values are combined to the effective tagging efficiency

εeff = εtag(1− 2ω)2, (5)

which is the factor by which the statistical power of the dataset is reduced due to imperfect
flavour tagging. In this analysis, εeff is found to be (2.6 ± 0.4)% for the opposite side and
(1.2± 0.3)% for the same side tagging algorithm. Uncertainties are statistical only.

4 Measurement of ∆ms

As discussed in the previous sections the main challenges to measure ∆ms are the decay time
resolution and the flavour tagging. The decay time probability density function is

Pt ∝ Γse
−Γs t 1

2

[
cosh

(
∆Γs

2
t

)
+ q [1− 2ω] cos(∆mst)

]
⊗ R(σt), (6)

with the B0
s decay width Γs and decay width difference ∆Γs and the tagging decision q, which

is +1 for unmixed events and -1 for mixed. It is convoluted with a resolution model R(σt). The
effects of the imperfect tagging and resolution on the significance to measure ∆ms is:

σ(∆ms) ∝
√
εeff e

− (∆ms σt)
2

2 . (7)

This is illustrated in Fig 3, where the oscillation is shown for events with perfect tagging and
resolution, events with a realistic resolution and events with a realistic tagging and resolution.
The corresponding distribution in data together with the fit result is shown in Fig. 4. The result
of the measurement of ∆ms is 7

∆ms = 17.768± 0.023 (stat)± 0.006 (syst) ps−1, (8)

which is in good agreement with the previous result reported by the LHCb experiment 8 and
the current world average, 17.69± 0.08 ps−1 9.



Figure 3: Decay time distributions with the B0
s–B0

s oscillation for events with perfect tagging and resolu-
tion (left), perfect tagging and realistic resolution (middle) and realistic tagging and resolution (right).

Figure 4: Decay time distribution for candidates tagged as mixed (different flavour at decay and produc-
tion; red, continuous line) or unmixed (same flavour at decay and production; blue, dotted line). The

data and the fit projections are plotted.
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In this document the analysis of the B̄0
s → J/ψK+K− and B0

s → J/ψK̄∗(892)0 decays
is presented. These studies have been performed using 1 fb−1, for the B̄0

s → J/ψK+K−,
and 0.37 fb−1, for the B0

s → J/ψK̄∗(892)0, of LHCb data collected in 2011 from pp colli-
sions at 7 TeV centre of mass energy produced by the Large Hadron Collider. In the case
of the B̄0

s → J/ψK+K− a modified Dalitz plot analysis of the final state has been per-
formed. Resonant structures in the K+K− mass spectrum were observed, the largest being
φ(1020), f0(980) and f ′2(1525), as well as a non-resonant S–wave contribution. A sample of
114±11 candidates of B0

s → J/ψK̄∗(892)0 have been isolated, obtaining a branching fraction
of B(B0

s → J/ψK̄∗(892)0) =
(
4.4+0.5
−0.4 ±0.8

)
×10−5, the first being uncertainty statistical and

the second systematic. The polarization fractions have also been measured in a window of
±40 MeV/c2 around theK∗(892)0 mass obtaining fL = 0.50±0.08±0.02, f‖ = 0.19+0.10

−0.08±0.02.

1 The B̄0
s → J/ψK+K− decay

The B̄0
s → J/ψh+h− (h = K,π) decays are very important to study mixing-induced CP violation,

therefore it is necessary to understand in depth their final state composition. The φ(1020) 1 and the
f ′2(1525) 2 3 resonances have been found in the final state, but other components such as the source
of S–wave contributions have not been identified.

The study of the B̄0
s → J/ψK+K− 4 decay is based on the analysis of 1 fb−1 of data collected

by the LHCb experiment 5 in 2011, using pp collisions at a centre of mass energy of 7 TeV. A set
of selection cuts has been applied, relying on the main strengths of the spectrometer such as vertex
and momentum resolution and particle identification (PID). The contamination due to misidentified
B̄0 → J/ψK−π+ decays, where the π+ is misidentified as a K+, has been parameterized. Inside
a window of ±20 MeV/c2 of the B̄0

s mass 1 have been found: NB̄0
s→J/ψK+K− = 19195± 150 signal

events, NCBkg = 894 ± 24 combinational background events and NRBkg = 309 ± 17 reflection
candidates.

The B̄0
s → J/ψ(µ+µ−)K+K− decay can be described using four variables: the J/ψK+ invariant

mass squared, the K+K− invariant mass squared, the J/ψ helicity angle θJ/ψ, which is the angle of
the µ+ in the J/ψ rest frame with respect to the J/ψ direction in the B̄0

s rest frame, and the angle
between the J/ψ and K+K− decay planes, χ, in the B̄0

s rest frame. To improve the resolution of
these variables a kinematic fit has been performed, constraining the B̄0

s and J/ψ masses to their
known values 1, and recomputed the final state momenta. A modified “Dalitz plot” analysis of
the final state has been performed after integrating over the angular variable χ. Because of the
limited statistics a full Dalitz plot analysis has not been done, instead, the background subtracted
m(K+K−) distribution has been fit. For this, the m(K+K−) projection of the model PDF 6 has
been used.

In Figure 1 left, m2(J/ψK+) versus m2(K+K−) are shown, plotted with the B̄0
s → J/ψK+K−

candidates within a mass region of ±20 MeV/c2 around the B0
s mass. In m2(J/ψK+) no structure
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Figure 1: Left: Distribution of m2(K+K−) versus m2(J/ψK+) for B0
s candidate decays within ±20 MeV/c2 of the

B0
s mass. Two horizontal bands for the φ1020 and f ′2(1525) can clearly be seen. Right: Dalitz plot fit projection of

m(K+K−). The points represent the data, the dotted (black) curve shows the combinational background, and the
dashed (red) curve indicates the reflection from misidentified B̄0 → J/ψK−π+ decays. The largest three resonances
φ(1020), f ′2(1525) and f0(980) are shown in magenta, brown and green long-dashed curves, respectively; all other
resonances are shown by thin black curves. The dashed (cyan) curve is the non-resonant contribution. The dot-
dashed (black) curve is the contribution from the interferences, and the solid (blue) curve represents the total fit

result.

is observed, but two clear horizontal bands can be seen in the m2(K+K−) corresponding to the
φ(1020) and f ′2(1525) resonances. In Figure 1 right, the projection of m(K+K−) is shown for the
best fit model.

An S–wave component over the entire mass region is observed. In a region of ±12 MeV/c2 of
the nominal φ(1020) mass, the S–wave fraction is evaluated to be (1.1 ± 0.1(stat)+0.2

−0.1(syst))% of
the yield.

The branching fractions have been calculated using the Eq. 1. The B− → J/ψK− decay has
been used as reference, taking 7 fs/fd = 0.256 ± 0.020. The symbol X indicates every specific
K+K− state, N the yield of the decay of interest, and ε is the overall efficiency. The branching
fraction B(B− → J/ψK−) = 10.18 ± 0.42 × 10−4 used, is an average of recent Belle 8 and Babar 9

measurements, corrected to take into account different rates of B+B− and B0B̄0 pair production
from Υ(4S).

B(B̄0
s → J/ψX) =

NB̄0
s
/εB̄0

s

NB−/εB−
× B(B− → J/ψK−)× 1

fs/fd
. (1)

The results obtained are indicated in Eq. 2, 3 and 4.

B(B̄0
s → J/ψK+K−) =(7.70± 0.08(stat)± 0.39(syst)± 0.60

(
fs
fd

)
)× 10−4. (2)

B(B̄0
s → J/ψφ(1020)) = (10.50± 0.13(stat)± 0.64(syst)± 0.82

(
fs
fd

)
)× 10−4. (3)

B(B̄0
s → J/ψf ′2(1525)) =(2.61± 0.20(stat)+0.52

−0.46(syst)± 0.20

(
fs
fd

)
)× 10−4. (4)

2 The B0
s → J/ψK̄∗(892)0 decay

Interpretations of measurements of time-dependent CP violation inB0
s → J/ψφ andB0

s → J/ψf0(980)
decays have thus far assumed the dominance of the colour-suppressed with respect to the tree-level
process. However, there are penguin contributions that cannot be calculated reliably in QCD and
could be large enough to affect the measured asymmetries. These penguin effects can be determined
by means of an analysis of the angular distribution of B0

s → J/ψK̄∗(892)0, where the penguin dia-
gram is not suppressed relative to the tree-level one, and SU(3) flavor symmetry arguments can be



used to determine the hadronic parameters entering the B0
s → J/ψφ observables 10. In this paper

the K∗(892)0 will be written as K∗0.
This channel was observed for the first time by the CDF experiment 11, which reported the

following branching ratio:

B(B0
s → J/ψK̄∗0) = (8.3± 3.8)× 10−5. (5)

Assuming that the light quark is an spectator of the b quark decay, the branching ratio can be
calculated theoretically from the B(B0 → J/ψK∗0) as indicated in Eq. 6. This result is obtained
using as an input the values listed in the PDG 12 and 13B(B0 → J/ψK∗0) = (1.29 ± 0.05(stat) ±
0.13(syst))× 10−3.

B(B0
s → J/ψK̄∗0) ∼ |Vcd|

2

|Vcs|2
× B(B0 → J/ψK∗0) = (6.5± 1.0)× 10−5. (6)

A preliminary measurement of 14B(B0
s → J/ψK̄∗0) = (3.5+1.1

−1.0(stat) ± 0.9(syst)) × 10−5 was
reported by LHCb using 37 pb−1. The results presented in this document are based on the analysis
of 0.37 fb−1 of data collected in 2011 by LHCb 5 in pp collisions at 7 TeV centre of mass energy.

Data selection relies again on the main strengths of LHCb: vertex and momentum resolution and
particle identification. A geometrical likelihood 15 16 (GL) has been also built to distinguish signal
from background. It has been trained with background from sidebands and signal from simulation.
With these requirements 13,365 ± 116 and 114 ± 11 B0 and B0

s signal events respectively have
been found 17.

The decay amplitudes have been obtained taking into account that, in a window of 40 MeV/c2

around the nominal K∗0 mass 1, the Kπ contains a non-negligible S–wave component and assuming
no direct CP violation and insignificant B0

(s) − B̄
0
(s) production asymmetry. The variables A0,A‖

and A⊥ are the decay amplitudes corresponding to longitudinally and transversely polarized vector
mesons. The polarization fractions are normalized as indicated in Eq. 7.

fL,‖,⊥ =
|A0,‖,⊥|2

|A0|2 + |A‖|2 + |A⊥|2
, (7)

which satisfy fL + f‖ + f⊥ = 1.
The angular parameters for the B0

s → J/ψK̄∗0 decay, measured here for the first time, are
fL = 0.50± 0.08(stat)± 0.02(syst), f‖ = 0.19+0.10

−0.08(stat)± 0.02(syst) and an S–wave contribution of

|AS|2 = 0.07+0.15
−0.07 in a ±40 MeV/c2 window around the K∗0 mass. The angular parameters of the

B0 → J/ψK∗0 were also measured, fL = 0.569±0.007(stat)±0.012(syst), f‖ = 0.240±0.009(stat)±
0.016(syst), which are in good agreement with previous measurements 13 18 19 20.

The branching ratio of B0
s → J/ψK̄∗0 is calculated from 17

B(B0
s → J/ψK̄∗0) =

fd
fs

εtot
B0

εtot
B0

s

λB0

λB0
s

f
(d)
K∗0

f
(s)
K∗0

NB0
s

NB0

B(B0 → J/ψK∗0). (8)

where fd(fs) is the probability of the b quark to hadronize to B0(B0
s ) messons, εtot

B0/εtot
B0

s
is the

efficiency ratio, λB0/λB0
s

is the ratio of angular corrections, f
(d)
K∗0/f

(s)
K∗0 is the ratio of K∗0 fractions

and NB0
s
/NB0 is the ratio of signal yields. The result is (4.4+0.5

−0.4(stat) ± 0.8(syst) )× 10−5, which is
compatible with previous CDF 11 and LHCb 14 measurements. It is similar to the quark spectator
model prediction of Eq. 6, although it is closer to the estimation given by Faller, Fleisher and
Mannel 10, B(B0

s → J/ψK̄∗0) ∼ 2× B(B0
d → J/ψρ0) = (4.6± 0.4)× 10−5.

3 Summary

Using 1 fb−1 of data collected by LHCb in 2011 at
√
s = 7 TeV centre of mass energy, the B̄0

s →
J/ψK+K− decay has been studied and an S–wave of (1.1 ± 0.1+0.2

−0.1)% of the yield in the region



(M(φ(1020))±12 MeV/c2) that can affect CP violation measurements has been observed. The
absolute branching fractions of B(B̄0

s → J/ψφ(1020)) = (10.50±0.13±0.64±0.82)×10−4, B(B̄0
s →

J/ψf ′2(1525)) = (2.61± 0.20+0.52
−0.46 ± 0.20)× 10−4 and B(B̄0

s → J/ψK+K−) = (7.70± 0.08± 0.39±
0.60)× 10−4 have also been measured.

Using 0.37 fb−1 of data collected in 2011 at a centre of mass energy of
√
s = 7 TeV the branching

fraction B(B0
s → J/ψK̄∗0) = (4.4+0.5

−0.4±0.8)×10−5 has been measured, which is compatible with the
previous CDF and LHCb measurements and with theoretical expectations. The first measurement
of polarization fractions in this decay, in a window of ±40 MeV/c2 around the K∗0 mass, has also
been performed, obtaining: fL = 0.50± 0.08± 0.02, f‖ = 0.19+0.10

−0.08 ± 0.02 and |AS|2 = 0.07+0.15
−0.07.
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LEPTON UNIVERSALITY IN KAON DECAYS
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In the Standard Model extended by sterile neutrinos, modified W`ν couplings arise, which
are able to induce a tree-level enhancement to lepton flavour universality violation in kaon
decays. The additional mixing between the active neutrinos and the sterile ones can generate
deviations from unitarity in the leptonic mixing matrix for charged currents. We reconsidered
this idea in the context of the inverse seesaw and evaluated its impact on the well measured
ratio RK . We show that the current experimental bound can be saturated in agreement with
the different experimental and observational constraints. Similar results can be obtained when
considering the ratio Rπ

1 Introduction

Lepton flavour universality (LFU) is one of the distinctive features of the Standard Model (SM).
Therefore, any deviation from the expected SM theoretical estimates in electroweak precision
tests will signal the presence of New Physics. Here we focus on kaon leptonic decays which, in
view of the expected experimental precision, have a unique potential to probe deviations from
the SM regarding lepton universality.

In the SM, the dominant contribution to Γ(K → `ν) arises from exchanges mediated by a
W boson. The prediction of each specific decay is heavily plagued by hadronic matrix element
uncertainties. However, in the ratio

RK =
Γ(K+ → e+ν)

Γ(K+ → µ+ν)
, (1)

the hadronic uncertainties cancel out to a good approximation, so that the SM prediction can
be computed with a high precision. In order to parametrize the deviation from the SM, it proves
convenient to introduce a quantity, ∆rK , defined as

RK = RSM
K (1 + ∆rK) . (2)

The comparison of theoretical analyses 1,2 with the recent measurements from the NA62 collab-
oration 3

RSM
K = (2.477± 0.001)× 10−5 , Rexp

K = (2.488± 0.010)× 10−5 , (3)

suggests that observation agrees at the 1σ level with the SM’s predictions, constraining the
deviation to be rather small

∆rK = (4± 4)× 10−3 . (4)

The current experimental uncertainty on ∆rK (of around 0.4%) should be further reduced in
the near future, as one expects to have δRK/RK ∼ 0.1% 4, which translates into measuring
deviations ∆rK ∼ O(10−3).



2 ∆rK in the presence of sterile neutrinos

Once neutrino oscillations are incorporated into the SM, tree-level corrections to charged current
interactions arise. In this case, charged weak interactions become non-diagonal:

− Lcc =
g√
2
U ji l̄jγ

µPLνiW
−
µ + c.c. , (5)

where U is the product of the hermitian conjugate of the matrix diagonalizing the charged lepton
mass matrix by the one that diagonalizes the neutrino mass matrix, i = 1, . . . , nν denoting the
physical neutrino states and j = 1, . . . , 3 the charged leptons. In the case of three neutrino
generations, U corresponds to the unitary PMNS matrix. Because final state neutrinos cannot

be experimentally distinguished, one has to sum over all i = 1, . . . , N
(`)
max, where N

(l)
max denotes the

heaviest neutrino mass eigenstate which is kinematically allowed. Since we consider a tree-level
process, long-distance corrections are neglected and the expression for RK is given by

RK =

∑
i F

i1Gi1∑
k F

k2Gk2
, with (6)

F ij = |Uji|2 and

Gij =
[
m2
K(m2

νi +m2
lj

)− (m2
νi −m

2
lj

)2
] [

(m2
K −m2

lj
−m2

νi)
2 − 4m2

lj
m2
νi

]1/2
. (7)

A more detailed calculation can be found in 5. The result of Eq. (6) has a straightforward
interpretation: F ij represents the impact of the leptonic mixing (absent in the SM), whereas
Gij encodes the mass-dependent factors.

Depending on the masses of the new states and most importantly, on their mixings with the
active neutrinos, ∆rK can considerably deviate from zero. In order to illustrate this, we consider
two regimes: in the first (A), all sterile neutrinos are lighter than the decaying kaon, but heavier
than the active neutrino states, i.e. mactive

ν � mνs . mK ; in the second (B), all νs are heavier
than mK . Notice that in case (A), all the mass eigenstates are kinematically accessible and
one should sum over all nν states. Therefore, the enhancement to ∆rK arises from different
kinematic factors, see Eq. (7). In scenario (B), the non-unitarity of the 3× 3 submatrix ŨPMNS

that relates the 3 charged leptons to the 3 active neutrinos leads to a violation of LFU. The
deviations from unitarity of ŨPMNS can be parametrized by the matrix η

ŨPMNS = (1− η)UPMNS . (8)

The impact of the non-unitarity of the lepton mixing matrix on leptonic light meson decays was
first investigated in 6,7, prior to the confirmation of neutrino oscillations. In our work, we revisit
this idea in the light of recent neutrino data and in view of the present (and future) experimental
sensitivities to ∆rK

3,4.

3 ∆rK in the inverse seesaw model

As an illustrative example, we chose the inverse seesaw (ISS) to study the new contributions to
∆rK . In the ISS, the SM particle content is extended by nR generations of right-handed (RH)
neutrinos νR and nX generations of singlet fermions X with equal lepton number. Here we will
consider the case nR = nX = 3, but it worth noting that deviations from unitarity can occur
for different values of nR and nX . The Lagrangian is given by

LISS = −
∑
i,j

(
Y ij
ν LiH̃νRj +M ij

R νRiXj +
1

2
µijXX

C
i Xj + h.c.

)
, (9)



where i, j = 1, 2, 3 are generation indices, H̃ = iσ2H
∗, MR and µX are mass matrices appearing

in terms conserving and violating lepton number conservation, respectively. The distinctive
feature of the ISS is that the additional µX parameter allows to accommodate the smallness
of the active neutrino masses mν for a low seesaw scale, still having natural Yukawa couplings
(Yν ∼ O(1)). As a consequence, the mixing between active neutrinos and the additional sterile
states, approximately given by Yνv/MR, can be sizeable.

We numerically evaluate the contributions to RK in the framework of the ISS and address
the two scenarios discussed before, which can be translated in terms of ranges for the (random)
entries of MR: scenario (A), MRi ∈ [0.1, 200] MeV; scenario (B), MRi ∈ [1, 106] GeV. The
entries of µX have also been randomly varied in the [0.01 eV, 1 MeV] range for both cases.

The adapted Casas-Ibarra parametrization for Yν , which can be found in 5, ensures that
neutrino oscillation data is satisfied (we use the best-fit values from a global analysis 8, and
set the CP violating phases of UPMNS to zero). We have also imposed the various constraints
on sterile neutrinos as well as non-unitarity constraints that are relevant to our scenarios. A
detailed discussion of those can be found in 5. In our numerical analysis, the R matrix angles
are taken to be real (thus no contributions to lepton electric dipole moments are expected), and
randomly varied in the range θi ∈ [0, 2π]. Although we do not discuss it here, we have verified
that similar ∆rK contributions are found when considering the more general complex R matrix
case.

In Fig. 1, we collect our results for ∆rK in scenarios (A) - left panel - and (B) - right panel,
as a function of η̃, which parametrizes the departure from unitarity of the active neutrino mixing
submatrix ŨPMNS, η̃ = 1−|Det(ŨPMNS)|. In scenario (A), one can have very large contributions
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Figure 1: Contributions to ∆rK in the inverse seesaw as a function of η̃ = 1 − |Det(ŨPMNS)|: scenarios A (left)
and B (right). The upper (lower) dashed line denotes the current experimental limit (expected sensitivity). On
the right panel, red points denote cases where Yν ≥ 10−2. All points comply with experimental and laboratory
constraints. Points in (B) are also in agreement with cosmological bounds, while those in (A) require considering

a non-standard cosmology.

to RK , which can even reach values ∆rK ∼ O(1) or higher. The hierarchy of the sterile neutrino
spectrum in case (A) is such that one can indeed have a significant amount of LFU violation,
while still avoiding non-unitarity bounds. Although this scenario would in principle allow to
produce sterile neutrinos in light meson decays, the smallness of the associated Yν (≤ O(10−4)),
together with the loop function suppression, precludes this possibility and the observation of
LFV processes. The strong constraints from CMB and X-rays would exclude scenario (A); in
order to render it viable, one would require a non-standard cosmology 9.

In case (B), sizeable LFU violation is also possible, with deviations from the SM predictions
again as large as ∆rK ∼ O(1). The large deviations in this scenario typically occur when all the
singlet states are considerably heavier than the decaying meson, and reflect specific features of
the ISS: large active-sterile mixings can occur, thus leading to an enhancement of RK . Besides,



the large Yν open the possibility of having larger contributions to LFV observables so that, for
example, BR(µ→ eγ) can be within MEG reach in this case.

To conclude this discussion, the existence of sterile neutrinos can potentially lead to a sig-
nificant violation of lepton flavour universality at tree-level in kaon decays via a modified W`ν
vertex. As an illustrative example, we have evaluated the contributions to RK in the SM ex-
tended by the inverse seesaw mechanism. Our analysis reveals that very large deviations from
the SM predictions can be found (∆rK ∼ O(1)), or even larger, well above the limit of the
NA62 experiment at CERN. This makes RK a potentially constraining observable for models
with sterile neutrinos. We further notice that these large deviations are a generic and non fine-
tuned feature of this model. Finally, it should be added that the same results can be obtained
when considering pion decays and the ratio Rπ

5.
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PHENOMENOLOGY OF A U(2)3 FLAVOUR SYMMETRY
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Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

The approximate U(2)3 symmetry exhibited by the quark sector of the Standard Model,
broken in specific directions dictated by minimality, can explain the current success of the
CKM picture of flavour and CP violation while allowing for large deviations from it at foreseen
experiments. The embedding of this symmetry in specific models also leaves space to satisfy
collider and precision bounds without spoiling the naturalness of the theory.

1 Introduction

The Standard Model (SM) description of flavour and CP violation (CPV) in the quark sector,
encoded in the Cabibbo Kobayashi Maskawa (CKM) matrix, is in very good agreement with
any experimental data, leaving in several cases little room for new physics (NP) contributions.
In other words if NP effects in flavour and CP violation are parameterized via the effective
Lagrangian

∆L =
∑
i

1

Λ2
i

Oi + h.c. , (1)

where Oi are generic dimension 6 gauge invariant operators obtained by integrating out the new
degrees of freedom appearing above the scale Λi, one finds that lower limits on the scales Λi are
in many cases of the order of 103 ÷ 104 TeV 1. If one believes some new physics has to appear
at a scale ΛNP in the TeV range, for example to provide a natural solution to the hierarchy
problem, then the flavour and CP structure of the NP theory has to be highly non trivial. A
possibility is the requirement for this new theory to respect some flavour symmetry, so that the
effective Lagrangian

∆L =
∑
i

ci
Λ2
NP

ξiOi + h.c. , (2)

where ξi are small parameters controlled by the symmetry, is in agreement with all current
data for coefficients ci of O(1). Such a goal is achieved if one considers the flavour symmetry
U(2)3 = U(2)q×U(2)u×U(2)d, which is indeed a symmetry of the SM if one neglects the masses
of the first two generation quarks, as well as their small mixing with the third generation ones.



The aim of this short contribution is to let the reader get an idea of how the framework is built,
what its main phenomenological features are, and finally of its most interesting experimental
and theoretical aspects. A more thorough exposition can be found in 2,3, where we built on
previous work in the specific context of Supersymmetry 4,5.

2 Construction of the framework

The logic we follow is assuming that some small parameters in the Yukawa matrices have def-
inite transformation properties under U(2)3, and control at the same time its breaking in any
extension of the SM. In order to reproduce the light quark masses, we introduce two spurions
∆Yu ∼ (2, 2̄, 1) and ∆Yd ∼ (2, 1, 2̄). We introduce another spurion V ∼ (2, 1, 1) to let the first
two generations communicate with the third one. This is the minimal choice that reproduces the
correct pattern of masses and mixing angles of the quark sector of the SM. It is dubbed Minimal
U(2)3 as opposite to the Generic U(2)3 case 3, where one completes the list of spurions to all
the possible breaking terms entering the quark masses, a possibility that will not be further
explored here. By appropriate U(2)3 transformations the spurions can be put in the form

V =

(
0
ε

)
, ∆Yu = Lu12 ∆Y diag

u , ∆Yd = ΦLd12 ∆Y diag
d (3)

where ε is a real parameter, Φ = diag
(
eiφ, 1

)
and Lu,d12 are two dimensional rotations. At first

order in the spurions the Yukawa matrices read

Yu = yt

(
∆Yu xtV

0 1

)
, Yd = yb

(
∆Yd xbV

0 1

)
, (4)

so that they are formally invariant under U(2)3 a.

The diagonalization to the mass basis, which is done perturbatively by taking into account
the smallness of the parameters, results in a unique form for the CKM matrix V which depends
only on the four U(2)3 parameters: they can then be determined by a direct fit to tree level
observables, with the assumption that they are not influenced by NP.

The NP Lagrangian ∆L is built using the same spurions, so that its building blocks are
bilinears like e.g. q̄LV γµ q3L and yb q̄L∆YddR, where qL and dR stand for doublets under
U(2)q and U(2)d respectively. In the mass basis we give as an example, to a sufficient level
of approximation, the form of some relevant NP flavour-violating operators [in parentheses the
processes they contribute to]:

cKLL (VtsV
∗
td)

2 (d̄LγµsL)2 [
K − K̄ mixing

]
, (5)

cBLLe
iφB (VtbV

∗
ti)

2 (d̄iLγµbL)2 [
Bd,s − B̄d,s mixing

]
, (6)

c7γe
iφ7γmbVtbV

∗
ti

(
d̄iLσµνbR

)
eFµν

[
b→ s(d)γ

]
, (7)

where cKLL, cBLL, c7γ are real coefficient, in principle of order one, and in each operator we under-
stood a factor 1/Λ2. Note that: (i) flavour-violating operators are suppressed by products of the
CKM matrix elements, as it happens also in Minimal Flavour Violation 6,7,8 (i.e. considering a
U(3)3 symmetry as a starting point and the Yukawa matrices as the spurions); (ii) as in U(3)3,
flavour violating operators involving right handed currents are suppressed, for example they do
not generate too large dangerous contributions to εK .

aIn (4) we have extracted out the bottom Yukawa coupling yb as a common factor, which in principle requires
an explanation due to its smallness. One could consider for this pourpose a symmetry, either continuous or
discrete, acting in the same way on all the right-handed down-type quarks, broken by the small parameter yb.



Figure 1: 68 and 95% C.L. allowed regions for some ∆F = 2 (left and centre) and ∆F = 1 (right) coefficients.

3 Bounds and new effects

In Minimal U(2)3 we performed a global fit to the experimental data, the resulting allowed
regions for the coefficients of the operators defined in (5), (6) and (7) are shown in Fig. 1. In
this derivation we fixed the energy scale Λ to the value of 3 TeV ' 4πv, which can be either
the typical scale of a new strong interaction or the one associated with new weakly interacting
particles of mass ' v = 246 GeV circulating in loops.

The constraints on the other operators are similar to those we showed here, so that the
picture that emerges is consistent with an effective Lagrangian like (2), with the coefficients |ci|
ranging between 0.2 and 1. Since the NP operators are less constrained than in U(3)3, there
is space for larger deviations from the SM at foreseen experiments. As a relevant example we
mention that MFV implies cBLL = cKLL and φB = 0, and that this extra freedom of U(2)3 can
also be used to solve the CKM unitarity fit tensions. Many correlations among flavour violating
observables emerge when considering U(2)3 in specific BSM theories, see 5 and 9 for detailed
discussions in the cases of Supersymmetry and composite Higgs models respectively.

Concerning the up quark sector, one does not expect any sizeable effect neither in CPV
in D meson decays nor in flavour changing neutral current (FCNC) top decays at near future
experiments.

4 Final messages

A suitably broken U(2)3 flavour symmetry acting on the first two generations of quarks b can be
consistent with the SM explanation of current experimental data, while allowing from sizeable
deviations from it at near future experiments.

Suppose now some NP effect is observed at foreseen experiment: how could one tell if it is
compatible with an approximate U(2)3 symmetry of Nature? The most promising way would
be to look for correlations in d and s final states of B decays, which would have to be SM-like.
This could be actually reproduced by U(3)3 in the presence of two Higgs doublets and at large
values of tanβ 11,12, but it would in turn imply other peculiar effects which are not necessarily
present in U(2)3. In the absence of an extra Higgs doublet (or in the case of small tanβ) MFV
could be distinguished by U(2)3 by means of new CP violating effects in B decays, and/or non
SM-like correlations between semileptonic B and K decays. Furthermore, as first noted in 13,
this framework also implies a stringent triple correlation SψKS−Sψφ−|Vub|, where SψKS and Sψφ
are observables related to CPV in B − B̄ mixing that LHCb is measuring with unprecedented

bFor a possible extension of U(2)3 to the charged lepton sector, both from an EFT point of view and in
composite Higgs models, see 2. For a discussion in Supersymmetry with the inclusion of both charged leptons and
neutrinos see 10.



precision.
We conclude by mentioning some virtues of the embedding of U(2)3 in specific natural

extensions of the SM:

• In Supersymmetry it leaves space to satisfy collider bounds on the masses of the first two
generations of squarks, while keeping the third one lighter. Another advantage of the same
mass difference is the suppression of undesired EDMs.

• In specific composite Higgs models fermion partners lighter than a TeV, as preferred by
naturalness, can be accomodated respecting all flavour and electroweak precision con-
straints, a possibility that is instead absent if one opts for an anarchic or a U(3)3 flavour
structure 14.
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125 GeV HIGGS BOSONS IN TWO-HIGGS-DOUBLET MODELS a

Yun JIANG

Department of Physics, University of California, Davis, CA 95616, USA

Moriond 2013 ALTAS data at 125 GeV state appears to exhibit a substantial excess in the
di-photon final state and in the ZZ decaying to four lepton channel, whereas which are more
or less SM-like rate observed by CMS MVA analysis. We examine the maximum Higgs signal
enhancements that can be achieved in the 2HDM when either a single Higgs or more than one
Higgs have mass(es) near 125 GeV. In general, the constraints of vacuum stability, unitarity
and perturbativity play the key role in restricting possibilities of signal enhancement. The
Type II model allows for an enhancement in the di-photon rate (relative to the SM) of the
order of 2-3 but associated with an even larger ZZ or too large ττ signal. In contrast, the
maximal value of the di-photon signal in the Type I model can reach the order of 1.3 for which
the ZZ signal is of order 1.

1 125 GeV Higgs signal at the LHC

After over thirty years of waiting, on July 4th 2012 the Large Hadron Collider (LHC) and also
the Tevatron discovered a Higgs-like resonance with mass at 125-126 GeV 2 3 4. This signal was
further confirmed up to 7σ significance at Council 20125 and Moriond 20136. However, there are
discrepancies between the two LHC collaborations in the gluon fusion induced γγ, ZZ∗ → 4`
and WW ∗ → 2`2ν rates. The updated ATLAS data still shows substantial enhancement 7 8

while the CMS MVA analysis finds them roughly SM-like 9 10. At the moment one cannot draw
the conclusion that it is the Standard Model (SM) Higgs boson although it is consistent with
the SM value at 95 % CL. The deviations of the signal rates, even very small, relative to the
SM predictions provide valuable hints in constructing the nature of underlying theory and drive
us to explore a more complicated model beyond the SM.

aThis talk originates from the published paper 1 and will be contributed to proceedings of the conference
”Rencontres de Moriond EW 2013”, La Thuile, Italy, 2-9 Mar. 2013.



2 Two-Higgs-doublet model

Beyond the SM, two-Higgs-doublet model (2HDM) is the simplest extension. It employs a second
Higgs doublet with the same hypercharge Y = 1. The general 2HDM Higgs sector potential is

V =m2
11Φ
†
1Φ1 +m2

22Φ
†
2Φ2 −

[
m2

12Φ
†
1Φ2 + h.c.

]
+

1

2
λ1

(
Φ†1Φ1

)2
+

1

2
λ2

(
Φ†2Φ2

)2
+ λ3

(
Φ†1Φ1

)(
Φ†2Φ2

)
+ λ4

(
Φ†1Φ2

)(
Φ†2Φ1

)
+

{
1

2
λ5

(
Φ†1Φ2

)2
+
[
λ6

(
Φ†1Φ1

)
+ λ7

(
Φ†2Φ2

)](
Φ†1Φ2

)
+ h.c.

}
.

(1)

Assuming a real m2
12 and λ6, λ7 to be zero, we study the CP-conserved 2HDM with soft breaking

of Z2 symmetry (Φ1 → Φ1, Φ2 → −Φ2). This 2HDM structure generally contains two scalar
Higgs bosons h, H with mass ordering mh < mH , one pseudoscalar Higgs boson A and one
charged Higgs boson H±. We choose to use the “physical basis” in which the inputs are the
physical Higgs masses (mh,mH ,mA,mH±), the vacuum expectation value ratio (tanβ), and the
CP-even Higgs mixing angle, α, supplemented by m2

12. In this paper we discuss the Type I
and the Type II models, that are distinguished by the fermion coupling pattern. In the Type I
model all fermions couple to just one of the Higgs doublets while in the Type II model up-type
fermions couple to one of the Higgs doublet while down-type fermions couple to the other one.
In both two Types, dangerous tree level flavour-changing neutral current (FCNC) is completely
absent.

Theoretically, vacuum stability, unitarity and coupling-constant perturbativity (denoted
jointly as SUP) are required to be satisfied. Regarding the experiment constraints, we con-
sider electroweak precision measurement S, T, U , LEP data and B physics. The constraint from
LEP essentially select the allowed parameter region in the (α, β) space and the one from B
physics set up a lower bound on charged Higgs mass with respect to tanβ. In addition, we
ignore the anomalous magnetic moment of the muon (g − 2)µ as its 2HDM contribution is very
small unless tanβ is of order 100.

3 125 GeV Higgs phenomenology in the 2HDMs

We first examine the maximal gluon fusion (Y = gg) induced diphoton (X = γγ) rate for certain
2HDM Higgs boson(s) hi defined as follows:

RhiY (X) ≡ σ(Y → hi)BR(hi → X)

σ(Y → hSM)BR(hSM → X)
, (2)

that can be achieved in Type I and Type II 2HDM after imposing various combinations of the
constraints outlined in the last section. Note that when considering cases where more than
one Higgs has mass of ∼ 125 GeV 11, we sum the different Rhi (i = 1 for h, i = 2 for H and
i = 3 for A) for the production/decay channel of interest. Under various scenarios discussed
later, whether Type I or Type II, whether degeneracy present or not, we observe in the figures
below that for most values of tanβ the B/LEP and STU precision electroweak constraints, both
individually and in combination, leave the maximum Rhgg(γγ) unchanged relative to a full scan
over all input parameters (as specified earlier) prior to imposing any constraints. In contrast,
the SUP constraints greatly reduce the maximum value of Rhgg(γγ) that can be achieved and
that value is left unchanged when B/LEP and STU constraints are imposed in addition.

3.1 Single Higgs scenario: mh = 125 GeV or mH = 125 GeV
As shown in Fig. 1, in the Type I model maximum Rhgg(γγ) values highly above 1.3 are not

possible, with values close to 1 being more typical for most tanβ values. The maximal Rhgg(γγ)

is of order of 1.3, as found if tanβ = 4 or 20. In these cases, Rhgg(ZZ) and Rhgg(ττ) are of order
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Figure 1: The maximum Rh
gg(γγ) values in the Type I (left) and Type II (right) models for mh = 125 GeV as a

function of tanβ after imposing various constraints — see figure legend.

1, together with light charged Higgs mH± = 90 GeV. In contrast, maximum Rhgg(γγ) values
in the range of 2 − 3 are possible for 2 ≤ tanβ ≤ 7 and tanβ = 20 in the Type II model.
However, the value of Rhgg(ZZ) corresponding to the parameters that maximize Rhgg(γγ) is

typically large, ∼ 3. In fact, Rhgg(ZZ) > Rhgg(γγ) whenever Rhgg(γγ) is even modestly enhanced.
The current experimental situation is confused. The Moriond 2013 ATLAS data shows central
values of Rhgg(γγ) ∼ 1.6 and Rhgg(ZZ) ∼ 1.5 7 8. In the Type II model case, the former would

imply Rhgg(ZZ) > 2, somewhat inconsistent with the observed central value. However, the data
uncertainties are significant and so it is too early to conclude that the Type II model cannot
describe the ATLAS data. The Moriond 2013 CMS data has central values of Rhgg(γγ) < 1 and

Rhgg(ZZ) ∼ 1 9 10, a situation completely consistent with the Type II model predictions.
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Figure 2: The maximum RH
gg(γγ) values for mH = 125 GeV w.r.t. tanβ after imposing various constraints.

Corresponding results for the H are presented for the Type I and Type II models in Fig. 2.
In the case of the Type I model, an enhanced gluon fusion induced γγ rate does not seem
to be possible after imposing the SUP constraints, whereas maximal enhancements of order
RHgg(γγ) ∼ 2.8 are quite typical for the Type II model, albeit with even larger RHgg(ZZ). Again,

in the case of the Type II model RHgg(γγ) < RHgg(ZZ) applies more generally whenever RHgg(γγ)
is significantly enhanced.

3.2 Degenerate Higgs scenario: mh = 125 GeV and mA ∼ 125 GeV

The signal at 125 GeV cannot be pure pseudoscalar Higgs A since it does not couple to ZZ, a
final state that is definitely present at 125 GeV. However, one can imagine that the scalar Higgs
h or H and the A both have mass close to 125 GeV and that the net γγ rate gets substantial
contributions from both the h and the A while only the former contributes to the ZZ rate. This
possibility is explored in Fig. 3.
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Figure 3: maximal Rh+A
gg (γγ) vs. tanβ when mh = 125 GeV,mA = 125.1 GeV after imposing various constraints.

For the Type I model, Rhgg(γγ) is significantly enhanced only for the same tanβ = 3, 4 and 20

values as in the case of having (only) mh = 125 GeV and the pseudoscalar contribution RAgg(γγ)
turns out to be tiny. However, the contribution to the ττ final state from the A can be substantial
if tanβ is small since the coupling A to leptons is proportional to cotβ. In the end, only
tanβ = 20 yields both an enhanced γγ rate, Rh+Aggmax(γγ) = 1.31, and SM-like rates for the ZZ
and ττ final states.

For the Type II model, the enhancement of Rh+Agg (γγ) is essentially the same as that for

Rhgg(γγ) for the case when only mh = 125 GeV, reaching maximum values of order 2 − 3.

However, as in the pure mh = 125 GeV case, a substantial enhancement of Rh+Agg (γγ) is most

often associated with Rh+Agg (ZZ) > Rh+Agg (γγ) (contrary to the center values by the current
LHC data). But this is not always the case. The exception occurs at tanβ ∼ 1, at which there
exist theoretically consistent parameter choices for which Rh+Agg (γγ) ∼ Rh+Agg (ZZ) ∼ 1.6, fully
consistent with the Moriond 2013 ATLAS results. But unfortunately for those points ττ signal
is predicted to be too strong, Rh+Agg (ττ) > 3.75, a value far above than what is observed at the
CMS analysis.

4 Conclusions

We have analyzed the Type I and Type II two-Higgs-doublet models with regard to consistency
with a significant enhancement of the gluon fusion induced γγ signal at the LHC at ∼ 125 GeV,
as seen in the ATLAS data set, but possibly not in the CMS results presented at Moriond
2013. All possible theoretical and experimental constraints have been imposed. We find that
the conditions coming from requiring vacuum stability, unitarity and perturbativity play the
key role in limiting the maximal possible enhancement. Generically, we conclude that the Type
II model allows a maximal enhancement of order of 2− 3, whereas within the Type I model the
maximal enhancement is limited to <∼ 1.3.

Moriond 2013 ATLAS results suggest an enhancement for gluon fusion induced γγ rate of
order 1.6 (but with large errors). Only Type II models can give such a large value. However,
we find that in the Type II model the parameters that give Rhgg(γγ) ∼ 1.6 are character-

ized by Rhgg(ZZ) ∼ 1.5Rhgg(γγ), a result that is inconsistent with the ATLAS central value of

Rhgg(ZZ) ∼ 1.5. Similar statements apply to the case of the heavier H having a mass of 125 GeV.
Furthermore, under approximately degenerate h and A at 125 GeV scenario, although observed
center values ∼ 1.5−1.6 in both γγ and ZZ channels could be simultaneously satisfied, it suffers
from an unwanted too large ττ rate. In short, Type II models are unable to give a significantly
enhanced gluon fusion induced γγ signal while maintaining consistency with other channels. In
contrast, the CMS data suggests values of Rhgg(γγ) < 1 and Rhgg(ZZ) ∼ 1, as easily obtained in
the Type II model context.

Once again, we emphasize that a mild enhancement of the γγ rate, while other final states,



in particular ZZ, have close to SM rates, is possible for either single h or h and A degeneracy
having mass at 125 GeV in Type I models. For these scenarios, the charged Higgs is light,
mH± = 90 GeV, which does not conflict with LHC data due to small BR(t → H+b). Thus,
Type I models could provide a consistent picture if the LHC results converge to only a modest
enhancement for Rhgg(γγ) <∼ 1.3.
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We show the bounds on five- and six-dimensional Universal Extra Dimension models from
the result of the Higgs boson searches at the Large Hadron Collider and electroweak precision
measurement. The latest data released by the ATLAS and the CMS gives the lower bounds
on Kaluza-Klein scale which are from 650 GeV to 1350 GeV depending on models from Higgs
to diboson/diphoton decay signal. The Higgs production cross section can be enhanced by
factor 1.5 in crude estimation, diphoton decay signal is suppressed about 10%. Electroweak
precision measurement also gives the lower bounds as from 700 GeV to 1500 GeV. This is a
proceedings of the conference “Rencontres de Moriond EW 2013”.

1 Introduction

The ATLAS and CMS experiments reported their recent results on signal strengths of the Higgs like
boson for its decay into diphoton (γγ) and diboson (ZZ and WW ) 1,2,3,4,5,6. The signal strengths
of H → γγ, ZZ and WW turn out to be 1.65 ± 0.24+0.25

−0.18, 1.7+0.5
−0.4 and 1.01 ± 0.31 at the ATLAS

experiment, while 0.78 ± 0.27 (MVA based), 0.91+0.30
−0.24 and 0.71 ± 0.37 (cut based) at the CMS

experiment. These results are consistent with the SM but there still is a room for a new physics
effect in these processes. In this work, we put bounds on universal extra dimension (UED) models.

The UED is a candidate of new physics, in which all the SM particles propagate in extra
compactified spacial dimensions. The five-dimensional minimal UED (mUED) model without tree-
level brane-localized term as a minimal extension of the SM, which is constructed on S1/Z2

7,
has been well studied. Six-dimensional UED models with various two-dimensional compactified
spaces are also considered. We investigate the 6D UED models based on two torus, T 2/Z2

7,
T 2/Z4

8,9, T 2/(Z2 × Z ′2)
10, on two sphere S2/Z2

11 and S2 with Stueckelbarg field, and on the
non-orientable manifolds, namely the real projective plane RP 2 12 and the projective sphere (PS)13,
by putting bounds on the Kaluza-Klein (KK) scale from the results of the Higgs signal search and
the electroweak precision measurements. For details of these models, see for example Refs. 14,15.

aThis talk is given by T. Kakuda in Rencontres de Moriond EW 2013.



model mUED T 2/Z2 T 2/(Z2 × Z ′2) T 2/Z4 S2 S2/Z2 RP 2 PS

Λ̃max 5.0 2.5 2.9 3.4 2.3 3.2 2.0 1.9

Table 1: Upper bounds on cutoff scale Λmax = Λ̃maxMKK with MKK = 1 TeV.

For bounds on the UED models from the electroweak precision measurements, we use the S
and T parameters. The recent constraints on the S and T parameters are given in Ref. 16. For
the bounds from the Higgs signal search, we use the recent results obtained in Ref. 1,2,3,4,5,6 for
each decay process. In order to calculate these quantities in the UED models, we need to know
an ultraviolet (UV) cutoff scale in a view point of four-dimensional effective theory. To search for
the highest possible UV cutoff scale, we have evaluated the vacuum stability bound on the Higgs
potential by solving renormalization group equation (RGE).

2 RGE and vacuum stability bound in UED

Let us review how to compute RGE in a theory with compactified extra dimension(s). We adopt the
bottom-up approach in Refs. 17,18, where we take into account a contribution of a massive particle
to the beta functions when the increasing scale µ passes its mass. In the case of the UED, after
KK decomposition, the corresponding 4D effective theory contains not only the SM fields, but also
their KK partners. Following this prescription, we get the beta function of coupling constant c as

βc = β(SM)
c +

∑
s:massive states

θ(µ−Ms)
(
Nsβ

(NP)
s,c

)
, (1)

where β
(SM)
c and β

(NP)
s,c are the contributions from the SM particles and from the new massive ones

with mass Ms, respectively, and Ns is the number of degenerated states in the KK state s. The
vacuum stability bound can be evaluated by solving RGE as the point where the running Higgs
self-coupling λ(µ) turns out to be zero. Table 1 shows the vacuum stability bound Λmax for each
model in the case of the KK scale MKK = 1 TeV. Note that the values of Λmax are almost universal
within the case of MKK ∼ a few TeV. The details are found in 19. In the following analyses, we
employ the numbers in Table 1 as the UV cutoff scale in four-dimensional effective theory.

3 Higgs signals at the Large Hadron Collider

The Higgs signal at the LHC can be divided into two parts, production and decay processes. Higgs
production at the LHC mainly comes from gluon fusion through the top loop. On the other hand,
Higgs to diphoton and digluon decays are also induced as loop processes that are mainly constructed
by top and W boson loops. KK tower in the UED models affects such loop processes. We compute
a signal strength for the gluon fusion production channel in the UED models:

µgg→H→X =
σUED
gg→H→X

σSMgg→H→X
'

ΓUED
H→ggΓ

UED
H→X/Γ

UED
H

ΓSM
H→ggΓ

SM
H→X/Γ

SM
H

, (2)

where X = γγ, ZZ,WW, etc, Γ
UED/SM
H is total decay width of the Higgs in UED/SM case. For

each model we analyzed, ΓUED
H→gg is enhanced by KK top loops comparing with the SM. For the final

states X = ZZ/WW , we can approximate as ΓUED
H→ZZ/WW ∼ ΓSM

H→ZZ/WW because Higgs decays into

ZZ/WW boson pair at the tree level, and hence KK loop contributions are negligible. For the final
state X = γγ, the sum of KK towers supress ΓUED

H→γγ . The reason of the suppression is as follows.
Each KK fermion mode is vectorlike, and hence has twice the degrees of freedom compared to its
zero mode. Therefore their negative contributions to decay rate become larger than the positive
ones coming from the KK W loops 14,20. If we consider the KK scale as 1 TeV, the signal strength
of H → γγ is enhanced by a factor 1.5 from that of the SM, while the diphoton decay rate is
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Figure 1: An exclusion CL of all UED models as a function of the KK scale MKK by use of all the ATLAS and CMS
results of H → γγ,WW,ZZ (left), and recent S, T result (right), where the blue line, dashed line, and dotted line
show the results in T 2/Z2, T

2/Z2 × Z′
2, and T 2/Z4 models; the red line and dashed line show that in S2 and S2/Z2

models; the green line and dashed line show that in RP 2 and PS models; and the black line indicate that in mUED
model.

suppressed by 10%. Thus, µgg→H→γγ becomes about 1.35 times larger than that in the SM. The
details of the enhancement and suppression are given in Ref. 14,20,19.

As shown above, the UED models give different production cross section in the gluon fusion
(GF). On the other hand, the other productions: the vector boson fusion (VBF), the Higgs-strahlung
(VH), and the associated production with a tt̄ pair (ttH) are the same as in the SM. The ATLAS
and CMS have reported on the proportions of these production channels for each event category of
H → γγ, ZZ and WW 1,2,3,4,5,6. We take these contributions into account. The details are given
in 19. The left of Figure 1 shows the bounds on the KK scale from all the ATLAS and CMS results
of H → γγ,WW,ZZ channels.

4 Electroweak precision test

A measurement related to electroweak sector can be used to obtain indirect bounds on phenomeno-
logical models. The S and T parameters are very useful quantities for such a purpose. These pa-
rameters are represented by two point functions of the gauge bosons. Several measurable quantities
are represented as functions of the S and T parameters, and from the global fit to the experimental
results, the values of S, T are estimated as 16

S|expU=0 = 0.05± 0.09, T |expU=0 = 0.08± 0.07, (3)

with 126 GeV reference Higgs mass and its correlation being +0.91, assuming that the U parameter
is zero. In an operator-analysis point of view, the U parameter is represented as a coefficient of a
higher dimensional operator involving the Higgs doublet than those for S and T in the UED models,
and hence we ignore the effect in our analysis. The KK top and KK Higgs contributions to S and
T in the mUED are already estimated in 21,22. Our analysis newly take into acount the effect of KK
gauge bosons. The detailed forms of S, T in UED models are found in Ref. 19. The right of Figure 1
shows the bounds on the KK scales from the fit to the results in Eq. (3).

5 Summary

We have estimated the two types of bounds on the KK scales in 5D and 6D UED models from
the Higgs boson searches at the LHC and from the electroweak precision data via the S and T
parameters. Due to the contributions of the KK loops including KK top and KK gauge bosons, the
Higgs decay ratio and production cross section are modified. The KK excited states of the massive
SM particles (top quark, Higgs boson and gauge boson) alter the S and T parameters. Comparing
the bounds from the Higgs signal search with those from the electroweak measurements, we find that
the latter bounds are slightly severer than the former ones in the UED models for now. However,
in future the Higgs signal search at the LHC will put more strong constraints on the KK scales in
the UED models.
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The high-scale SUSY seesaw: LHC vs low energy
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In this contribution we outline the correlation between intergenerational slepton mass split-
tings and low energy lepton flavour violation in supersymmetric type-I and type-III seesaws,
and illustrate how the combination of these two sets of observables could strengthen or dis-
favour a high-scale seesaw as the explanation of neutrino masses and mixings. This contribu-
tion summarises part of the analysis presented in1,2.

1 Introduction

Under the assumption that the seesaw is the unique source of lepton flavour violation (LFV)
and that slepton masses are flavour universal at an energy scale higher than that of the seesaw,
intergenerational slepton mass splittings at low energy (i.e. m˜̀

i
– m˜̀

j
) are tightly correlated

with low energy charged LFV (cLFV). This is a direct consequence of their common origin in
radiatively generated slepton flavour mixing3. For the illustrative examples of the supersym-
metric (SUSY) fermionic seesaws, we will show that the aforementioned correlations have the
potential of probing these high-scale SUSY seesaws.

2 Supersymmetric fermionic seesaws

We will focus on seesaw realisations that rely on the exchange of heavy fermions F to generate
neutrino masses and mixings. At the fundamental level, the terms in the Lagrangian density
responsible for neutrino masses read

Y ν
ijFiLjHu −

1

2
MijFiFj , (1)

where i,j are generation indices. If LiHu is a weak singlet (triplet), Fi must be a weak singlet
(triplet) and we have the so-called type-I (type-III) seesaw mechanism. At low energies the
fundamental Lagrangian is matched by an effective Lagrangian that has a dimension-5 operator
resulting from integrating out the heavy fermions Fi and which, after electroweak symmetry
breaking (EWSB), generates neutrino masses and mixings. Approximately, we have

mν ' −v2u Y νT M−1 Y ν , (2)

where vu is the vacuum expectation value of Hu. This relation suggests that a convenient way
of parametrizing the neutrino Yukawa couplings Y ν at the seesaw scale, while at the same time
allowing to accommodate neutrino data, is given by4

Y ν =
i

vu

√
MdiagR

√
mdiag
ν UMNS† , (3)



where UMNS is the neutrino mixing matrix and R is a complex orthogonal matrix that encodes
mixings among heavy fermions; Eq. 3 is cast in a basis in which the charged lepton Yukawa
couplings (Y l) and M are diagonal in generation space. Hereafter, we will work in this basis.

In order to preserve the attractive features of SUSY gauge coupling unification, we will
embed the heavy fermion triplets in a SU(5) grand unified theory (GUT). The lowest dimensional
representation that contains a weak triplet that is a singlet under SU(3)⊗U(1) is a 24-plet whose
decomposition under SU(3)⊗SU(2)⊗U(1) reads

24 = (1, 3, 0)⊕ (1, 1, 0)⊕ coloured fields . (4)

Thus, the type-III implementation by means of 24-plets is accompanied by a type-I seesaw.

Our analysis for the type-I seesaw will be conducted in the minimal supersymmetric SM
(MSSM) extended by three heavy right-handed (RH) neutrino superfields while in the 24-plet
seesaw we will consider the supersymmetrized version of the Georgi-Glashow SU(5) model sup-
plemented by three generations of 24-plet superfields. For details on the extended superpotential
and SUSY soft-breaking sector we refer to the works1,2 upon which this contribution is based.

In addition, we will impose at the GUT scale (MGUT ∼ 1016 GeV) minimal supergravity
(mSUGRA) inspired universality conditions for the SUSY soft-breaking sector of each model:
a common mass m0 for the scalars (including the scalar partners of the heavy fermions); a
common mass for the gauginos, M1/2; trilinear couplings given by Au,d,l,ν = A0Y

u,d,l,ν (where

Y ν ≡ Y 24 in the case of the 24-plet seesaw2). The values of Y u,d at MGUT are fitted to give the

low energy quark masses and mixings, while Y l and mdiag
ν in Eq. 3 (with an additional overall

factor of
√

5/4 for the 24-plet seesaw case) are fitted to reproduce the low energy lepton masses
and mixings. In doing this we are taking as input for UMNS in Eq. 3 the low energy neutrino
mixing matrix, exploiting that the running of the mixing angles is negligible.

The running from MGUT down to the seesaw scale will induce flavour mixing3 in the approx-
imately flavour conserving slepton soft breaking terms due to the non-trivial flavour structure
of Y ν (implied by neutrino mixing and by possible heavy fermion mixing). This effect is more
pronounced in the soft breaking terms involving slepton doublets since these have local interac-
tions with the heavy fermions. At leading order, the flavour mixing induced by these radiative
corrections is given by(

∆m2
L̃

)
ij

= −aF
1

8π2
(
3m2

0 +A2
0

) (
Y ν†LY ν

)
ij
, (5)(

∆Al
)
ij

= −aF
3

16π2
A0Y

l
ij

(
Y ν†LY ν

)
ij

; Lkl ≡ log

(
MGUT

Mk

)
δkl , (6)

where aF = 1 for the singlet seesaw and aF = 9/5 for the 24-plet seesaw. The amount of flavour
violation in the slepton sector is encoded in

(
Y ν†LY ν

)
ij

which, as made explicit in Eq. 3, is
related to heavy fermion masses and mixings, as well as to neutrino masses and mixings. If
the seesaw scale is ∼ 1015 GeV, the neutrino Yukawa couplings are of O(1) and the radiative
corrections will yield sizeable slepton flavour mixing, with potentially observable effects.

2.1 Low energy cLFV observables

An effect of sizeable slepton flavour mixing are potentially large new SUSY contributions to
cLFV observables (through sneutrino-chargino and slepton-neutralino loops). For the case of
cLFV radiative decays `i → `jγ, a simple illustrative expression can be obtained using the
leading-logarithm approximation

BR(`i → `jγ)

BR(`i → `jνiν̄j)
=

α3 tan2 β

G2
Fm

8
SUSY

∣∣∣∣aF 1

8π2
(
3m2

0 +A2
0

) (
Y ν†LY ν

)
ij

∣∣∣∣2 . (7)



2.2 Intergenerational slepton mass splittings

Under the assumption that SUSY breaking generates flavour universal slepton soft-breaking
masses, intergenerational slepton mass splittings may arise from left-right mixing after EWSB
and/or renormalisation group (RG) running. In the MSSM both of them are proportional to
the only source of flavour non-universality, Y l. Neglecting RG corrections as source of intergen-
erational slepton mass splittings, one finds that the ẽL,µ̃L mass difference normalised to their
average mass, m˜̀, is approximately given by

∆m˜̀

m˜̀
(ẽL, µ̃L) ≈

m2
µ

2m2
˜̀

∣∣∣∣∣ (A0 − µ tanβ)2

0.35M2
1/2 +M2

Z cos 2β
(
−1/2 + 2 sin2 θW

)∣∣∣∣∣ . (8)

Due to the smallness of Y µ, the mass splitting between the first two slepton generations in the
MSSM with mSUGRA boundary conditions was found1 to be always below the 0.01% level. In
the presence of radiative corrections induced by the seesaw (which we take to be sufficiently
heavy so that Y ν ∼ 1), and assuming (∆m2

L̃
)ij as the dominant off-diagonal entry, the mass

splitting between the mostly left-handed (LH) i and j sleptons is approximately

∆m˜̀

m˜̀
(˜̀
i, ˜̀

j) ≈

∣∣∣∣∣(∆m
2
L̃

)ij

m2
L̃

∣∣∣∣∣ ∝√BR(`i → `jγ) . (9)

Eq. 9 illustrates in a simple way the correlation of these high- and low-energy observables in the
case of a single source of flavour violation in the lepton sector, Y ν .

3 Illustrative results and discussion

In the left panel of Figure 1 we display the correlation between slepton mass splittings and two
low energy cLFV observables, namely BR(µ → eγ) and CR(µ-e, Ti), for the 24-plet seesaw.
“Horizontal” isolines correspond to constant values of M1/2 with the 24-plet mass scale (M24)
increasing from left to right. For further details see2. The decrease in BR(µ→ eγ) with increasing
M24 along “horizontal” isolines is due to the way the 24-plets affect the SUSY spectrum: sleptons
become lighter as M24 gets farther from MGUT. The balance between reducing slepton flavour
mixing and alleviating the loop mass suppression is such that the latter dominates slepton
mediated µ-e transitions. In contrast, ∆m˜̀(ẽL, µ̃L)/m˜̀ increases with increasing M24.

In the right panel of Figure 1, with a different underlying scan, we illustrate similar corre-
lations for the type-I seesaw case. Leading to the figure we have performed a random scan over
the RH neutrino mixing matrix. These results confirm the correlation between the two sets of
observables and the dependence displayed in Eq. 9.

In the 24-plet seesaw, slepton mass splittings between the first two generations are expected2

to lie in the 0.1-1% level for a SUSY spectrum within LHC range and for the entire viable range
of the 24-plet mass scale. In contrast, for the type-I seesaw we have found1 that mass splittings
above the 0.1% level restrict the RH neutrino scale to lie above 1013 GeV.

Assuming that sleptons are discovered at the LHC, their mass splittings can be compared to
the results available on cLFV observables and interpreted under the light of both a high-scale
SUSY model and its seesaw extension. If the high-scale SUSY model can be inferred from a
subset of the data (independently from a possible seesaw extension), then by combining the
information on low energy cLFV observables with intergenerational slepton mass splittings the
hypothesis of a particular seesaw extension of a high-scale SUSY model can be strengthened,
if it accommodates both sets of observables without ad hoc sources of LFV or of intergenera-
tional slepton mass differences; likewise it can be disfavoured, if accommodating both sets of
observables is difficult.

Although in our analysis we have set θ13 = 0.1◦, we stress, however, that the results shown
in Figure 1 are only mildly sensitive1 to the value of θ13 and little changes would appear from
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Figure 1: Correlation between BR(µ → eγ) and the mass difference ẽL – µ̃L, normalised to 〈ẽL, µ̃L〉. On the
secondary right y-axis we show the corresponding predictions for CR(µ-e, Ti). Black (orange) horizontal lines
correspond to current bounds and future sensitivities on µ → eγ (µ-e conversion in Ti). On the left: 24-plet
seesaw with a degenerate 24-plet spectrum. We have set m0 = 100 GeV, tanβ = 10 and θ13 = 0.1◦, and varied
the 24-plet scale and M1/2 in the ranges

[
1013, 9× 1014

]
GeV and [1.5, 6] TeV, respectively. Red regions are

excluded due to having a too light SM-like scalar boson. Magenta regions have a charged lightest supersymmetric
particle, while blue (cyan) regions have a wino-like neutralino lighter (heavier) than the LH sleptons. On the
right: type-I SUSY seesaw with a randomly varied RH neutrino mixing matrix: |θi| ≤ π and arg θi ∈ [−π, π].
We have taken benchmark point P5-HM1b, θ13 = 0.1◦ and hierarchical RH neutrinos: M1(2) = 1010(11) GeV and
three values of M3 (coloured regions). Dark- and light-grey points are excluded by upper-limits on BR(µ → eγ)
prior to March 2013. Light-grey points were allowed when this analysis was first done. Points above the dashed

black line are excluded by the latest results reported by the MEG collaboration.

considering θ13 ∼ 9◦ 5 (as now experimentally measured). Indeed, slepton flavour mixing gener-
ated by a degenerate heavy fermion spectrum with R = 1, as taken in the scan leading to the left
panel results, has a small dependence on the size of θ13. Moreover, a scan over the parameter
space of the heavy fermion mixing matrix, as was done for the right panel, hides the dependence
of slepton flavour mixing on the precise value of θ13.

4 Conclusion

We have shown that if sleptons are discovered and their masses reconstructed to a tentative
accuracy of 0.1%6 for first- and second-generation sleptons, the current upper-bounds and future
results of low energy cLFV experiments have the potential to strengthen or disfavour the high-
scale SUSY seesaw explanation of neutrino masses and mixings.
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MEASUREMENT OF THE t-CHANNEL SINGLE TOP-QUARK CROSS
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The production of single top quarks at the LHC is dominated by the t-channel exchange of a
virtual W boson that is emitted by a light quark inside one of the colliding protons. Thus, the
measurement of the top-quark and top-antiquark production cross sections is sensitive to the
u-quark and the d-quark parton distribution functions (PDF) and can provide complementary
input with respect to other high-pT processes. Furthermore, the cross section is proportional
to the square of the CKM matrix element |Vtb| and the measurement can thus provide ad-
ditional input to constrain the quark mixing matrix without assumptions on the number of
quark generations. In this measurement neural networks are used to separate the t-channel
signal from the backgrounds after an event selection. Results for t-channel single top-quark
production are presented at a center of mass energy of

√
(s) = 7 TeV and

√
(s) = 8 TeV

using data recorded by the ATLAS detector in 2011 and 2012.

1 Introduction

At the LHC, single top-quark production can occur in three processes. The dominant process, the
t-channel exchange of a virtual W boson, has a predicted production cross section of 64.6+2.7

−2.0 pb1

at a center-of-mass energy of
√
s = 7 TeV and of 87.8+3.4

−1.9 pb 1 at
√
s = 8 TeV. The single

top-quark final state provides a direct probe of the Wtb coupling and thus determines Vtb

without assumptions about the number of quark generations and is sensitive to many models
of new physics 3. The difference between the top-quark and -antiquark t-channel cross sections
is directly related to the difference of the up-quark and the down-quark distribution functions
(PDF) of the proton. This report presents measurements of the inclusive cross-sections in the
t-channel at

√
s = 7 TeV with 1.0 fb−1 4 and at

√
s = 8 TeV with 5.8 fb−1 5 of data recorded by

the ATLAS detector 2 in 2011 and 2012. Furthermore measurements of the cross-sections for
single top-quark and single top-antiquark production, σt(t) and σt(t̄), and a measurement of the
cross-section ratio Rt ≡ σt(t)/σt(t̄)

6 at
√
s = 7 TeV with 4.7 fb−1 of data are presented. The

measurements of σt(t), σt(t̄) and Rt are sensitive to the PDFs of the u-quark and the d-quark
in the momentum fraction (x) regime of 0.02 < x < 0.5.

2 Event selection and background estimation

Top quarks decay almost always into a b quark and a W boson. For the analyses considered here,
the single top signal comprises of a leptonically decaying W boson with one or two additional
jets. The strategy for all analyses presented is to first reduce the large multijet and W+jets
backgrounds to the single top signature with a tight event selection. Lepton candidates, e or
µ, are required to be well reconstructed and isolated and to have pT > 25 GeV and |η| < 2.5.
Particle jets are reconstructed using the anti-kT algorithm with a width parameter of 0.4. Only
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Figure 1: Left: Normalised distribution of the |η(u-jet)| variable in the 2-jets tagged l+ data set. The signal
shape is shown together with the shape of the two largest backgrounds. Right: The neural network output in the
pretag control region for the W+2-jet data set with positive lepton charge. The error band in this plot represents
the jet energy scale uncertainty on the normalisation. These plots are taken from the

√
s = 7 TeV cross-section

ratio analysis 6.

jets with pT > 25 GeV or pT > 30 GeV in the
√
s = 8 TeV measurement and |η| < 4.5 are

considered. Jets containing bottom quarks are identified (”tagged”) in the region |η| < 2.5
using a neural network technique. The final event selection requires exactly one charged lepton,
e or µ, exactly two jets or exactly three jets where exactly one b-jet is tagged, and missing
transverse energy Emiss

T > 25(30) GeV. Further cuts on the the missing transverse energy and
the reconstructed mass of the W -boson mT(W ) are applied to reduce the multijet background.

The main backgrounds to the single-top quark final state are QCD multijet events, W boson
production in association with jets, and top pair production(tt̄). Smaller backgrounds originate
from Z+jets, Wt-channel and s-channel single-top production, and diboson production. Multijet
events contribute as a background to the selected sample if one of the jets in the event is
misidentified as an isolated lepton or if the event has a non-prompt lepton that appears isolated.
The multijet background is estimated using a data-driven method and performing a binned
maximum likelihood fit to the Emiss

T distribution. The kinematic distributions for the W+jets
background are taken from Monte Carlo samples, while the overall normalisation and the flavour
composition are derived from data when extracting the result of the analysis. The tt̄ background
and other smaller backgrounds are normalised to their theory predictions.

3 Measurement of the t-channel cross sections and Rt

To extract the t-channel signal further from the backgrounds, a neural network technique is used,
that combines several variables into one discriminant. The variables with the most discriminating
power are the reconstructed top-quark mass mlνb and the pseudorapidity of the untagged jet
|η(u-jet)|. For the inclusive cross-section measurements there are two exclusive analysis channels,
one with exactly two selected jets and one with exactly three jets in the final state. The Rt
analysis is performed in four independent channels: l+ and l− for two and three jets. For
each analysis channel one neural network is trained and validated in a control region. The
discriminating power of the |η(u-jet)| variable and an example for the validation plot of a neural
network are shown in Figure 1.

The impact of the systematic uncertainties on the measurement affecting the normalisation of
the individual backgrounds, the signal acceptance and the shape of the individual predictions, are
computed from the results of pseudo-experiments taking into account the correlations between
uncertainty sources. The impact of the systematic uncertainties on the measurement is estimated
from these pseudo-experiments. In addition, uncertainties on the object modeling, the Monte
Carlo generators, the PDFs, the background normalisation to data, and integrated luminosity are
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the uncertainty from the limited MC statistics and the uncertainty on the QCD multijet normalisation.

considered in the measurement. The largest systematic effects on the cross section measurements
stem from the jet energy scale, the b-tagging efficiency and the uncertainty of initial and final
state radiation on the signal.

To extract the signal content of the selected sample, a simultaneous maximum likelihood fit
to all NN output distributions used in the analysis is performed. An example for a NN output
distribution normalized to the fit values is shown in Fig. 2 for the two and three jets analysis
channel.

With the inclusive cross section results the value of |Vtb| is extracted by dividing the observed
cross section by the standard model expectation 1. The experimental and theoretical uncertain-
ties are added in quadrature. The cross section ratio Rt ≡ σt(t)/σt(t̄) is calculated using the fit
results for the top-quark and the top-antiquark production cross sections. Here the effect of the
uncertainties are again estimated with pseudo experiments.

4 Results

Single top quark production in the t-channel has been studied in
√
s = 7 TeV and

√
s = 8 TeV

pp collision data recorded with the ATLAS detector in 2011 and 2012. With 1.0 fb−1 of
√
s =

7 TeV data the inclusive cross section was measured with the techniques described in this report:
the measured t-channel cross section is σt(t + t̄) = 83 ± 20pb and the corresponding coupling
at the Wtb vertex is |Vtb| = 1.13+0.14

−0.13. In the
√
s = 8 TeV data using 5.8 fb−1 and the same

analysis technique the t-channel production cross section is measured to σt(t + t̄) = 95 ± 18pb
corresponding to a coupling of |Vtb| = 1.04+0.10

−0.11. Using the full ATLAS dataset of
√
s = 7 TeV

data corresponding to 4.7 fb−1 the top-quark and top-antiquark cross sections were measured
separately and their ratio was extracted. The measured t-channel single top-quark production
cross section is σt(t) = 53.2 ± 1.7 (stat.) ± 10.6 (syst.) pb, while the top-antiquark production
cross section is σt(t̄) = 29.5 ± 1.5 (stat.) ± 7.3 (syst.) pb. This results into a measured cross-
section ratio of Rt = 1.81 ± 0.10 (stat.) +0.21

−0.20 (syst.). An overview of all cross section results is
given in Figure 3, that illustrates the excellent agreement of the results with the standard model
predictions. By analyzing the complete

√
s = 8 TeV dataset the single top t-channel production

will be studied with a high statistics data sample reaching an improved precision. The measured
value of Rt is compared to the predictions obtained with different PDF sets in Figure 3. The
graph shows the sensitivity of the result to the parton distribution function and can be used to
further improve the understanding of the u- and d-quark PDFs.
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lJ → lIγ in the Standard Model with general dimension 6 terms

Saereh Najjari a
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The discovery of neutrino oscillations opens the road to lepton flavor violation. Observation of
charged lepton flavor violation would be a unique probe of new physics beyond the Standard
Model. We investigate the possibility of charged lepton flavor violation in the decay lJ → lIγ
in the extension of the Standard Model with the most general set of operators up to dimension
6.

1 Introduction

The Standard Model (SM) of strong and electroweak interaction is a theory that successfully
explains and predict the elementary particles phenomenology. It is considered as a low energy
approximation of more fundamental theory. In the SM, the lepton number of each family (lepton
flavor) is conserved. On the other hand, the discovery of flavor violation provides a possible hint
of new physics beyond the standard model. So far, neutrino oscillations are the only observed
example of lepton flavor violation (LFV) that has been observed. It is possible to extend the SM
by keeping its gauge symmetry, the particle content and the pattern of spontaneously symmetry
breaking by adding new effective operators:

LSM = L(4)SM +
1

Λ

∑
k

C
(5)
k Q

(5)
k +

1

Λ2

∑
k

C
(6)
k Q

(6)
k +O(

1

Λ3
) (1)

where Λ is large, of the order of the scale of new physics. Q
(n)
k denote operators of dimension n

and C
(n)
k stand for corresponding dimensionless coupling constants (Wilson coefficients). Once

the underlying high-energy theory is specified, all the coefficient C
(n)
k can be determined by

integrating out the heavy fields.

2 The LFV operators of dimension 5 and 6

There is a unique operator of dimension 5 which gives Majorana mass to neutrinos. operators
of dimension 6 contribute to charged lepton flavor violation. In Table 1, we collected the in-
dependent dimension 6 operators which could contribute to LFV process in the charged lepton
sector at tree level or at one-loop level. The complete set of dimension 5 and 6 operators can
be found in 1.

3 lJ → lIγ decay

In the SM, all flavor violating effects in the lepton sector are proportional to the very small values
of neutrino masses and thus too small to be observed in any foreseeable experiment. In many
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Table 1: Lepton Flavor Violating dimension-6 operators.

llll llXϕ llϕ2D

Qll (l̄pγµlr)(l̄sγ
µlt) QeW (l̄pσ

µνer)τ
IϕW I

µν Q
(1)
ϕl (ϕ†i

↔
Dµ ϕ)(l̄pγ

µlr)

Qee (ēpγµer)(ēsγ
µet) QeB (l̄pσ

µνer)ϕBµν Q
(3)
ϕl (ϕ†i

↔
D I
µ ϕ)(l̄pτ

Iγµlr)

Qle (l̄pγµlr)(ēsγ
µet) Qϕe (ϕ†i

↔
Dµ ϕ)(ēpγ

µer)

llqq

Q
(1)
lq (l̄pγµlr)(q̄sγ

µqt) Qld (l̄pγµlr)(d̄sγ
µdt) Qlu (l̄pγµτ

I lr)(q̄sγ
µτ Iqt)

Q
(3)
lq (l̄pγµτ

I lr)(q̄sγ
µτ Iqt) Qed (ēpγµer)(d̄sγ

µdt) Qeu (ēpγµer)(ūsγ
µut)

Qeq (ēsγ
µet)(q̄pγµqr) Qledq (l̄jper)(d̄sq

j
t ) Q

(1)
lequ (l̄jper)εjk(q̄

k
sut)

Q
(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

extensions of the SM the effects of new physics can lead to larger and possibly observable LFV
effects. It is convenient to parameterize such effect in a model independent in terms of coefficients
of dimension 6 operators. We are investigating the possibility of the decay of lJ → lIγ decay.The
vertices which contribute to such decay is also shown in Fig.1 and 2. Where Ck is dimensionless

coupling constants(Wilson coefficient) stand for corresponding Qk, e.g. C
(1)
φl is dimensionless

coupling constant for operator Q
(1)
φl . The generic topologies of diagrams contributing to this

decay and relevant momenta assignments are shown in Fig.3.
The two dimension 6 operators QeW and QeB can give contribution to such decays at tree level.
In many extension of the SM, QeW and QeB are not generated. If they vanish, flavor violating
lepton-photon vertex can still be generated radiatively .
The general form of lepton-photon flavor violation vertex can be written as:

V JI µ
llγ =

i

(4π)2
[γµ(F JIV LPL + F JIV RPR) + (F JISLPL + F JISRPR)qµ + (F JITLσ

µνPL + F JITRσ
µνPR)qν ] (2)

Only the formfactors FTL and FTR contribute to lJ → lIγ decay 2. Below we list the 1-loop
results for FTL, FTR formfactors resulting from diagrams with respective gauge bosons in the
loop:

FZ JI
TL =

e3mJ (1+2s2W−4s
4
W )

6s2WM2
W

δIJ +
4e[(C

(1)JI
φl +C

(3)JI
φl )mJ (1+s

2
W )−CJIφemI(

3
2
−s2W )]

3M2

FZ JI
TR =

e3mI(1+2s2W−4s
4
W )

6s2WM2
W

δIJ +
4e
[(
C

(1)JI
φl +C

(3)JI
φl

)
mI(1+s

2
W )−CJIφemJ (

3
2
−s2W )

]
3M2

FW JI
TL = − 5e3mJ

12s2WM2
W
δIJ −

5emJ

[
C

(3)JI
φl +C

(3)IJ?
φl

]
3M2

FW IJ
TR = − 5e3mI

12s2WM2
W
δIJ −

5emI

[
C

(3)JI
φl +C

(3)IJ?
φl

]
3M2

FG
0 IJ

TL = FG
0 IJ

TR = 0 = FG
± JI

TL = FG
± JI

TR = FWG JI
TL = FWG JI

TR = 0

Conclusion

We are investigating the predictions for charged lepton flavor violation in the extension of the
SM up to dimension 6 operators. Operators of dimension 6 can contribute to the lJ → lIγ decay
at one loop level. Any observation of CLFV would be a clear hint for physics beyond the SM.
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Figure 1: Vertices of diagrams contributing to `I → `Jγ decay.
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Figure 2: Four-fermion vertices of diagrams contributing to `I → `Jγ decay.
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Figure 3: Topologies of diagrams contributing to lI → lJγ decay.
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FUTURE PERSPECTIVES IN NEUTRINO PHYSICS: THE LAGUNA-LBNO CASE
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LAGUNA-LBNO is a Design Study funded by the European Commission to develop the de-
sign of a deep underground neutrino observatory; its physics program involves the study of
neutrino oscillations at long baselines, the investigation of the Grand Unification of elemen-
tary forces and the detection of neutrinos from known and unknown astrophysical sources.
Building on the successful format and on the findings of the previous LAGUNA Design Study,
LAGUNA-LBNO is more focused and is specifically considering Long Baseline Neutrino Oscil-
lations (LBNO) with neutrino beams from CERN. Two sites, Fréjus (in France at 130 km) and
Pyhäsalmi (in Finland at 2300 km), are being considered. Three different detector technolo-
gies are being studied: Water Cherenkov, Liquid Scintillator and Liquid Argon. Recently the
LAGUNA-LBNO consortium has submitted an Expression of Interest for a very long baseline
neutrino experiment, selecting as a first priority the option of a Liquid Argon detector at
Pyhäsalmi.

1 Introduction

Since many decades, Neutrinos represent an exciting subject of research, as their peculiarity is to be
at the same time a particle to be studied and a probe to explore different sources. The project for
the future is to combine the AstroParticle and Neutrino Physics programs within a single experiment.
This requires the development of new infrastructures and a new concept of Detector: next years will
be the era of Large Multipurpose Detectors. Projects are already under study in USA 1, Japan 2

and Europe 3. In particular, 45 European Institutions, connecting scientists with industrial partners,
are involved in the Design Study LAGUNA-LBNO, aiming at the feasibility study of a new large
European underground infrastructure for the observation of proton decay, accelerator beam neutrinos
and low-energy neutrinos from astrohysics sources. More precisely, the observatory will search for a
possible finite proton lifetime with a sensitivity one order of magnitude better than the current limit.
In addition, with a neutrino beam, it will determine with unequaled sensitivity the still unknown
Neutrino Mass Hierarchy (MH), fundamental ingredient for Physics beyond the Standard Model, and
unveil through neutrino oscillations the existence of CP Violation (CPV) in the leptonic sector, which
in turn could provide an explanation of the matter-antimatter asymmetry in the Universe. Finally, it
will study astrophysical objects, especially the Sun and Supernovae.



2 LAGUNA and LAGUNA-LBNO

In a first phase, the FP7 Design Study LAGUNA 4 (2008-2011) supported a Pan-European effort of 21
beneficiaries, composed of academic institutions from Denmark, Finland, France, Germany, Poland,
Spain, Switzerland, United Kingdom and of industrial partners specialized in civil and mechanical
engineering and rock mechanics, to assess the feasibility of such a research infrastructure in Europe.
The LAGUNA consortium evaluated possible extensions of the existing deep underground laboratories
in Europe: Boulby (UK), Canfranc (Spain) and Modane (France) and considers the creation of new
laboratories in the following regions: Caso Umbria Region (Italy), Pyhäsalmi (Finland), Sierozsowice
(Poland) and Slanic (Romania). Since the next generation deep underground neutrino detector should
be coupled to advanced neutrino beams, the investigation offered a wide range of possible baselines,
from 130 km to 2300 km, if a beam from CERN is envisaged.
At the same time, three different detector technologies have been considered: a Liquid Argon (LAr)
detector (GLACIER) 5, a Liquid Scintillator (LSc) detector (LENA) 6 and a Water Cherenkov (WC)
detector (MEMPHYS) 7. A summary of the detector requirements is shown in Figure 1. For all three
detectors, specific studies concerning the construction feasibility, the required depth, the muons and
reactor neutrinos flux have been performed for each site, offering a large number of possible detector-
site combinations, that is a large number of possible scenarios. The seven possible locations are shown
in Figure 2, as well as an example of the cavity construction and infrastructure studies.

The selection of the optimal configuration involves several aspects (physics performances, techni-
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Figure 1: Main features of the three detectors considered by the LAGUNA collaboration.

cal feasibility, safety and legal aspects, socio-economic and environmental impact, costs,...) and this
implies a particular attention of LAGUNA to interdisciplinary matter, since both physicists and en-
gineers as well as geo-technical experts are directly involved. The conclusions of the LAGUNA design
study are that it appears technically feasible to excavate the desired underground caverns and infras-
tructures in each of the pre-selected sites.
The LAGUNA collaboration decided to go ahead with a new study, LAGUNA-LBNO 8 (2011-2014) to
further evaluate the findings of LAGUNA and, in particular, to assess the underground construction
of large detectors, their commissioning, and the long-term operation of the facility. LAGUNA-LBNO
is in addition specifically considering long baseline beams from CERN. The collaboration counts 300
physicists and engineers from 13 countries including 40 research institutions and industrial partners.
The study of long baseline neutrino oscillations is one of the main scientific goals, and LAGUNA-
LBNO is developping an incremental path towards neutrino MH determination and CPV discovery.
The far sites provide two complementary baselines from CERN and the following scenarios are being
considered:



Figure 2: Left : Map of the seven possible underground sites in Europe. Right : Typical example of layouts studied in
LAGUNA DS for each site.

• the MEMPHYS detector at the shortest baseline from CERN (Fréjus at 130 km) with no matter
effect and therefore providing a clean measurement of CP violation phase (δCP );

• the GLACIER detector at the longest baseline (Pyhäsalmi at 2300 km) with matter effects and
therefore able to determine also the Neutrinos Mass Hierarchy.

Both these far locations offer excellent opportunities to include the LENA detector, to enhance the
physics program at the lowest energy range, in particular for solar, geo-neutrinos detection and short
baseline oscillometry studies with artificial low energy neutrino sources.
However, the longest baseline is the most attractive solution, since it allows a more complete physics
program, involving the two challenging measurements of the MH and δCP .

3 The Expression of Interest

In summer 2012, 230 members of the LAGUNA-LBNO collaboration submitted to the European Strat-
egy Roadmap an Expression of Interest (EOI) for a very long baseline neutrino oscillation experiment
9 with a new conventional neutrino beamline facility from CERN, focusing an option that would be
specific to Europe. The recommended technology for the far detector is the double phase LAr Large
Electron Multiplier Time Projection Chamber (LAr LEM-TPC), known to provide excellent tracking
and calorimetry performance. The collaboration proposes an ”incremental approach” involving two
phases:

1. For a first phase, a 20 kt LAr detector and beam power of 700 kW are recommended; this
configuration will offer a new insight and an increase in sensitivity reach for many physics
channels. The LAr detector will be coupled to a magnetized iron calorimeter (MIND) with
muon momentum and charge determination, that will collect an independent neutrino sample
and will serve as a tail catcher for CERN beam events occurring in the LAr target.

2. Then, in a second phase an increase of the detector mass up to 70 kt and a possible increase of
the beam power up to 2 MW is envisaged.

In addition, the precision requirements for the LBNO experiment demand the construction of near
detector, ensuring the overall normalization of the experiment in terms of event rates. The envisaged
technology will reproduce the far detector one (LAr TPC coupled with a MIND detector).
The long baseline physics objectives comprise the precise investigation of all flavor oscillations (νµ→ νe,
νµ→ νµ, νµ→ ντ ) with neutrinos and antineutrinos, exploiting the energy spectrum information of the
oscillation probability (L/E method) in appearance and disappearance modes, to provide unambiguous
sensitivity to oscillation parameters, and a stringent test of the 3-generation mixing. With an exposure
of 2.25 × 1020 p.o.t. from the SPS at 400 GeV, a conclusive determination (> 5σ C.L.) of the neutrino
MH is possible, independently from the value of δCP and θ23 (see left panel of Figure 3). This
unprecedented result can be obtained in just 2 years of exposure. Presently, the LBNO proposed one



Figure 3: Left : ∆χ2 of the mass hierarchy discriminant as a function of true δCP . The MH determination can be reached
both by a simple analysis based on the reconstructed νe (νe) energy spectrum (dashed line) and by considering also the
distribution of the missed transverse momentum (solid line) 9. Right : sensitivity to CPV dependence as a function of
p.o.t. either assuming an increase of the far detector mass up to 70 kt or increasing significantly the beam power to the

2 MW level (blue line) 9.

is the most efficient configuration to solve the neutrino MH problem. Although limited by statistics in
the initial configuration, the L/E method also yields a clean measurement of the CP-violating phase.
With 1.25 × 1021 p.o.t. the existence CPV can be demonstrated at the 90%C.L. for about 60% of
the δCP parameter space. This CPV-sensitivity is achievable in about 12 years at the upgraded SPS.
It can improve further with the increased exposure resulting from longer running periods and/or an
increase in beam power and far detector mass, as envisaged for the LBNO phase 2 (see right panel of
Figure 3).

4 Conclusions

The design of next generation experiments with appropriate baselines and powerful conventional beams
for the measurement of the MH and the δCP represents one of the most important steps for the future
of Particle Physics. In particular, in Europe the LAGUNA-LBNO Design Study, a more focused
continuation of the LAGUNA project, is ongoing, aiming at proposing a realistic plan for a medium-
and long-term European long baseline program, with large discovery potentials at each phase. The
first goal is to determine the neutrino mass hierarchy (with the 2300 km baseline). Then, incrementally
exploring the phase space, leading to CPV discovery. In parallel, ultimate searches for proton decay
and interesting neutrino astrophysics measurements will be possible. An Expression of Interest to the
European Strategy Roadmap has been submitted in summer 2012, presenting unprecedented Physics
Potentials for a LAr TPC detector coupled with a conventional high-power neutrino beam from CERN.
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THREE-GENERATION BARYON AND LEPTON NUMBER VIOLATION
AT THE LHCa
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We observe that the flavour symmetries of the Standard Model gauge sector, broken as they
are in the Standard Model Yukawa Lagrangian, naturally suppress baryon and lepton number
violation at low energies and, simultaneously, make it accessible at the LHC through resonant
processes involving at least six fermions from all three generations. We establish a model inde-
pendent classification of such transitions and identify two classes that give rise to particularly
clean LHC signatures, namely t̄ µ+ e+ and t̄ t̄+ jets.

1 Introduction

The global baryon (B) and lepton number (L) symmetries of the Standard Model (SM) La-
grangian cannot be absolute. Theoretical support to this statement come from multiple sources.
Quantum effects within the SM itself notably allow for non-perturbative transitions that violate
both B and L (only B − L is anomaly-free). Those effects are nonetheless negligible at low
temperatures and energies. Beyond the SM, it is also very difficult to naturally reproduce an
accidental conservation that is not justified by any fundamental principle and disappears as soon
as the matter content or the gauge group of the SM is altered.

However, more than half a century of experimental tests at low energies, most notably
for nucleon decay,b have been so far unsuccessful in discovering any baryon and lepton num-
ber violation (BLV). Still, indirect evidences are provided by the observed baryon–anti-baryon
asymmetry of the Universe (that would require B violation to have occurred at some moment
of its history) and by the tiny neutrino masses that are commonly accounted for by making
neutrinos Majorana particles (therefore introducing explicit L violation in the SM Lagrangian).

At the high-energy frontier, the LHC now offers us the opportunity of observing a so far
elusive violation. The minimal effective field theory for BLV,3 without flavour requirement,
has already been searched for at the LHC.4 If assumed though, the SM flavour symmetries
actually constrain BLV to involve at least six fermions belonging preferentially to all three
generations. Significant suppression then affect other flavour structures like the ones restricted to
light generations only that are of primary relevance in low-energy processes. The non-observation
of low-energy BLV may therefore not be as unexpected as it seems at first sight and BLV may
not be intrinsically small. A natural compliance with low-energy constraints can actually be
obtained with a scale for BLV in the TeV range so that resonant processes violating B and L
with signature such as t̄ µ+ e+ or t̄ t̄+ jets could be seen at the LHC.

aBased on a work carried out in collaboration with J.-M. Gérard, F. Maltoni and C. Smith.1
bReines, Cowan and Goldhaber2 were probably the firsts to carry out a dedicated search in 1954.



2 Standard Model flavour symmetries
As pointed out by Chivukula and Georgi,5 the SM gauge sector has a large global symmetry:

U(3gen.)5ferm. = U(3gen.)q × U(3gen.)u × U(3gen.)d × U(3gen.)l × U(3gen.)e
= SU(3gen.)5ferm. × U(1)Y × U(1)B × U(1)L × U(1)d × U(1)e

as each of the five fermionic fields (q, l, the quark and lepton doublets, u, d, e, the quark and
lepton singlets) can be independently and unitarily rotated in generation space without alter-
ing the gauge Lagrangian. The non-Abelian SU(3)’s and Abelian U(1)’s of this large global
symmetry are to be treated separately since global U(1)’s are often found to be anomalous.
Taking combinations of the original U(1)q,u,d,l,e, we can actually identify one Abelian factor for
the hypercharge Y (which will be promoted to a gauge symmetry) as well as two U(1)’s for the
baryon and lepton number which are known to be anomalous.

The non-Abelian part SU(3gen.)5ferm. or flavour symmetry group is explicitly broken in the
Yukawa sector of the SM. Though, this explicit breaking is very specific: charged current mixing
different generations are usually small since the Cabibbo–Kobayashi–Maskawa (CKM) matrix
is very hierarchical and flavour changing neutral currents (FCNC) are almost perfectly vanish-
ing because of the Glashow-Iliopoulos-Maiani (GIM) mechanism. Any deviation from this SM
picture of flavour transitions is moreover very well constrained experimentally. In the follow-
ing, we are going to examine how a SM-like breaking of SU(3gen.)5ferm. constrains BLV. Such a
breaking can for instance be explicitly implemented using the Minimal Flavour Violation (MFV)
hypothesis but we would like to draw conclusions as general as possible and will not place our-
selves in this framework. Note the intriguing fact that U(1)B,L and SU(3gen.)5ferm. seem to have
a common origin in U(3gen.)5ferm. . This may suggest to consider B- and L-violating processes
as flavour transitions of a special kind on which constraints arising from the already precisely
measured flavour structures naturally derive.

3 Three-generation baryon and lepton number violation
Before breaking it in a SM-like fashion, let us thus impose the strict conservation of SU(3gen.)5ferm.

together with BLV. The two SU(3)-invariant tensors we can make use of are δab and εabc. How-
ever, structures based on Kronecker delta as δab ψ̄aψb do not lead to any BLV. The elemen-
tary building block of a SU(3gen.)5ferm.-invariant BLV is therefore of the form εabcψ

aψbψc (or
εabcψ̄aψ̄bψ̄c). Moreover, Lorentz invariance, that requires the number of fermions involved in any
process to be even, asks for at least two of these completely anti-symmetrical flavour structures
to be combined together. With exact SU(3gen.)5ferm. invariance, we therefore note that a minimal
content of at least six fermions is required and that all three generations are involved simul-
taneously in B- and L-violating processes. In such a setup, the presence of heavy generations
kinematically forbids any nucleon decay.

Though, imposing the exact conservation of SU(3gen.)5ferm. is not a realistic assumption since
this symmetry is already broken by SM Yukawa interactions (as unambiguously manifest from
fermion masses). Because any deviation from this specific breaking scheme is very well con-
strained experimentally, let us only introduce SM-like breaking terms. These Yukawas mix left-
and right-handed quarks or leptons but not quarks and leptons together. Moreover, changes of
generations are usually costly since the CKM off-diagonal matrix elements are quite small and
FCNC incredibly suppressed. Therefore, a SM-like breaking of the SU(3gen.)5ferm. symmetry
still requires BLV to involve at least two combinations of three (anti-)quarks or three (anti-)
leptons. The simultaneous presence of all three generations is however not any longer abso-
lutely required. Still, where kinematically allowed, the unsuppressed completely antisymmetrical
flavour structures will dominate over the other ones.

With this minimal number of fields (namely six-leptons, three leptons and three quarks, or
six quarks) we note that only four selections rules are allowed: (∆B,∆L) = (0,±6), (±1,±3),
(±1,∓3), and (±2, 0).



4 Implications at low energies
At energies much lower than its characteristic scale, a BLV compatible with SM flavour sym-
metries can conveniently be described by an effective field theory. Since the minimal number
of fields involved is of six fermions, dimension-six operators6 are absent and the ones present
are at least suppressed by the BLV scale to the fifth power. Moreover, the presence of all three
generations is favoured and processes involving light generations only are expected to suffer from
significant flavour suppressions. The latter can be explicitly computed if the MFV framework is
used to implement a SM-like breaking of SU(3gen.)5ferm. .7 The combination of these dimensional
and flavour suppressions cause the limits set on nucleon decay or neutron anti-neutron oscillation
to translate into a bound on the BLV scale in the TeV range.7

5 Implications at high energies
Resonant processes could therefore be seen at high-energy colliders. Describing them quantita-
tively in a model independent way is however not an easy task as non-local processes cannot
be modelled in an effective field theory framework (explicit simplified models were presented
elsewhere1). Though, the reasoning leading to the four selection rules for (∆B,∆L) remains
valid since it was based on the use global of symmetries only.

In the resonant (non-local) regime, the adjunction of other ∆B = 0 = ∆L combinations of
fields in addition to the minimal six fermions cannot any longer be dismissed by calling for the
fact that they would lead to processes that are further suppressed. In the effective-field-theory
(local) regime only, do non-minimal operators suffer from more and more severe dimensional
suppressions. The fermionic core that drives the BLV can be isolated and used to establish
a classification of allowed processes but, for collider phenomenology, there is in principle no
reason to restrict ourselves to the minimal field content. Still, in each class, the transitions
involving a number of fields far above the minimal one would often be more difficult to observe
experimentally. We will therefore address the simplest cases only and introduce slight deviations
from the minimal field content where they lead to phenomenologically interesting signatures.
The introduction of extra gluon fields or the interchange of a fermion with a W and its SU(2)L
partner are for instance considered. Finally, we should bear in mind that (as in the effective-
field-theory regime) BLV may possibly occur only in processes involving a field content that we
qualified as non-minimal here.

We have already used flavour and Lorentz symmetries to point at the minimal content of six
fermions. We can further impose the overall conservation of electric charge (colour conservation
does not give any extra constraint) to identify fermionic cores upon which an equal number
of distinct classes of B- and L-violating processes derives. Those fermionic cores are listed
in Table 1 together with explicit examples of the three-generation flavour structures that are
relevant for B- and L-violating transitions at colliders.

∆B ∆L Fermionic cores Examples Promising LHC processes Aeµ
0 ±6 NNN NNN νe νµ ντ νe νµ ντ u ū→ e−µ−ντνeνµντ W+W+ 0
±1 ±3 UUU EEN t c u e− µ− ντ u c→ t̄ e+ µ+ ν̄τ +

g g → t̄ c̄ ū e+ µ+ ν̄τ 0
UUD ENN t c d e− νµ ντ d c→ t̄ e+ µ+ ν̄τ W− +
UDD NNN t s d νe νµ ντ d s→ t̄ e+ µ+ ν̄τ W−W− +

±1 ∓3 UDD N̄N̄N̄ t s d ν̄e ν̄µ ν̄τ d s→ t̄ e− µ− ντ W+W+ −
DDD ĒN̄N̄ b s d e+ ν̄µ ν̄τ d s→ t̄ e− µ− ντ W+W+ −

±2 0 UDD UDD t s d t s d d d→ t̄ t̄ s̄ s̄ −
g g → t̄ t̄ s̄ s̄ d̄ d̄ 0

t c d b s d d d→ t̄ t̄ c̄ s̄ W+ −

Table 1: Baryon and lepton number violation compatible with Standard Model flavour symmetries. Capital
N, E, D, U stand for flavour-generic neutrinos, charged leptons, down- and up-type quarks. Conjugate field

contents with anti-fermions instead of fermions and vice versa are understood.



6 LHC phenomenology
At the LHC, the dominant three-generation signatures would be accessible through resonant
processes as all fermions, even the heavy third-generation ones, are produced copiously.

One first comment that we can make with respect to the content of Table 1 is that the
simplest examples of B- and L-violating processes compatible with SM flavour symmetries all
involve same-sign fermions i.e. either quarks (leptons) or anti-quarks (anti-leptons) but not both
simultaneously. As a consequence, BLV at the LHC would feature same-sign final states. To fully
exploit this characteristic signature, the charges of final state particles need to be identified. This
is most easily done for charged muons and electrons as well as for top quarks decaying semi-
leptonically. The examples of fermionic cores t c u e−µ−ντ with (∆B,∆L) = (±1,±3) and
t s d t s d with (∆B,∆L) = (±2, 0) that feature the largest number charged leptons and tops
are thus of particular interest. Without relying on a specific model, we can identify promising
processes built upon their field content (see Table 1). Doing so, it may be advantageous to put
gluons in the initial state instead of quarks as this may lead to parton-distribution-functions
enhancements or to a different resonant structure associated to higher signal rates. Replacing
a neutrino by a charged lepton and a W is another possible step beyond minimality that can
yield more easily observable final states.

One second important feature of the LHC signature is the di-lepton charge asymmetry. As
a proton-proton collider, the LHC has an asymmetric initial state characterised by a net baryon
number equal to two and a significant predominance of u’s and d’s over other quarks. Processes
initiated by these valence quarks therefore occur much more often than their conjugates involving
initial ū’s and d̄’s. Transitions u c→ t̄ e+ µ+ ν̄τ and d d→ t̄ t̄ s̄ s̄ for instance lead to much more
positively charged leptons and anti-tops pairs than negatively charged leptons and tops pairs,
respectively. Given that anti-tops decay semi-leptonically to negatively charged leptons, a charge
asymmetry in same-sign di-lepton B- and L-violating production defined as

A``′ ≡
σBLV(`+`′+)− σBLV(`−`′−)
σBLV(`+`′+) + σBLV(`−`′−)

would be positive in the first (∆B,∆L) = (±1,±3) case and negative in the second (∆B,∆L) =
(±2, 0) one (see Table 1). This observable therefore provides an interesting discrimination power
between different scenarios. Remarkably, the SM as well as almost all its new physics extensions
but this baryon number violating one feature positive asymmetries only.1

7 Conclusions
We have analysed, in a model independent way, baryon and lepton number violation compatible
with Standard Model flavour symmetries. Its characteristic scale is allowed by low-energy con-
straints to lie no higher than the TeV range. Resonant transitions involving all three generations
could therefore be observable at the LHC.
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Rate-Only Analysis with Reactor-Off Data in Double Chooz
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Among ongoing reactor-based experiments, Double Chooz is unique in obtaining data when
all reactor cores are brought down for maintenance. These reactor-off data allow for a clean
measurement of the backgrounds of the experiment, thus being of uppermost importance for
the θ13 oscillation analysis. While the oscillation results published by the collaboration in 2011
and 2012 rely on background models derived from reactor-on data, in this analysis we present
an independent study based on the handle provided by 7.53 days of reactor-off data. A global
fit to both θ13 and the total background is performed by analyzing the observed neutrino rate
as a function of the non-oscillated expected rate for different reactor power conditions. The
result presented in this study is fully consistent with the one already published by Double
Chooz. As they both yield almost the same precision, this work stands as a prove of the
reliability of the background estimates and the oscillation analysis of the experiment.

1 Reactor Rate Modulation Analysis

In order to measure the mixing angle θ13 by means of reactor neutrino experiments, the observed
ν̄e candidates rate (R

obs) can be confronted with the expected one (Rexp) in absence of oscillation.
As Double Chooz (DC) data have been taken for different reactor power (Pth) conditions, the
rate comparison can be done for different expected averaged rates. In particular, there are three
well defined configurations as far as the operation of the two involved reactors is concerned: 1)
the two reactors are on (2-On data), 2) one of the reactors is off (1-Off reactor data), and 3)
both reactors are off (2-Off reactor data). For the 1-Off and 2-Off reactor data, the expected
neutrino rate takes into account the residual neutrinos (Rr−ν) generated after the cores are
brought down. In the presented study, the data sample in 1 is used, along with an extra 2-Off
sample collected in 2012 2, which increases the total 2-Off data taking time up to 7.53 days.

From the comparison between Rexp and Robs, as shown in left panel of Fig. 1, both the value
of θ13 and the total background rate B can be derived. The correlation of the expected and
observed rates follows a linear model parametrized by θ13 and B:

f(Rexp) = B +
(

1− sin2(2θ13) · αosc

)

·Rexp (1)

where αosc is the average disappearance coefficient, < sin2(∆m2L/4E) >, computed by means
of simulations to be 0.509. Fitting the data points in left plot of Fig. 1 to the above model
provides a direct measurement of the mixing angle and the total background rate, along with
their corresponding uncertainties. As the fitted values obtained with this technique are not
based on any a priori assumption on the background, the result is independent to that one
obtained in 1,3, where a background model, extracted from reactor-on data, is fitted along with



the mixing angle. The accuracy and precision on the fitted value of B, as well as the accuracy
on θ13, relies mostly on the 2-Off reactor data, as this sample provides a powerful lever arm for
the fit.
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Figure 1: Left: Observed versus expected neutrino candidate rate. Right: reactor-related uncertainties on the
expected rate.

2 Systematic uncertainties

There are three sources of systematics to be accounted for in the rate-only analysis: 1) detection
efficiency (σd), 2) residual ν̄e prediction in reactor-off data (σν), and 3) ν̄e prediction in reactor-on
data (σr). The detection efficiency systematics are listed in 1, from where the total uncertainty
σd is derived to be 1.005%. The rate of residual neutrinos and the associated uncertainty has
been computed as described in2, and a σν=30% uncertainty is assigned to Rr−ν in all reactor-off
periods. Finally, a dedicated study has been performed in order to estimate σr as a function of
the thermal power.

To a good approximation, all sources of reactor-related systematics are independent of Pth,
with the exception of the uncertainty on Pth itself, σPth

. This error is 0.5% 1 when the reactors
are running at full power, but it increases as Pth decreases. In 1, σPth

is assumed to be 0.5%
for all data. This is a very good approximation when one integrates over all the data taking
sample, and consequently all reactor operation conditions, as more than 90% of the data are
taken at full reactor power. However, in the current analysis this is not a valid approximation
as it relies on data taken at different reactor powers. In order to compute σPth

for different Pth

below the nominal one, a model assuming some constant systematic shift in the power plus a
small contribution linear in the power is used. The model is fitted to a sample of measurements
provided by EdF (company operating the Chooz nuclear plant), and the outcome is used to
compute the errors in Rexp, as shown in the right panel of Fig. 1. The total error σi

r (where i
stands for each data point) ranges from 1.75% (reactors operating at full power) to 1.92% (one
or two reactors not at full power).

3 Oscillation and background results

The Robs fit is based on a standard χ2 minimization. The χ2 definition is divided into three
different terms: χ2 = χ2

on + χ2
off + χ2

pull, where χ2
on stands for reactor-on and 1-Off reactor

data, χ2
off stands for 2-Off reactor data, and χ2

pull accounts for the systematic uncertainties.

Assuming gauss-distributed errors for the data points involving at least one reactor on, χ2
on is

built as follows:



χ2
on =

N
∑

i

(

Robs
i − f(Rexp

i ) · [1 + αd + αr
i + wi · α

ν
i ]
)2

σ2
stat

(2)

where N stands for the number of averaged rates (6), and where αd, αr
i and αν stand for pulls

associated to the detection, reactor-on and reactor-off systematics, respectively. The fraction of
residual neutrinos wi in each data point is defined as wi = Rr−ν

i /(Rexp
i +B).

Due to the low statistics in the 2-off reactor period, the corresponding error in Robs is
considered as poisson-distributed like. As a consequence, χ2

off is defined as a binned Poisson

likelihood which follows a χ2 distribution:

χ2
off = 2

(

Robs · Toff · ln
Robs · Toff

K · [1 + αd + wi · αν ]
+K · [1 + αd + wi · α

ν ]−Robs · Toff

)

(3)

where Toff is the live time of the 2-Off data sample, and K is the number of expected events
(B+Rr−ν ·Toff ). Finally, the χ2

pull incorporates the penalty terms corresponding to σr, σd and
σν :

χ2
pull =

αd

σd
+

N
∑

i

(
αr
i

σr
i

) +
αν

σν
(4)

The outcome of the fit can bee seen in Fig. 2. The best fit values for sin2(2θ13) and the total
background rate are 0.10±0.04 and 1.1±0.5 events/day, respectively, with a χ2/dof of 3.4/5.
Left plot of Fig. 2 shows the fit and the corresponding 90% confidence interval, superimposed
to the null oscillation hypothesis assuming the background estimates in 1. The 1, 2 and 3σ
(sin2(2θ13),B) contour plot is also presented in right plot of the same Fig. As expected from
the poisson treatement of the 2-Off data, the error on the background is constrained to positive
values. These results are fully compatible with the ones obtained in 1, yielding almost the same
precision.
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Figure 2: Observed versus expected candidates rate fit. Left: (sin2(2θ13),B) fit, superimposed to the null oscilla-
tion hypothesis. Right: 1, 2 and 3σ (θ13,B) contour plot.

While the best fit value of the total background rate depends on the neutrino candidates
selection cuts, the one of θ13 must be independent. The current analysis can be performed
for two different set of cuts: the ones applied in the first DC oscillation analysis 3, and the
ones applied in the second analysis 1. The difference among these two selections relies on the



use of the outer-veto and the showering muon veto, which are not applied in 3, thus increasing
the contamination of cosmogenic and correlated background events in the neutrino candidates
sample. For the latter selection, the fit yields sin2(2θ13)=0.12±0.05 and B=2.9±0.6 events/day.
As expected, the total background rate is larger that the one presented above, while the central
value of θ13 is fully consistent. The precision on B (relative error) is improved consistently with
the fact that the statistical power of the 2-Off data is enhanced: while the selection in 1 yields
8 events in the 2-Off data sample, 21 events are selected with the one in 3.

In order to analyze the impact of the 2-Off data sample in this analysis, one can perform
the rate fit excluding these data. The results are shown in Fig. 3: sin2(2θ13)=0.20±0.09 and
B=2.8±1.5 events/day. Although the relative errors on the fit parameters remain almost the
same, the central values are deeply affected with respect to the results incorporating the 2-Off
data. Thereby, it is concluded that the 2-Off data provides a powerful handle to constrain the
central values of θ13 and B, even if the limited statistics of this sample does not provide a
significant improvement in their precision. It is also worth noticing that the result with no 2-Off
data is fully consistent with the one obtained by the Rate-Only analysis in 1, where the 2-Off
sample is not taken into account either.
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Figure 3: Observed versus expected candidates rate fit without 2-Off reactor data. Left: (sin2(2θ13),B) fit,
superimposed to the null oscillation hypothesis. Right: 1, 2 and 3σ (θ13,B) contour plot.

4 Summary and conclusions

While the oscillation results published by the collaboration in 2011 3 and 20121 rely on back-
ground models derived from reactor-on data, the analysis described in this note is an independent
study based on the handle provided by 7.53 days of reactor-off data. A global fit to both θ13
and the total background is performed by analyzing the observed neutrino rate as a function of
the non-oscillated expected rate for different reactor power conditions. The outcome of this fit
is fully consistent with the one already published by Double Chooz: sin2(2θ13)=0.10±0.04 and
B=1.1±0.5 events/day. As both the published DC results and the current analysis yield almost
the same precision, this work stands as a prove of the reliability of the background estimates
and the oscillation analysis of the experiment.
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2-PHOTON DECAY RATE OF THE SCALAR BOSON IN THE INERT
DOUBLET MODEL

BOGUMI LA ŚWIEŻEWSKA, MARIA KRAWCZYK
Faculty of Physics, University of Warsaw, Hoża 69, 00-681 Warsaw, Poland

Motivated by experimental hints on the possibility of deviating from the SM predictions for
the 2-photon decay rate of the 125 GeV SM-like scalar boson h, an analysis of this rate in the
framework of the Inert Doublet Model is presented. Regions in the parameter space where
the 2-photon decay rate is enhanced were found. The resulting regions are confronted with
the allowed values of the Dark Matter (DM) particle’s mass. Constraints on the masses of the
charged scalar and the DM particle, and scalar couplings are presented.

1 Introduction

The 2-photon decay of the Standard Model (SM)-like scalar boson, being one of the most
important observational channels of the SM-like scalar at the LHC, can also provide information
about physics beyond the SM, because it is sensitive to the existence of new charged particles.
Also existence of other new scalars can influence the signal strength because of the presence of
the invisible decay channels. In this article we analyze the 2-photon decay rate in the framework
of the Inert Doublet Model (IDM)1, see also2, 3, 4, concentrating on the consequences of possible
enhancement of this rate.

2 Inert Doublet Model

The IDM is an extension of the Standard Model with two scalar doublets ΦS and ΦD, interacting
according to the following potential 5:

V = −1
2

[
m2

11(φ
†
SφS) +m2

22(φ
†
DφD)

]
+ 1

2

[
λ1(φ

†
SφS)2 + λ2(φ

†
DφD)2

]
+λ3(φ

†
SφS)(φ†DφD) + λ4(φ

†
SφD)(φ†DφS) + 1

2λ5

[
(φ†SφD)2 + (φ†DφS)2

]
,

(1)

with all parameters real. This potential is symmetric under a discrete transformation D: ΦS →
ΦS , ΦD → −ΦD. The Yukawa interactions are also D-symmetric (only the ΦS doublet couples

to fermions) and so is the vacuum state (the so-called Inert vacuum): 〈φS〉 =

(
0

v/
√

2

)
,

〈φD〉 =
(

0
0

)
, v = 246 GeV. Thus, the symmetry D is exact in the IDM.

The particle spectrum of the model consists of a SM-like scalar h (originating from ΦS),
which has tree-level couplings to fermions and gauge bosons just like the SM scalar boson, and
four dark (inert) scalars: H, A and H± (coming from ΦD), which do not couple to fermions. Due
to the D-parity conservation the lightest D-odd (dark) particle is stable and thus constitutes a
Dark Matter (DM) candidate, given that is electrically neutral. In this work we assume that H
is the DM candidate. It has been shown that the DM coming from the IDM can be consistent



with the WMAP observations only in three mass regimes: MDM . 10 GeV, 40 .MDM . 80 GeV
or MDM & 500 GeV 6. We will confront this regions with the results of the Rγγ analysis.

2.1 Constraints

The numerical results presented in Section 4 are obtained by scanning randomly the parameter
space of the IDM taking into account the following constraints:

Vacuum stability: For a stable vacuum state to exist it is necessary that: λ1 > 0, λ2 >
0, λ3 +

√
λ1λ2 > 0, λ345 +

√
λ1λ2 > 0.

Perturbative unitarity: We demand that the eigenvalues Λi of the high energy scattering
matrix of the scalar sector fulfill the condition: |Λi| < 8π.

Existence of the Inert vacuum: For the Inert state to be the global minimum of the poten-
tial it is necessary that it is a minimum, i.e., the scalars’ masses squared are positive and
that its energy is lower than the energy of coexisting minima. The latter is assured by:
m2

11√
λ1
>

m2
22√
λ2

, which when combined with the unitarity constraints on λ2 and the measured

mass of the scalar boson Mh = 125 GeV gives the condition 7

m2
22 . 9 · 104 GeV2. (2)

Electroweak Precision Tests (EWPT): We require that the values of S and T parameters
lie within 2σ ellipses around the central values: S = 0.03 ± 0.09, T = 0.07 ± 0.08 (with
correlation equal to 87%) 8.

LEP bounds: We impose the LEP bounds9 on scalar masses: MH± +MH > MW , MH± +MA >
MW , MH + MA > MZ , 2MH± > MZ , MH± > 70 GeV and exclude the region where
simultaneously: MH < 80 GeV, MA < 100 GeV and MA −MH > 8 GeV.

LHC data: We set Mh = 125 GeV 10,11.

H as DM candidate: AsH is supposed to be the DM candidate, we assumeMH < MA, MH± .

3 2-photon decay rate of the scalar boson

The 2-photon decay rate of the SM-like scalar boson is defined as follows:

Rγγ :=
σ(pp→ h→ γγ)IDM

σ(pp→ h→ γγ)SM
≈ Γ(h→ γγ)IDM

Γ(h→ γγ)SM
Γ(h)SM

Γ(h)IDM
, (3)

where the facts that the main production channel is via gluon fusion and that h couples (at the
tree-level) to SM particles like SM scalar boson, so σ(gg → h)IDM = σ(gg → h)SM, have been
taken into account. It can be seen that deviations from Rγγ = 1 can be caused by:

Modifications of the total decay width of h. The total decay width Γ(h)IDM is modified
with respect to the SM value dominantly due to the existence of the invisible decay chan-
nels: h→ HH or h→ AA. (Loop induced modifications are negligible in comparison with
the SM total width of h.)

Modifications of the partial decay width to two photons. The source of modifications
of the partial decay width given by the formula:

Γ(h→ γγ)IDM =
GFα

2M3
h

128
√

2π3

∣∣∣∣ASM +
2M2

H± +m2
22

2M2
H±

A0

(
4M2

H±

M2
h

)∣∣∣∣2 (4)

is the charged scalar loop contribution, which can interfere either constructively or de-
structively with the SM term ASM (for the definition of ASM and A0 see 12).

The final value of Rγγ is a result of interplay between these two factors.



4 Results

4.1 Invisible channels open

In Fig. 1 (left panel) we present the dependence of Rγγ on MH . It can be seen that when the
invisible channel h→ HH is open (for MH < Mh/2 ≈ 62.5 GeV), enhancing Rγγ is impossible 3.
Nonetheless, for this case any value of Rγγ up to around 0.9 can be obtained. Note, that since

Figure 1: Left panel: Rγγ as a function of MH for −2 · 106 GeV2 6 m2
22 6 9 · 104 GeV2. Right panel: Region

allowed in the (m2
22,MH±) plane by the constraints from Section 2.1 together with curves representing constant

values of Rγγ . Points with Rγγ > 1 (Rγγ < 1) are displayed in light (dark) green/gray.

MH < MA,MH± , enhanced 2-photon decay rate of h can be observed only if MH ,MA,MH± >
Mh/2. Therefore, if Rγγ > 1 is confirmed, light DM is excluded.

4.2 Invisible channels closed

When the invisible decay channels are kinematically closed Eq. (4) reduces to:

Rγγ =
Γ(h→ γγ)IDM

Γ(h→ γγ)SM
. (5)

In this case we solved the inequality Rγγ > 1 analytically. As a result we found that the 2-photon
decay rate can be enhanced only for:

m2
22 <− 2M2

H± < −9.8 · 103 GeV2 or (6)

m2
22 >

aM2
h

1−
(
2MH±
Mh

)2
arcsin2

(
Mh

2MH±

) − 2M2
H± & 1.8 · 105 GeV2, (7)

where a = ReASM and for obtaining the numerical values the LEP bound on the charged scalar
mass MH± > 70 GeV has been used. These two options correspond to constructive (Eq. (6))
or destructive (Eq. (7)) interference between the charged scalar loop and the SM contribution.
The latter case is excluded by the condition for the existence of the Inert vacuum, Eq. (2). The
surviving condition m2

22 < −2M2
H± can be translated to the condition for the coupling between

h and H+H− as λ3 < 0, see also 3.

In Fig. 1 (right panel) we present the region allowed by the constraints described in Sec-
tion 2.1 in the (m2

22,MH±) plane. The points for which Rγγ > 1 are displayed in light green/gray.
In addition, curves representing fixed values of Rγγ (calculated for the invisible channels closed)
are shown. It can be observed, that the 2-photon decay rate can be enhanced for any value



of the charged scalar mass. However, if Rγγ is demanded to be sharply greater than 1, then
an upper limit on MH± arises. For example if Rγγ > 1.3, then MH± ,MH < 135 GeV. Joining
these results with the results from Section 4.1 and the LEP bound on MH± it can be seen that
Rγγ > 1.3 implies:

70 GeV < MH± < 135 GeV, 62.5 GeV < MH < 135 GeV. (8)

The bound mentioned above leaves only the medium mass regime of the DM viable.
In similar way the couplings between h and H± or H can be constrained. Demanding

Rγγ > 1, we get the condition λ3, λ345 < 0, while Rγγ > 1.3 implies:

−1.46 < λ3, λ345 < −0.24. (9)

5 Summary

We have analyzed the 2-photon decay rate of the SM-like scalar boson h within the framework
of the IDM. Taking into account a number of constraints we have found the regions in the
parameter space where this rate can be enhanced with respect to the SM case. We conclude
that it is possible only if MH ,MA,MH± < Mh/2. Furthermore, if a lower bound, which is greater
than one, is set on Rγγ , an upper bound on the masses of the charged scalar and the DM particle,
and their couplings to h arises. For example for the case with Rγγ > 1.3 the following bounds are
obtained: 70 GeV < MH± < 135 GeV, 62.5 GeV < MH < 135 GeV, −1.46 < λ3, λ345 < −0.24.
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ZZ PRODUCTION CROSS SECTION AT 8 TEV WITH THE ATLAS
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The latest measurement of the Standard Model ZZ production cross section at 8 TeV using
data recorded by the ATLAS experiment at the Large Hadron Collider is presented. Events
are selected consistent with two Z bosons decaying to electrons or muons. The cross section is
measured in the experimental fiducial volume and then used to extract the total ZZ production
cross section.

1 The ZZ production

The production of Z boson pairs in the ATLAS Experiment at the Large Hadron Collider
(LHC) is of great interest since it provides an excellent opportunity to test the predictions of
the electroweak sector of the Standard Model (SM) at the TeV energy scale. Deviations from
SM expectations for the total or differential SM production cross sections could be indicative
of the production of new resonances decaying to Z bosons or other non-SM contributions.
In the SM , ZZ production proceeds via quark-antiquark t-channel interaction, with a small
contribution from gluon fusion, calculated using MCFM 1 to be 5.9% in pp collisions at 8 TeV.
The ZZZ and ZZγ neutral triple gauge boson couplings (nTGCs) are zero in the SM , hence
there is no contribution from s-channel qq̄ annihilation at tree level. At the one-loop level, the
contribution is O(10−4) 2. Many models of physics beyond the SM predict values of nTGCs at
the level of 10−4 to 10−3 3. Those non-zero nTGCs can increase the ZZ cross section especially
for high ZZ invariant mass and high transverse momentum of the Z bosons 4.

2 The ATLAS detector

The ATLAS detector is a general purpose particle detector of LHC. It comprises a fine granularity
tracking system, an electromagnetic and a hadronic calorimeter, and a muon spectrometer.
ATLAS detector shows high combined performance of its subsystems which allows for good
identification of electrons and muons. The detector is described in detail elsewhere 5.

3 Event Selection

Events are required to have exactly four high-pT , isolated electrons or muons, and are selected
with at least one triggered muon or electron having pT > 25GeV and being within the triggerable
η volume of the detector (|η| < 2.5 for electrons and |η| < 2.4 for muons). The other leptons’
pT requirements are lower, as it is explained in this section, in order to increase the signal event



yield. To ensure that they originate from the primary vertex, lepton candidates are required
to have the absolute value of the product of the longitudinal impact parameter (distance of
closest approach) with respect to the primary vertex times the sine of the polar angle θ to be
less than 0.5 mm. The primary vertex is defined as the vertex whose constituent tracks have the
largest sum of p2T . To reject heavy flavour background, muons must have an impact parameter
significance (the transverse impact parameter, d0, divided by its error) less than 3 while the
electrons must have an impact parameter significance less than 6.

Muons are identified by tracks (or track segments) reconstructed in the muon spectrometer
matched to tracks reconstructed in the inner detector, and are required to have pT > 7 GeV
and |η| < 2.5. In order to reject muons from the decay of heavy quarks, it is required that
isolated muons are selected by restricting the scalar sum of the transverse momenta (ΣpT ) of
other tracks inside a cone of ∆R = 0.2 around the muon to be no more than 15% of the muon pT .
In the region |η| < 0.1 (where there is a limited geometric coverage in the muon spectrometer)
calorimeter-tagged muons are considered in addition. They are reconstructed from calorimeter
energy deposits consistent with a muon 6 which is matched to an inner detector track with
pT > 20 GeV and are required to satisfy the same impact parameter and isolation criteria as
for the combined muons. Muons with 2.5 < |η| < 2.7 (in a region outside the nominal coverage
of the inner detector) are taken into account as well and are required to have pT > 10 GeV .
Instead of the above mentioned ΣpT isolation criteria, the ΣET of calorimeter energy deposits
inside a cone of size ∆R = 0.2 around these muons is required to be no more than 15% of their
pT . The same impact parameter requirements as for the muons with |η| < 2.5 are imposed for
the forward muons that are measured in the inner detector; no such requirement is imposed
on those measured in the muon spectrometer only. The number of calorimeter-tagged muons
and muons with 2.5 < |η| < 2.7 per event is limited to a maximum of one of either type and
it is also required that they be paired with muons which are neither calorimeter-tagged nor in
the forward region, 2.5 < |η| < 2.7. The inclusion of these two types of muons increases the
expected event yield by 10%.

Electrons are reconstructed from energy deposits in the electromagnetic calorimeter matched
to a track in the inner detector. Electron candidates are required to have pT > 7 GeV and
|η| < 2.47. They must be isolated, using the same criteria as for muons within |η| = 2.5,
calculating ΣpT around the electron track. Electron candidates within ∆R = 0.1 of any selected
muon are rejected, and if two electron candidates overlap within ∆R = 0.1 the electron with
the lower pT is rejected. The electron identification algorithm was chosen to maximize efficiency
at the cost of reduced electron-like jet rejection and is relaxed compared to the identification
algorithm used in the ATLAS H → ZZ∗ → l+l−l

′+l
′− analysis 7.

Same-flavour, oppositely-charged lepton pairs are combined to form Z candidates. An event
must contain two such pairs. In the e+e−e+e− and µ+µ−µ+µ− final states there is an ambiguity
in pairing the leptons into Z bosons. It is resolved by choosing the pairing which results in the
smaller value of the sum of the two |ml+l− −mZ | values, where ml+l− is the invariant mass of a
lepton pair and mZ is the mass of the Z boson 8. If any same-flavour, oppositely-charged lepton
pairing results in an invariant mass below 5 GeV , the event is rejected to reduce backgrounds
including J/Ψ mesons.

4 Background Estimation

The main background to the ZZ signal originates from events with a Z (or W±) boson decaying
to leptons plus additional jets or photons (referred to as Z/W± + X). Events with a top-
quark pair, a single-top and other diboson processes (W+W−, W±Z) also contribute. Jets
may be misidentified as electrons or contain electrons and muons from in-flight decays of light
mesons or heavy-flavoured hadrons which satisfy the electron or muon object selection. Photons
may be misidentified as electrons. Leptons from heavy-flavour decays tend to be rejected by



the impact parameter significance requirement. Leptons from misidentified jets or decays of
light mesons tend to be spatially correlated with jets and many are rejected by the isolation
requirement. Photons tend to be rejected due to hit requirements in the inner detector used in
the electron identification. Since Monte Carlo (MC) simulations may not adequately describe
the jet fragmentation in the tails of the isolation distributions, the background is estimated
directly from the data.

To estimate the background contribution from four-lepton events in which at least one lepton
candidate originates from a jet or a photon rather than from the decay of a Z boson, a control
sample of events containing three leptons passing all selection criteria plus one lepton − like jet
and two leptons passing all selection criteria plus two lepton − like jets are identified and denoted
lllj and lljj respectively. For muons, the lepton-like jets are muon candidates that either fail the
track isolation requirement but pass the d0 significance requirement or fail the d0 significance
requirement but pass the track isolation requirement. For muons with |η| > 2.5, calorimetric
isolation is used instead of track isolation. For electrons, the lepton-like jets are energy deposits
in the electromagnetic calorimeter matched to inner detector tracks that either fail the electron
identification requirement but pass the track isolation requirement, or fail the track isolation
requirement but pass the electron identification requirement. The events are otherwise required
to pass the full event selection, treating the lepton-like jet as if it were an identified lepton.
Since the selected leptons are spatially separated in ∆R because of the isolation requirements,
we require that the lepton-like jets do not overlap with another lepton-like jet or selected lep-
ton within a cone of ∆R = 0.2. This ensures that the control sample has similar kinematic
characteristics to the signal sample. This event sample is dominated by Z + X events for the
e+e−e+e− channel and Z+X and tt̄ events for the e+e−µ+µ− and µ+µ−µ+µ− channels.

The background is then estimated by scaling the control sample by a measured fake factor
f (η and pT dependent, treated as uncorrelated in the two variables) which is the ratio of the
probability for background leptons to satisfy the lepton criteria to the probability to satisfy the
lepton-like jet criteria, where background leptons are leptons from jets or photons as described
above. The background in which two of the selected leptons originate from a jet or photon is
treated similarly, using the lljj sample. A correction is necessary to account for the number
of ZZ signal events which decay to four leptons where three leptons pass the selected lepton
requirements and one passes the lepton-like jet requirements (N lllj

ZZ ), or two leptons pass the

selected lepton requirements and two pass the lepton-like jet requirements (N lljj
ZZ ). This is

estimated using signal Monte Carlo expectation. The background from events with misidentified
(fake) leptons is calculated as:

Nfake
4l = N(lllj)× f −N(lljj)× f2 −NCorrection

ZZ (1)

where NCorrection
ZZ = N lllj

ZZ × f − N
lljj
ZZ × f2. The factor f is measured in a sample of data

selected by requiring a reconstructed opposite-sign same-flavour lepton pair which has an invari-
ant mass within 20 GeV of the Z mass and classifying any additional identified leptons in the
event as selected leptons or lepton-like jets. It is assumed that all of these additional leptons are
fakes, either from light jets misidentified as real leptons, bremsstrahlung photons converting to
electrons, or from real leptons from decays in heavy flavour jets. Contributions to f from W±Z
and ZZ processes, which contain additional real leptons, are subtracted from the data using
simulation, normalized using the SM cross sections. The systematic uncertainty is determined
by comparing the nominal data-driven background estimation using the parameterized fake fac-
tor (in η and pT ) and the estimation using the average fake factor (total l divided by total j)
for each type of lepton.

Sources of irreducible background such as tt̄Z, ZZZ, ZWW must be also taken into con-
sideration when calculating the background estimation. The contribution from these sources is
estimated from Monte Carlo and added to the data-driven estimation to give the total back-
ground expectation.



5 Results

The numbers of expected and observed events after applying all selection criteria are shown in
Table 1, along with the reconstruction acceptance factors used to correct back to the number of
events in the fiducial phase-space, taking into account the contribution from events where at least
one of the Z bosons decays to τ leptons. We observe 305 candidates passing the ZZ selection
in data, with a background expectation of 20.4± 2.9(stat.)± 5.0(syst.).

Table 1: Summary of observed events, expected signal and background contributions, and reconstruction accep-
tance factor in all four-lepton channels, after applying the ZZ selection. The signal expectation is derived from
Monte Carlo and is shown with the combined statistical and systematic uncertainty. The luminosity uncertainty

on the signal expectation is 2.8%.

Final state e+e−e+e− µ+µ−µ+µ− e+e−µ+µ− l+l−l
′+l
′−

Observed 62 85 158 305
Signal (MC) 59.5 ± 4.0 90.2 ± 2.7 142.7 ± 5.6 292.5 ± 10.6
Background 10.0 ± 1.8 ± 1.4 1.1 ± 1.4 ± 0.5 9.3 ± 2.1 ± 3.1 20.4 ± 2.9 ± 5.0

CZZ 0.55 ± 0.04 0.83 ± 0.03 0.66 ± 0.03 0.68 ± 0.02

The ZZ cross sections are determined using a likelihood fit with the systematic uncertainties
included as nuisance parameters. The final result for the fiducial cross section corresponding to
the phase-space is:

σfid
ZZ→l+l−l′+l′−

= 20.71.3−1.2(stat.)± 0.8(syst.)± 0.6(lumi.) fb. (2)

where l+l−l
′+l
′− refers to the sum of the e+e−e+e−, µ+µ−µ+µ−, e+e−µ+µ− final states.

This result is consistent with the SM prediction 21.1+0.9
−0.7 fb calculated at NLO using MCFM,

where the error reflects the uncertainty on the PDFs and on the scales.
The total cross section is determined by extrapolating the ZZ fiducial cross section to the

full phase-space, correcting for the Z → l+l− branching ratio and the acceptance of the fiducial
cuts. The measured value of the total ZZ cross section is:

σtotZZ = 7.1+0.5
−0.4(stat.)± 0.3(syst.)± 0.2(lumi.) pb. (3)

This result is consistent with the SM prediction of 7.2+0.3
−0.2 pb calculated at NLO using

MCFM and the CT10 PDF set. Figure 1 shows measurements of the total ZZ production cross
section as a function of centre-of-mass energy, showing results from the ATLAS 9 and CMS 10 11

experiments at the LHC, and from the CDF 12 and D0 13 experiments at the Tevatron, as well
as the theoretical predictions.
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Figure 1: Measurements and theoretical predictions of the total ZZ production cross section as a function of
centre-of-mass energy

√
s. Experimental measurements from CDF and D0 in pp̄ collisions at the Tevatron at√

s = 1.96 TeV , and experimental measurements from ATLAS and CMS in pp collisions at the LHC at
√
s = 7 TeV

and at
√
s = 8 TeV are shown. The blue dashed line shows the theoretical prediction for the ZZ production cross

section in pp̄ collisions. The solid red line shows the theoretical prediction for the ZZ production cross section in
pp collisions9.

References

1. J. Campbell and K. Ellis and C. Williams, JHEP 1107, 018 (2011).
2. G. J. Gounaris and J. Layssac, and F. M. Renard, Phys. Rev. D 62, 073012 (2000).
3. J. Ellison and J. Wudka, Annu. Rev. Part. Sci. 48, 33 (1998).
4. U. Baur and D.L. Rainwater, Phys. Rev. D 62, 113011 (2000).
5. ATLAS Collaboration, JINST 3, S08003 (2008).
6. ATLAS Collaboration, ATLAS-CONF-2012-125, https://cds.cern.ch/record/1474642.
7. ATLAS Collaboration, Phys. Lett. B 716, 1-29 (2012).
8. J. Beringer et al. (Particle Data Group), Phys. Rev. D 86, 010001 (2012).
9. ATLAS Collaboration, ATLAS-CONF-2013-020, https://cds.cern.ch/record/1525555.

10. CMS Collaboration, JHEP 1301, 063 (2013).
11. CMS Collaboration, arXiv:1301.4698 [hep-ex].
12. CDF Collaboration, Phys. Rev. Lett. 108, 101801 (2012).
13. D0 Collaboration, Phys. Rev. D 85, 112005 (2012).



	  



Search for strongly produced superpartners in final states with 2 same-sign
leptons and jets with the ATLAS detector.

J. MAURER, on behalf of the ATLAS collaboration
CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France

A search for the production of supersymmetric particles decaying into final states with jets
(b-tagged or not), missing transverse momentum and two isolated leptons, electron or muon,
of the same sign is presented. The analysis uses a data sample collected during 2012, which
corresponds to a total integrated luminosity of 21 fb−1 of

√
s = 8 TeV proton-proton collisions

recorded with the ATLAS detector at the Large Hadron Collider. The absence of any observed
excess with respect to the expected Standard Model contribution is interpreted in terms of
exclusion limits on several SUSY scenarios.

1 Introduction

The framework of Supersymmetry 2 (SUSY) has been proposed as a natural generalization of
the Standard Model (SM), by the introduction of a new symmetry between bosons and fermions
doubling the number of fundamental particles. One of the assets of SUSY is its ability to solve the
hierarchy problem of the SM, while maintaining a low level of fine tuning (the so-called natural
SUSY scenario). In this context, stringent constraints apply on superpartner masses. Mostly,
the mass of the lightest scalar top t̃1 must lie below 1 TeV, while the gluon partner g̃ is not
allowed to exceed 2 TeV. The scalar bottom b̃1 is often light as well. A Higgs boson mass around
125 GeV can also constrain the stop mass from below3. It is therefore particularly interesting to
search for evidences of third generation squarks, either from their direct production, or through
their presence in gluino decays that benefit from a large cross-section.

The search presented here looks for hints of decays of these superpartners in events with two
leptons of the same electric charge, in association with several hadronic jets. While extremely
rare in the SM, such signatures occur naturally in several decay scenarios of superpartners,
depending on the underlying mass spectrum. The typical pattern features pair production
of gluino-mediated stop or sbottom g̃ → tt̃∗1 (or bb̃∗1) followed by subsequent decays to the
lightest SUSY particle, respectively t̃∗1 → t̄χ̃0

1 or b̃∗1 → t̄χ̃+
1 → t̄W+χ̃0

1. The squarks t̃1, b̃1 can
possibly be off-shell, if they are too heavy to be produced in gluino decay. The final states are
characterized by the presence of 4 W bosons and 4 bottom quarks, which can lead to same-sign
lepton pairs. In addition, in the context of R-parity conserving models, the two stable non-
interacting neutralinos χ̃0

1 constitute a source of high missing transverse momentum E/T . One
can also look for b̃1b̃

∗
1 direct production with b̃1 decaying as above, that results in final states

with 4 W bosons, 2 bottom quarks, and 2 neutralinos. Several scenarios are also considered for
g̃g̃ decays in gauginos through squarks from the two first generations g̃ → qq̃, either directly
in q̃ → qχ̃±1 → qW±χ̃0

1, or with sleptons q̃ → qχ̃±1 → q ˜̀ν/`ν̃ (or q̃ → qχ̃0
2 → q ˜̀̀ /ν̃ν) followed

by ˜̀→ `χ̃0
1 and ν̃ → νχ̃0

1. In these cases, advantage is taken of the Majorana nature of the
gluino, which results in equiprobability of obtaining opposite or same-sign pairs lepton pairs
when only one lepton is produced in each gluino decay. Search for direct squark production in



the aforementioned decays is also possible, although the rate of same-sign leptons is substantially
reduced. One may notice the absence of bottom quarks in these final states, third generation
being not involved. The large variety of scenarios that can be covered, combined with a very
low expected SM background, makes this signature a powerful tool to search for new physics.

In the following, we report on the latest results from an ATLAS search 1,4 using the whole
2012 dataset, corresponding to 20.7 fb−1 of proton-proton collisions at

√
s = 8 TeV.

2 Event selection

Leptons, either electrons or muons, are required to have ET > 20 GeV and |η| < 2.5 (resp.
|η| < 2.4 for muons). Fake candidates are suppressed by tight identification criteria (electrons),
combined to cuts on isolation (sum of surrounding tracks ET or calorimeter energy deposits in a
cone of ∆R < 0.3) and impact parameter to reject non-prompt leptons yielded by heavy flavor
hadron decays, or photon conversions. Leptons within ∆R < 0.4 of a jet are discarded.

Jets are reconstructed by a standard anti-kT algorithm with a radius of 0.4, with acceptance
cuts of ET > 40 GeV and |η| < 2.8. Jets containing B-hadrons are identified by a neural network
based b-tagging algorithm used at a 70% efficiency operating point. In this case, the acceptance
cuts are modified to ET > 20 GeV and |η| < 2.5.

Missing transverse momentum E/T is reconstructed as the vectorial ET sum of identified
and calibrated objects, as well as remaining non-associated topological clusters up to |η| < 4.9.
Pile-up effects are suppressed by a track-based method, improving the resolution.

Only the pair constituted by the two leading pT leptons is considered, and its constituents
are required to share the same electric charge. An invariant mass cut m`` > 12 GeV is required,
to further reject possible contributions from heavy flavor hadronic resonance decays involving
leptons. Three signal regions are built to provide sensitivity to the various scenarios listed above.
The baseline kinematic selection is the following: presence of at least 3 jets, a missing transverse
momentum cut E/T > 150 GeV, and a transverse mass cut (with the leading lepton) mT > 100
GeV. This selection is then split into two signal regions, namely SR1b and SR0b, according to
the presence or not of at least one b-jet. In addition, a requirement on the effective mass meff

(scalar sum of E/T and pT of the selected leptons and jets) of 700 GeV (resp. 400 GeV in SR0b)
is imposed. A third signal region (SR3b) is built to increase acceptance to scenarios with 4
b-quarks in the final state. In this case, the cuts on E/T , mT , and meff are dropped, replaced
by requiring of at least 4 jets among which at least 3 should be identified as b-jets. Relaxing
the E/T -based cuts allows to access more compressed scenarios, in which the small mass splitting
between the neutralino and its parent (g̃, q̃, χ̃±1 ) yields lower E/T .

3 Background estimation

Final states with two same-sign leptons are characterized by very low background, which can
be classified in 3 categories combining irreducible and detector-related contributions:

• Standard Model processes with same-sign leptons. These irreducible processes include di-
boson production (WZ, ZZ, W±W±) which contributes mainly in SR0b, and the associate
tt̄ + vector boson (W,Z) production, which dominates in SR1b and SR3b.

• Opposite-sign pairs, with the reconstructed charge flipped for one lepton. This process
occurs predominately for electrons. In most cases, a Bremsstrahlung photon converts in the
material e± → e±γ → e±e±e∓ and the wrong track (e∓) is picked up in the reconstruction.
The largest related contribution in the signal regions is provided by dileptonic tt̄ events.

• Fake or non-prompt leptons. These include light hadrons mimicking the signature of an
electron in the calorimeter, photon conversions, or semi-leptonic decays of heavy flavour



Figure 1: Effective mass distribution in the signal regions with 0 (left) and 1 or more b-jets (right). Ref 4.

hadrons yielding non-isolated leptons. A major contribution in the signal regions originates
from tt̄ events in which a non-prompt lepton is produced by a B-meson.

Contributions from irreducible processes are estimated by Monte-Carlo. Systematic uncertain-
ties are dominated by jet energy scale, and barely known tt̄ + V cross-sections (∆σ ≥ 30%).

A data-driven estimate of the charge flip background is performed. The charge flip rate is
measured as a function of η and pT in a pure electron sample (Z → ee), comparing the yields
of opposite/same-sign pairs. This rate, varying from 0.1% up to 2% at large η, is then used to
weight data events passing the same selection, but with opposite-sign pairs.

Background with fake leptons is estimated with the so-called matrix method, relying only
on data. The application of tight isolation criteria on loosely identified leptons allows to classify
events in 4 categories, depending on the lepton passing/failing the tight cut. Given the proba-
bilities for real or fake leptons to satisfy the tight requirement, a system of 4 equations can be
built and inverted to retrieve the number of events with at least one fake lepton. The needed
probabilities are measured independently in samples enriched in real Z → `` or fakes leptons
(same-sign lepton pairs with one jet, prompt lepton contribution subtracted from Monte-Carlo).

In both data-driven methods, the main uncertainties come from the measurement of the
needed parameters, and their extrapolation to the signal regions. Figure 1 shows the effective
mass distribution in the signal regions SR0b and SR1b, that are dominated respectively by
diboson or tt̄ + V processes, as well as the contribution due to fake leptons.

4 Results with the 2012 dataset

Table 1 presents the number of events observed in the signal regions, together with the total
background prediction. No significant excess is found in data compared to SM expectations.
This is interpreted in terms of exclusion limits on the various scenarios listed in the introduction.

Table 1: Number of observed/expected events, 95% upper limits (U.L.) on visible cross-section and signal yield.

Signal region SR0b SR1b SR3b
Observed events 5 8 4

Expected background events 7.5± 3.3 3.7± 1.6 3.1± 1.6
U.L. on visible cross-section 0.33 fb 0.53 fb 0.34 fb

U.L. on observed signal (expected) 6.7 (7.9+2.6
−2.0) 11.0 (6.8+2.6

−1.5) 7.0 (5.9+2.4
−1.3)
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Figure 2: Exclusion limits for different simplified model, as well as mSUGRA/cMSSM (bottom right). The gray
numbers indicate upper limits (in fb) on the corresponding process cross-section, for a BR of 100%. Ref 4.

Expected signal yields are computed in topological models where only the particles involved in
production and decay play a role, the others being decoupled by setting them to large masses
(> 2 TeV). Branching ratios of 100% are also assumed on the considered decay chain. Upper
limits on the signal strength are obtained by relaxing the meff cut in SR0b and SR1b, and
performing a combined signal+background fit of the meff shape in the 3 signal regions. The
limits are provided as 95% confidence level intervals in the standard CLs approach.

In conclusion, Fig. 2 displays the obtained limits for gluino-mediated stop, and b̃1b̃
∗
1 produc-

tion. Gluino masses up to 1 TeV, and sbottom masses up to 500 GeV, are excluded in these
models. Similar limits are set on the gluino mass in the mSUGRA model for µ > 0, tanβ = 30,
and A0 set to −2m0 so that mH ∼ 125 GeV. In the scenarios without genuine b-jets, accessed
with SR0b, competitive limits can be obtained as well (Fig. 2 bottom left, gluino decays in
sleptons). Limits for other scenarios mentioned in the introduction are provided in Ref 4.
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Measurement of the production cross sections of Z bosons in association with
b jets in pp collisions at

√
s = 7 TeV

Ludivine Ceard on behalf of the CMS collaboration
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Université catholique de Louvain
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The mechanism of production of heavy-flavoured mesons, in association with vector bosons
like Z+b in the Standard Model is only partially understood. The deep understanding of these
processes is furthermore required by Higgs and BSM analysis with similar final states. Using
the 2.1 fb−1 LHC proton-proton collision data collected in 2011 at a centre of mass energy
of 7 TeV by the CMS detector 1, the final measurements of Z+b inclusive, Z+1b exclusive
and Z+2b inclusive cross sections are determined for b hadron jets having pT > 25 GeV and
|η| < 2.1. Results and kinematics are compared to Monte Carlo predictions.

1 Introduction

The production of the Z boson in association with b quarks is an important measurement at the
LHC, both as a benchmark channel to the production of the Higgs boson in association with
b quarks, as well as a Standard Model background to Higgs and new physics searches in final
states with leptons and b jets. The dominant contributions for proton-proton collisions at the
LHC centre of mass energy of 7 TeV originate from the gluon-gluon production processes, with
a smaller contribution from multiple parton interactions.

The processes are currently computed in two ways: the four-flavour scheme which allows
only u, d, s, c quarks and gluons to participate in the hard scattering process, with the b quarks
produced explicitly in pairs from gluon splitting; and the five-flavour scheme allowing the b
quark to participate directly in the hard scattering, by integrating the gluon splitting process
into the PDF. NLO calculations have been performed in Ref. 2 using massless b quarks. To all
orders in perturbation theory, both schemes can be made exactly identical. Still, at any finite
order the results might differ significantly, depending on the ordering.

2 Reconstruction, selection and backgrounds

The signal is defined as one Z boson in association with exactly one or at least two b quarks,
inclusive with respect to the number of additional non-b-flavoured jets.



The total luminosity analyzed is L = 2.13± 0.09 fb−1.
The Z boson is reconstructed from 2 leptons, electrons or muons, both required to be re-

constructed offline with a pT > 25 (20) GeV and a pseudorapidity |η| < 2.5 (2.1). An isolation
criteria is applied to reject the background.

Jets are reconstructed using the particle-flow objects3. Individual particles are reconstructed
by considering information from all subdetectors and subsequently clustered into jets using the
anti-kT jet clustering algorithm 4 with a distance parameter of 0.5. The reconstructed jets are
required to have pT > 25 GeV, |η| < 2.1, and to be separated from the leptons by ∆R ≥ 0.5.
Jets originating from b quarks are tagged by taking advantage of the long b hadron lifetime
through a Simple Secondary Vertex (SSV) algorithm 5, requiring at least 2 tracks per secondary
vertex and discriminating on the flight distance significance from the reference primary vertex.

The Monte Carlo samples used are derived from MadGraph5F 6 interfaced with Pythia 7.
The Z+jets MC sample is split into three subsamples, according to the underlying production
of b jets, c jets, or jets originating from gluons or u,d,s quarks (hereafter called light jets).
The MC expectations are re-weighted according to scale factors for pile-up, b-tag and lepton
reconstruction efficiencies, in order to match the observations in data. The number of 2 tracks
secondary vertices per jet is shown in Figure 1, after the dilepton+jet(s) selection.

Events not originating from Z+b jets production processes but nevertheless contributing to
the final reconstructed event yield after the full event selection are expected to originate from
ttbar, Z+jets and ZZ production as visible in the Figure 1. ZZ, the smallest contribution, will
be estimated from the Monte Carlo yield after selection, normalized to the CMS cross section
measurement 8.
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Figure 1: Left: Number of two-tracks secondary vertices per jet within ∆R = 0.3 of the jet axis in dilepton+jet(s)
events. Right: the polar angle Φ between the Z boson and the bb system. The yellow bands in the lower plots

represent the statistical uncertainty on the MC yield.

To improve the selection efficiency, especially when requiring two jets, all secondary vertices
built from two tracks or more are considered. The discriminant value to define b jets 5 is chosen
such that the rate of tagging a light quark (mistagging rate) is below 1%.

The remaining background due to mistagging light jets is estimated from the distribution
of the secondary vertex masses, m(SV1,2), of the leading and sub-leading b-tagged jets. The
method is an extension of the method used in the preceding paper 9: templates are estimated
from MC to model the m(SV1,2) distributions for the different jet flavours and are used in
likelihood fits to extract the bb-purity from the data.



The almost exclusive contribution of the ttbar MC component in the Missing Transverse
Energy (MET) above 50 GeV justifies the veto above this value in order to reduce the ttbar
background. In this study, MET is calculated by forming the negative vectorial sum of the
transverse momenta of all objects in the events. The dilepton invariant mass distribution is also
used to suppress the background from ttbar, by narrowing the mass window to the range 76-106
GeV.

The remaining background originating from ttbar production is estimated using the dilepton
invariant mass spectrum. The shape of the distributions of the Drell-Yan and the ttbar contri-
bution are estimated from MC, and parameterized as binned PDFs, propagating the statistical
uncertainties of the MC templates to the fitted fraction.

After subtracting the estimated background contribution the signal yield after selection is
found to be : N sig

Z(µµ)+bb = 133± 21 and N sig
Z(ee)+bb = 95± 15.

3 Unfolding and results

In order to extract a cross section at the particle level, the background-subtracted yields for
the Z+1b jet and the Z+2b jets categories are corrected for the efficiencies of the selection
of the dilepton-pair and the b-tagged jets, as well as for the detector resolution effects. Both
the application of b tagging, as well as jet reconstruction may induce migrations between the
category of events containing one b jet and those containing more than one: the number of
generated b jets and the number of correctly reconstructed b jets is in general not the same. In
order to estimate the cross sections according to the different b jet multiplicities, the efficiency
corrections are hence performed as a function of the number of b jets.

The sum of these two cross sections provides the inclusive cross section of a Z boson in
association with any number of b jets: σ(Z + b) ≡ σ(Z + 1b) + σ(Z + 2b).

The final cross section is obtained from the unfolded yields per multiplicity bin divided
by the integrated luminosity. The results are summarized in Table 1. They are found to be
compatible between the ee and µµ channels, and are combined into a single measurement.

Table 1: Cross section for the production of Z in association with exactly 1 b jet and at least 2 b jets, and the
combination of the two (at least 1 b jet).

Multiplicity bin Combination

σhadron(Z+1b,Z→ ``)(pb) 3.41± 0.05 (stat.)± 0.27, (syst.)± 0.09(theory)
σhadron(Z+2b,Z→ ``)(pb) 0.37± 0.02 (stat.)± 0.07, (syst.)± 0.02(theory)

σhadron(Z+b,Z→ ``)(pb) 3.78± 0.05 (stat.)± 0.31, (syst.)± 0.11(theory)

After correction to the full lepton acceptance, the combined cross section is found to be
5.72 ± 0.09 (stat.) ± 0.47 (syst.) ± 0.39 (theory) pb, which is in agreement with the MadGraph
event generator predictions 6.

4 Prospects: Kinematics

In spite of a general fair data/MC agreement and a reasonable modeling of the Multiple Parton
Interactions (with the ∆ΦZ,bb distribution), as seen on Figure 1, the momentum distributions
show some tensions after both Z+b selection 9 and Z+2b selection 10. The tensions can be
observed in Figure 2, in the pT distribution of the dilepton that shows a harder spectrum for
data than MC, and in the pT distribution of the leading b jet presenting discrepancies at low
pT . An additional jet veto does not remove the overall excess of data compared to expectations.

The discrepancy between data and MC possibly originates from the modeling of the spectra:
either from the scheme used (five-flavour), which could be revealed by a check with a four-flavour
sample, or from the order it was computed (LO), which could be checked with NLO comparisons.
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Figure 2: Left: transverse momentum distribution of the Z boson after Z+b selection. Right: transverse momen-
tum distribution of the leading b jet after Z+2b selection. The yellow bands are the statistical uncertainty on the
MC yield. The grey bands on the right plot represent the systematics effect due to the jet energy uncertainty.

Those results need in either case to be further studied with higher statistics which was done in
the subsequent paper 11.
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SEARCH FOR NEW PHYSICS USING EVENTS WITH TWO SAME-SIGN
ISOLATED LEPTONS IN THE FINAL STATE AT CMS
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We present a search for new physics using events with two same-sign isolated leptons with/out
the presence of b-jets in the final state, targetting two very different SUSY scenarios, one
dominated by strong production of squarks and gluinos where the 3rd generation squarks
are lighter than other squarks and the other dominated by electroweak production neglecting
completely any strongly interacting particles. No excees above the standard model background
is observed. The results are interpreted in various SUSY models.

1 Introduction

Events with same sign dilepton final states are very rare in the SM context, but they appear
naturally in many different new physics scenarios such as SUSY where two same-sign dileptons
can be produced in the decay chain of supersymetric particles.

Two different scenarios are considered: SUSY processes dominated by strong production of
gluinos and squarks where 3rd generation squarks are lighter than other squarks, resulting in an
abundance of top and bottom quarks produced in the decay chain. Direct electroweak production
of charginos(χ̃+

1 ) and neutralinos(χ̃0
2 ), asuming that the strongly interacting particles are too

heavy to play a role, resulting in events with multiple leptons in the final state. In either case the
SUSY decay chain ends with the LSP (χ̃0

1 ), that escapes undetected and therefore contribute
strongly to the Emiss

T of the event.

In general, same-sign dileptons can be particularly sensitive to SUSY models with compressed
spectra where the mass of the LSP is very close to the mass of the produced supersymetric
particle, either if it is produced via strong production (squarks or gluinos) when it is accompanied
with high hadronic activity or if it is produced via ewk production (charginos or neutralinos)
when almost no hadronic activity is present. We therefore search for SUSY using same sign
dilepton events with/out hadronic activity and large Emiss

T and we interpret the results in the
context of various SUSY models. What we present here is just a short summary of two analysis
performed CMS 1, more details can be found in the original publications 2,3.
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Figure 1: Distribution of Emiss
T versus HT for the events passing the baseline selection. Left plot shows the

events passing the selection for the analysis targetting strong production and the right plot the ones targeting
electroweak production of SUSY.

2 Event selection

We require two isolated same-sign leptons (e or µ) with pT > 20 GeV, consistent with originating
from the same vertex. Events are collected using dilepton triggers and an extra veto on the third
lepton is applied to suppress Drell-Yan production. The isolation of the leptons is computed
with particle-flow information, and an event-by-event correction is made to account for the effect
of the multiple pp interaction in the same bunch crossing (pileup). This correction consists in
substracting the estimated contribution from the pileup in the isolation cone.

The baseline selection differs slightly depending which signature are we considering: strong
(SS+b) or electroweak (EWK) production of SUSY. For the first we expect high bjet multiplicity
so we will also require the presence of at least two b-tagged jets (with pT > 40 GeV). For
the second, hardly any hadronic activity is expected therefore we pick events with Emiss

T >
120GeV(coming from the two LSP) to suppress background events. The signal regions are
defined by impossing tighter cuts on the number of (b) jets, scalar sum of the pT of all identified
jets (HT ) and Emiss

T for the analysis targeting strong production of SUSY, and on Emiss
T and

the number of bjets for the one targeting electroweak production.

Figure 1 shows all the event passing the selection in the Emiss
T and HT plane.

3 Background estimation

There are some sources of SM background to potential new physics signals: events with one
or two fake leptons, opposite-sign events in which one of the electron charge has been badly
measured and events with two same-sign prompt-leptons.

A description of the relevance of these backgrounds and how they are estimated is presented
in this section. The validity of these estimation methods is proved in the baseline regions, that
are background dominated.

3.1 Backgrounds with one or two fake leptons

Backgrounds with one or two fake leptons, include processes such as semi-leptonic tt̄ or W +jets
where one of the leptons comes from a heavy-flavor decay, misindentified hadrons, muons from
light-meson decay in flight, or electrons from unidentified photon conversions. We estimate this
background starting from measuring the probability of a lepton being fake or prompt using a
QCD or Z enriched sample respectively. We then apply those probabilities to events passing the
full kinematic selection but in which one or two of the leptons fail the isolation requirements.
About 40-50% of the total background is due to this processes and we assign a 50% systematic
uncertainty to account for the lack of estatistics in the control sample as well as the little
knowledge we about about the control sample composition.



3.2 Events with charge mis-identification

These are events with opposite-sign isolated leptons where one of the leptons (typically an
electron) and its charge is misreconstructed due to sever bremsstrahlung in the tracker materia
(this effect is negligible for muons). We estimate this background by selecting opposite-sign ee
or eµ events passing the full kinematic selection, weighted by the probability of electron charge
misassignment. This probability is measured in a Z → ee sample in data by simply calculating
the ratio between same-sign and opposite-sign events in such sample and it validated in MC,
this probability is of the order 0.02 (0.2)% for electrons in the barrel(endcap). This source
of background only only accounts for the 5-10% of the total background. A 20% systematic
uncertainty on this background is considered to account for the pT dependence of the probability.

3.3 Rare SM processes.

These include SM processes that yield two same-sign prompt leptons, including tt̄W, tt̄Z, W±W±

among others. These processes constitutes about 30-40% of the total background. WZ produc-
tion is also very relevant for the EWK analysis, constituting nearly 40% of the total background.

All these background are obtained from Monte Carlo simualtions. For the WZ production
the MC is validated in dataa and a 20% systematic uncertainty to account for the differences.
Other backgrounds are assigned a 50% systematic uncertainty to this background sources as we
have very little knowledge on the cross-sections.

4 Results

4.1 Strong production of SUSY

The search is based on comparing observed and predicted yields in 8 signal regions with different
requirements motivated by various possible new physics models. The definition of these search
regions, as well as the observed and predicted yields are shown in Table 1.

Table 1: A summary of the combination of results for this search. For each signal region (SR), we show its most
distinguishing kinematic requirements, the prediction for the three background (BG) components as well as the

total, and the observed number of events.

SR0 SR1 SR2 SR3 SR4 SR5 SR6 SR7 SR8

No. of jets ≥ 2 ≥ 2 ≥ 2 ≥ 4 ≥ 4 ≥ 4 ≥ 4 ≥ 3 ≥ 4
No. of btags ≥ 2 ≥ 2 ≥ 2 ≥ 2 ≥ 2 ≥ 2 ≥ 2 ≥ 3 ≥ 2
Lepton charges + + /−− + + /−− ++ + + /−− + + /−− + + /−− + + /−− + + /−− + + /−−
Emiss

T > 0 GeV > 30 GeV > 30 GeV > 120 GeV > 50 GeV > 50 GeV > 120 GeV > 50 GeV > 0 GeV
HT > 80 GeV > 80 GeV > 80 GeV > 200 GeV > 200 GeV > 320 GeV > 320 GeV > 200 GeV > 320 GeV

Charge-misID BG 3.35± 0.67 2.70± 0.54 1.35± 0.27 0.04± 0.01 0.21± 0.05 0.14± 0.03 0.04± 0.01 0.03± 0.01 0.21± 0.05
Fake BG 24.77± 12.62 19.18± 9.83 9.59± 5.02 0.99± 0.69 4.51± 2.85 2.88± 1.69 0.67± 0.48 0.71± 0.47 4.39± 2.64
Rare SM BG 11.75± 5.89 10.46± 5.25 6.73± 3.39 1.18± 0.67 3.35± 1.84 2.66± 1.47 1.02± 0.60 0.44± 0.39 3.50± 1.92

Total BG 39.87± 13.94 32.34± 11.16 17.67± 6.06 2.22± 0.96 8.07± 3.39 5.67± 2.24 1.73± 0.77 1.18± 0.61 8.11± 3.26
Event yield 43 38 14 1 10 7 1 1 9

None of the search regions shows any significant excess over the SM background predictions,
therefore we set interpret the results in several physics models2, for example Figure 2 shows the
exclusion regions for gluino-pair production decaying into on-shell stops. We are able to exclude
gluino masses up to 1 TeV with such models.

4.2 Electroweak production of SUSY

This analysis is targeting χ̃+
1 χ̃0

2 production decaying via sleptons. This process naturally gives
three-lepton final states. However when the mass of the intermediate slepton is too close either
to the χ̃+

1 or to the χ̃0
1 , the third lepton would be too soft and the event would be missed by the

tri-lepton analysis. We can recover such events using the same-sign analysis. We will assume
that the strongly interacting particles do not play a role in this scenario.
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Figure 2: Exclusion regions for gluino-pair production, in the m(t̃1) vs m(g̃) plane, where each of the gluinos
decays g̃ → tt̄χ̃0

1 with on-shell stops (left). Exclusion region for χ̃+
1 χ̃0

2 production with intermediate sleptons
assuming that the mass of the slepton is very close to the mass of the χ̃0

1 .

Figure 2 shows the exclusion region for χ̃+
1 χ̃0

2 pair production decaying via sleptons, when
the mass of the slepton is very close to the mass of the LSP. One can see that the same-
sign analysis (red-dashed line) drives the exclusion near the diagonal. We are able to exclude
chargino/neutralino masses up to roughly 600 GeV.

5 Conclusions

We have presented results of a search for new physics with events with same-sign dileptons using
the CMS detector at the LHC. No significant deviations from the standard model expectations
are observed. The results are used to set exclusion limits into several SUSY models, both as-
suming strong-dominated production and electroweak-dominated production. With the first we
are able to probe gluino masses up to 1 TeV and with the latter we exclude chargino/neutralino
masses up to roughly 600 GeV.

Acknowledgments

We wish to congratulate our colleagues in the CERN accelerator departments for the excellent
performance of the LHC machine. We thank the technical and administrative staff at CERN and
other CMS institutes, and acknowledge support from: FMSR (Austria); FNRS and FWO (Bel-
gium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria); CERN; CAS, MoST,
and NSFC (China); COLCIENCIAS (Colombia); MSES (Croatia); RPF (Cyprus); Academy
of Sciences and NICPB (Estonia); Academy of Finland, MEC, and HIP (Finland); CEA and
CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); GSRT (Greece); OTKA and NKTH
(Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); INFN (Italy); NRF and WCU
(Korea); LAS (Lithuania); CINVESTAV, CONA- CYT, SEP, and UASLP-FAI (Mexico); MSI
(New Zealand); PAEC (Pakistan); MSHE and NSC (Poland); FCT (Portugal); JINR (Armenia,
Belarus, Georgia, Ukraine, Uzbekistan); MON, RosAtom, RAS and RFBR (Russia); MSTD
(Serbia); MICINN and CPAN (Spain); Swiss Funding Agencies (Switzerland); NSC (Taipei);
TUBITAK and TAEK (Turkey); STFC (United Kingdom); DOE and NSF (USA).

References

1. CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 S08004 (2008).
2. CMS Collaboration,“Search for new physics in events with same-sign dileptons and b jets

in pp collisions at
√
s = 8 TeV”, JHEP 1303 (2013) 037 [arXiv:1212.6194].

3. CMS Collaboration,“Search for direct EWK production of SUSY particles in multilepton
modes with 8TeV data”, CMS-PAS-SUS-12-022.



SEARCH FOR NEW HEAVY NEUTRAL BOSONS DECAYING INTO A
DILEPTON PAIR WITH THE CMS DETECTOR AT

√
s = 8 TEV
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Boulevard du Triomphe, 2, 1050 Brussels, Belgium

Several theories beyond the Standard Model predict the existence of new heavy neutral bosons.
Such particles could be produced in significant amounts at the LHC and their decay into a
dilepton pair provides a clean signature with low background contamination. The results of
the analysis of the whole 2012 dataset collected by the CMS experiment at a center of mass
energy of 8 TeV are presented. No evidence for new physics is seen and upper limits on the
cross section production of such particles are extracted. These results can be turned into lower
limits on the mass of the heavy bosons, reaching values well above 2 TeV/c2 for many models.

1 Introduction

Many scenarios beyond the Standard Model (e.g. Grand Unification Theories 1, models with
extra spatial dimensions 2) involve new neutral bosons with masses in the TeV range. Thanks
to its high energy proton beams and high integrated luminosity, the LHC could produce such
particles in significant amounts to allow to detect them. The dilepton decay channel presents
the advantage of a clear signature with small background contamination coming essentially from
the Drell-Yan process 3,4 that is the production of a dilepton pair through a photon or a Z boson
(qq̄ → ll̄). The existence of these new particles would appear as a peak in the dilepton invariant
mass spectrum 5,6. The dielectron and dimuon channels present complementary features : the
former benefits from an excellent mass resolution (∼1-2%) while the latter is less contaminated
by fakes. In the following, we focus on the dielectron channel. The whole dataset recorded
by CMS at a center of mass energy of 8 TeV in year 2012 is analysed. It corresponds to an
integrated luminosity of about 20 fb−1.

2 The CMS detector

The central feature of the Compact Muon Solenoid (CMS)7 apparatus is a superconducting
solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the superconducting



solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter (ECAL), and a brass/scintillator hadron calorimeter (HCAL). Muons are measured
in gas-ionization detectors embedded in the steel return yoke outside the solenoid. Extensive
forward calorimetry complements the coverage provided by the barrel and endcap detectors.

3 Event Selection

Only events with two high energy electrons candidates 8 are selected. Identification (e.g. shower
shape, ratio of energy recorded in the HCAL and ECAL) and isolation (e.g. energy deposit in the
calorimeters around the electron candidate) criteria are then applied. The set of requirements for
each electron constitutes the High Energy Electron Pairs selection and is specifically optimized
to be very efficient for a large range of the electron transverse energy ET (from ET= 35 GeV to
above 1 TeV). A view of the highest mass event recorded by CMS in 2012 is shown in figure 1.
As only very few events are expected in the high dielectron mass region, the selection efficiency

Figure 1: Transverse (left) and longitudinal (right) views of the highest dielectron mass event recorded by the
CMS detector in 2012. The dielectron mass is 1776 GeV/c2.

is taken from simulation. It is therefore crucial to check that the simulation describes well the
data. This is done using the Tag and Probe method. The principle is to select events with
two real electrons from the Drell-Yan process and, in order to reduce the background, strong
criteria are applied on one of the electron (the Tag). The efficiency of the selection under study
is then measured on the second electron (the Probe). The resulting efficiency as a function of
the electron transverse energy is shown in figure 2 for events at the Z pole where large statistics
is available with low background. Within the uncertainties, a good agreement is obtained up to
ET of several hundreds of GeV.

4 Background

The main background to the signal is the Drell-Yan process, it is irreducible and is therefore
estimated from simulations. The second background comes from the leptonic decay of tt̄ or
diboson pairs. Simulations are used to estimate its contribution and are validated by comparing
in data and simulations the invariant mass spectrum of eµ pairs (figure 3) for which those
processes are dominant. After correcting for the difference in selection efficiency and acceptance
between electron and muon, the number of ee or µµ events from these processes is expected
to be half the number of events in the eµ spectrum. Finally, there is also a small contribution
from processes where at least one jet fakes an electron in the detector (multijets, W+jets and
photon+jets). This faking probability is measured directly from the data and allows to estimate
the contribution to the final mass spectrum without using simulation.

The overall background estimation is checked with the data in the dielectron mass tail
between 120 and 200 GeV/c2, where no new physics is expected from previous experiments.



Figure 2: Efficiency of the electron selection used in this analysis as a function of ET for a simulated sample of
Drell-Yan events (red triangles) and for the data after background subtraction (black dots). The bottom part
of the plot shows the scale factor defined as the ratio of data over simulation measurements. The results are
shown separately for electrons emitted in the central (left) and forward (right) regions of the detector. Only
statistical errors are drawn for the efficiencies, while statistical error and systematical error on the background

contamination are combined for the scale factor.
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Figure 3: Invariant mass spectrum for eµ pairs. This distribution is used to validate the contributions of the tt̄
and diboson processes in the dielectron or dimuon mass spectrum that are estimated from simulations.

5 Results

The final mass spectra obtained with the complete 2012 dataset are shown in figure 4 for the
dielectron (left) and dimuon (right) channels. A good agreement between data and background
is observed in the whole dilepton mass range. As no evidence of new physics is seen, generic
upper limits on the cross section production of new spin 1 resonances are set. The variable under
study is the ratio (Rσ) of the production cross section times branching ratio to two leptons for a
new heavy boson and the Z boson. Results are shown in figure 5; the limits are computed using
an extended unbinned likelihood function. The width of the peak is assumed to be dominated
by the detector resolution and the signal pdf is taken to be a gaussian. The background shape
is fitted to the background estimate in the range 200 < Mll̄ < 3500 GeV/c2. The upper limits
on the production cross section are converted into lower limits on the mass of new resonances
for specific models using their predicted cross section for events in a window of ± 40% of the
resonance mass following a theoretical prescription 9. The Z ′SSM which has the same coupling
than the Z boson and the Z ′ψ predicted by E6 GUT model are excluded below 2.96 and 2.60

TeV/c2 respectively.
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Figure 4: Final dielectron (left) and dimuon (right) mass spectrum obtained from the analysis of the complete
2012 dataset recorded by CMS.

CMS Preliminary

Figure 5: Observed (black line) and expected (green and yellow bands) 95% C.L. upper limit on Rσ as a function
of the resonance mass after combination of the dielectron and dimuon channels. Also shown are the expected

cross section curves for several benchmark scenarios.
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SPIN AND PARITY IN THE WH → `νbb̄ CHANNEL AT THE D0
EXPERIMENT
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We probe the spin (J) and parity (P ) of the Standard Model Scalar (SMS) using existing
searches sensitive to its production rate and kinematic properties. In particular, we search
for the SMS decaying to a pair of b-quarks produced in association with a W boson decaying
leptonically. By exploiting the differences in kinematic observables, namely the transverse
mass of the final state products (MT ), we attempt to distinguish between three possible JP

hypotheses: the standard model prediction (JP = 0+), a pseudoscalar (JP = 0−), and a
graviton-like particle (JP = 2+). With 9.7 fb−1 of data collected at the D0 experiment we
show the expected sensitivity to different spin and parity hypotheses.

1 Introduction

Following the discovery of a boson consistent with the predicted Standard Model Scalar (SMS)1,2

by the ATLAS3 and CMS4 experiments at CERN and the evidence for its decay into two bottom
quarks at the Tevatron experiments 5 it is very important to test its properties. The standard
model (SM) predicts that the SMS will be spin zero with even parity (JP = 0+). The observed
decay to a pair of photons at the ATLAS experiment eliminates spin one as a possibility according
to the Landau-Yang Theorem 6,7. Therefore, the simplest and most well-motivated possibilities
include the standard model prediction (JP = 0+), a spin zero pseudoscalar (JP = 0−), and
a spin two particle with graviton-like couplings (JP = 2+). Although ATLAS and CMS have
excluded the JP = 0− and 2+ in the diphoton and four lepton final states 8,9 they have yet to
study the bb̄ final state.

Searches for the SMS produced in association with a W or Z boson (henceforth V boson) are
sensitive to the different kinematics of the three JP hypotheses. This is seen most starkly in the
invariant mass of the final state products 10, V bb̄. The mature V H → V bb̄ analyses from the D0
experiment are therefore good candidates for study. This paper focuses on the WH → `νbb̄ 11

channel specifically though the corresponding studies in the V H → ννbb̄ 12 and ZH → ``bb̄ 13

channels are underway. We employ the most recent published analysis with no modifications to
the event selection or analysis methodologies.

2 Data and Simulated Samples

This analysis uses 9.7 fb−1 of data collected by the D0 detector at Fermilab. Our SM back-
ground samples and SM signal are produced and simulated using alpgen 14, pythia 15, and
singletop 16 or estimated from data. The JP = 0− and JP = 2+ samples were created using
madgraph5 version 1.4.8.417. Within the madgraph software there are several non-SM models



as well as the ability to create user-defined models. We follow the prescription in Ellis et al. 10,
using the Randall-Sundrum graviton model for the JP = 2+ sample and a user-defined model
for the JP = 0− pseudoscalar sample. The mass of the SMS was set to 125 GeV, close to the
measured value of the discovered boson. The PDF set used in the generation was cteq6l1.
These samples were then showered using pythia, reconstructed, and processed through the full
detector simulation.

Figure 1: (color online) Transverse mass of the `νbb̄ system for the JP = 0+ JP = 0− and JP = 2+ signals.
These are shown after reconstruction for the two tight tag channel. The histograms are normalized to unit area.

3 Event Selection

We summarize the event selection for the WH → `νbb̄ channel. More details can be found in
A. Abazov et al. 11. We require one lepton (µ or e), large missing transverse energy (6ET ), and
two or three jets in the final state. We utilize b-tagging to identify the decay products of the
SMS and divide the events into four orthogonal tagging categories: “one tight tag,” “two loose
tags,” “two medium tags,” and “two tight tags.” A Boosted Decision Tree (BDT) is trained for
each tagging category and jet multiplicity to separate SM signal from background.

4 Final Variable Distributions

In order to differentiate between the three spin-parity assignments we use the transverse mass
of the `νbb̄ system defined by

M2
T =

(
EW

T + EH
T

)2
−

(
~pWT + ~pHT

)2
(1)

where the transverse momentum of the W boson, ~pWT , is defined as

~pWT = ~6ET + ~p`T (2)

To illustrate the differences between the three hypotheses for this kinematic variable, the three
signal hypotheses are shown in Fig. 1 after reconstruction. In addition to being able to differ-
entiate between the test signals (i.e. the JP = 0− and 2+ signals), Fig. 2 shows the non-SM
test signals peaking in a different region than either the SM signal or the other backgrounds.
To ensure adequate background statistics when performing our statistical analysis, we rebin our
MT distribution so that bins above 600 GeV are included as a single overflow bin.



Figure 2: (color online) Transverse mass of the `νbb̄ system with accompanying legend.

5 Statistical Interpretation

We use a modified frequentist (CLS) approach with a log-likelihood ratio test statistic (LLR)
for two hypotheses: the test hypothesis H1 and the null hypothesis H0. The LLR test statistic
is given by

LLR = −2 ln
LH1

LH0

(3)

where LHx is the likelihood function for the hypothesis Hx. For a typical SMS search H0 is the
background-only hypothesis and H1 is the signal plus background hypothesis. We can view our
analysis through two different paradigms:

H0 = b and H1 = s1 + b here we decide if the data looks more like it came from a background-
only distribution or from a test signal plus background distribution

H0 = s0 + b and H1 = s1 + b here we decide if our data looks more like it came from a SM
signal plus background distribution or from a test signal plus background distribution

To gain insight on the separation significance we look at the LLR distributions populated by
simulated experiments, assuming Poisson statistics, drawn from populations of the test and null
hypotheses. As a preliminary result, we present the LLR distributions for the JP = 2+ plus
background hypothesis and background-only hypothesis for the WH → `νbb̄ channel (Fig. 3
(left)) and all V H → V bb̄ channels combined (Fig. 3 (right)). The spatial separation between
the signal plus background and background-only LLR distributions is a good illustration of
how effective the analysis is at separating the signal plus background and the background-only
hypotheses. From these LLR distributions it is clear then that we achieve good separation
between the signal plus background vs. background-only hypotheses.

6 Summary

In summary, we presented preliminary results from the D0 experiment on the spin and parity
of the newly observed SMS boson in the WH → `νbb̄ channel. While presently unable to show
the observed LLR line, it is clear that we achieve good separation between the hypotheses.



Figure 3: (color online) LLR distributions for the WH → `νbb̄ channel (left) and the combination of the V H →
V bb̄ channels (right) for the JP = 2+ plus background and background-only hypotheses.
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1 Preamble

I thank the Organizing Committee for assigning me the honour and the challenge of this Theory
Summary. A theorist in the Organizing Committee recommended me to give a broad review,
without indulging in describing my own work: you will see from the list of references that I took
his recommendation literally. My talk comes after an outstanding Experimental Summary 1,
which gave full justice to the unusual richness and importance of the experimental results pre-
sented. The theory program of the meeting was also very rich, although perhaps less systematic:
I counted 26 ‘regular’ theory talks and 10 ‘short’ theory talks by young scientists. It would be
impossible (and boring) to give a fair account of all of them. I will focus instead on presenting
my view of the status and the prospects of the field, as emerging also from the theory talks at
this meeting, but without reviewing the latter in a systematic way: I apologise in advance for
the many omissions. The four headlines of my opening slide are collected in Table 1.

Table 1: The four headlines of the Electroweak Rencontres de Moriond 2013 according to the speaker.

HEP-EX is on the move The triumph of the SM

Where is BSM physics? Naturalness challenged

The meaning of the top left headline should be clear from the Experimental Summary: the



impressive flow of LHC results on a very wide spectrum of physics topics, the last results from the
Tevatron and the B-factories, many results from precision experiments, neutrino experiments,
astroparticle experiments, the results from the Planck mission (to be released soon after the end
of this meeting) are giving strong new input, although not necessarily the desired one, to particle
physics, and are greatly helping the theorists who want to be helped by data, in particular those
interested in Beyond-the-Standard-Model (BSM) physics, to re-focus their goals.

2 The triumph of the Standard Model

The Standard Model (SM) of strong and electroweak interactions, effectively coupled to gravity,
quantitatively describes most observations. Neutrino oscillations, although not accounted for by
the very minimal formulation of the SM, so far call only for minor modifications (see subsection
3.1). Much stronger modifications are probably a required to account for phenomena having to
do with gravitation, astrophysics and cosmology, such as Dark Matter, Dark Energy, Inflation
and Baryogenesis. The above statements were true last year, they are still true today: what has
then changed in our understanding?

Let me start from the big question of particle physics to which we are finding answers
now: the problem of symmetry breaking in the electroweak theory. There are many other
unanswered big questions in particle physics, equally or even more important: what makes the
above question special is the fact that we have started answering it experimentally, and we
are likely to get a reasonably complete picture on the time scale of the present generation of
physicists and experiments.

The part of the minimal SM Lagrangian involving only the gauge bosons and the fermions,
schematically written as

LGF = −1

4
FµνF

µν + iΨD/ Ψ , (1)

has the local (gauge) symmetry Gloc = SU(3)C × SU(2)L × U(1)Y and an independent global
symmetry Ggl = [SU(3)]5 × [U(1)]4. The part containing also the complex scalar doublet φ,
schematically written as

LSY = (Dµφ)† (Dµφ)− µ2φ†φ− λ
(
φ†φ

)2
+
(
Ψi Yij Ψj φ+ h.c.

)
, (2)

has the twofold role of spontaneously breaking the gauge symmetry to Hloc = SU(3)C ×U(1)em
and the global symmetry to Hgl = [U(1)]4, associated with the baryon number B and the three
partial lepton numbers (Le, Lµ, Lτ ).

The present message from experiment to theory is clear: this minimal, weakly-coupled SM
implementation of the Brout-Englert-Higgs mechanism, with a single elementary scalar doublet
φ in the Lagrangian, the Cabibbo-Kobayashi-Maskawa (CKM) description of flavour change
and CP violation, and a generalised Glashow-Iliopoulos-Maiani (GIM) mechanism at work for
the suppression of flavour-changing neutral currents, works far beyond most expectations. This
message is not entirely new, and has been receiving increasing support over the past decades
from the unsuccessful direct searches for non-SM particles and from the successful precision tests
of the SM at LEP, at the Tevatron, and at the various experiments at the intensity frontier.
But now we have new and more powerful experimental milestones in support of the SM. The
outstanding one is undoubtedly the discovery of a new particle, to be called The Boson in the
following, whose properties are so far compatible with those of the SM scalar: we are finally
ready to change our introductions to particle physics courses, and tell our students that there
are not four but five fundamental forces in Nature, mediated by spin-0, spin-1 and spin-2 bosons!
We have also new precise tests of the SM in the realm of flavour physics and CP violation, all

aThere is also a radical point of view2, according to which the SM with the addition of right-handed neutrinos,
one in the keV region and the other two in the GeV region, is everything we need up to the Planck scale to explain
Dark Matter, Inflation and Baryogenesis.



Figure 1: Some of the many small tensions in B physics now fading away, thanks to the new results from Belle
on B → τν, from Babar on CP violation in B0 mixing and from ATLAS and LHCb on Bs → J/ψ φ.

passed with flying colours. And the bounds on hypothetical non-SM particles are much stronger
than before, in particular the new bounds from ATLAS and CMS extend well above 1 TeV for all
those particles that have sizeable couplings to quarks and gluons and can give rise to detectable
signatures in the challenging LHC environment.

2.1 Flavour physics

In reviewing the enduring triumph of the SM, I will start right away from flavour physics, since
it was the subject of the opening talk of the meeting 3. After reminding us of the history of
the GIM mechanism, Maiani reviewed how its generalisation to the SM has been more and
more precisely tested over the years, in a long series of measurements of increasing variety and
precision. Today, precision tests of the SM in the flavour sector put very stringent bounds on
possible New Physics, much above the reach of the LHC direct searches if such New Physics
couples generically to the SM. It is a harder and harder challenge for theorists to come up with
motivated models that predict new states within the kinematical reach of the LHC, but can also
evade the flavour constraints with a minimum of theoretical dignity. However, theorists are not
easily discouraged and some of them are trying to meet the challenge.

On the experimental side, many small tensions, which raised some hopes and triggered
many theoretical papers in the last years, are now fading away thanks to new results: some
examples are given in Fig. 1, taken from presentations by Belle 4 (top left), BaBaR 5 (top right),
ATLAS 6 (bottom left) and LHCb 7 (bottom right). There were also some theory-motivated
hopes that have not materialised (so far): outstanding examples are the new MEG bound 8

BR(µ → e γ) < 5.7 × 10−13 (90% c.l.) and the 3.5σ evidence from LHCb 9 for the rare decay
Bs → µ+µ−, at a rate in agreement with the SM prediction. The latter result is expected to
be updated, not only by LHCb but also by CMS, at the Summer conferences. Other small
tensions of the past are losing significance. The CDF top forward-backward asymmetry has
now been replaced by a more sophisticated study of the full angular distribution 10, and in a



projection onto Legendre polynomials the excess in the linear term coefficient is only 2.1σ away
from the NLO SM prediction. These results start being tested also at the LHC 11. The quantity
∆ACP = ACP (KK)−ACP (ππ) in D decays, found at face value to be 3.5σ away from the SM
prediction in LHCb, has been followed by re-assessments of the theoretical uncertainties, and
an experimental update is imminent 12.

On the theory side, precision flavour physics calls for state-of-the-art flavour phenomenology.
A hot example discussed at this meeting are the b → sl+l− transitions, for example B →
K∗µ+µ−, since the Tevatron experiments and LHCb have entered the precision era and started
measuring angular distributions. Hiller discussed the predictions for the angular distributions
at low hadronic recoil and the extraction of hadronic form factors from data 13. Virto discussed
how to extract constraints on flavour effective operators with theoretically ‘clean’ observables,
and how to deduce in turn new strong constraints on semileptonic and radiative operators 14.

Precision flavour physics keeps calling also for hard SM theory, for example for state-of-the-
art lattice calculations. A very challenging problem is the derivation of the ∆I = 1/2 rule from
QCD on the lattice. This rule accounts for the fact that Γ(Ks → π+π−)/Γ(K+ → π+π0) ' 670,
corresponding to (ReA0)/(ReA2) ' 22.5, with important implications for the calculation of ε′/ε.
We heard from Soni 15 that using domain-wall quarks, full QCD rather than chiral perturbation
theory and the physical pion mass, a new strong cancellation was found, corresponding to a
suppression factor of 3 to 4 in ReA2. The calculation of A0 needs more work but is under way,
and there are hopes of substantial progress towards solving the long-standing ∆I = 1/2 puzzle.

2.2 The Boson

The experimental results on The Boson, in particular the impressive progress in the study of its
properties after its discovery in July 2012, have been extensively described in the Experimental
Summary 1, and more updates are coming soon from Moriond QCD. Without repeating what
has already been said, I just add three personal comments:

1. Once more, I would like to express my theorist’s admiration for the marvellous achieve-
ments of the experimental colleagues in ATLAS and CMS.

2. At this meeting, I was impressed by the new direct indications hinting at SM-like couplings
of The Boson to the τ lepton and to the b quark.

3. To take seriously deviations from the properties of The Boson predicted by the SM, we
should apply the same stringent standards as for discovery! It is then difficult to imagine
a theoretical crisis in the SM interpretation of The Boson in less than 3 years.

One of the dominating themes of the experimental talks on The Boson has been the following
question: is it really a spin-0 CP-even particle? We heard that ATLAS and CMS are now testing
the JCP properties of The Boson: this is very important as a consistency check and must be
done. However, when reading in the experimental slides the number of standard deviations
differentiating the 0+ hypothesis from the alternative ones, we should think for a moment of
what these σ’s mean. With the mass MH known by now with very good accuracy, no free
parameter is left in the SM to describe all the production mechanisms and decay modes of
The Boson. Moreover, we are performing such computations in a renormalizable theory that
gloriously passes all precision tests and can be safely extrapolated to (much) higher energies.
This cannot be put on the same footing as the much more baroque attempts at describing the
properties of an impostor with JCP 6= 0+! Technically, it is possible to write a suitable effective
Lagrangian, but this adds many parameters and contributes to what I would call theory σ’s.
Furthermore, making such effective Lagrangian compatible with both the observed properties
of The Boson and all the electroweak precision tests may be non-trivial.

Assuming for now that The Boson is a CP-even spin-0 particle, the crucial question, now
and for many years to come, is whether it can be identified with the SM scalar. There are



several ways for The Boson to depart from the SM properties, as discussed in several theoretical
talks 16,17,18,19:

• H mixes with other spin-0 states, e.g. additional doublets and/or singlets.

• H is the meson of a new strong force, kept light by its pseudo-Goldstone boson nature.

• H decays into invisible particles.

• The loop diagrams controlling H production (ggH) and decay (Hgg,Hγγ,HZγ) are mod-
ified by new heavy particles that have so far escaped direct detection.

An important question, in view of the increasingly precise studies at the LHC and at possible
future electron-positron colliders, is how to parametrize a non-SM scalar. This was the subject
of several theoretical talks at this meeting 19,20,21,22,23,24. We must find a compromise between
simplicity and completeness, depending on the quality and type of the experimental data and
on the purpose of the exercise. For present book-keeping at the LHC, and under reasonable
assumptions (spin-0, CP-even, no flavour-changing neutral-current couplings, no exotic decay
channels), a simple but adequate parametrization consists in just rescaling the SM couplings
to the massive vector bosons and the third generation fermions by suitable coefficients κV
(V = W,Z) and κf (f = t, b, τ), introducing additional coefficients κγ and κg for possible new
physics contributions to the effective Hγγ and Hgg operators, respectively. For testing models
combining different sets of data, we should use suitable gauge-invariant effective Lagrangians
built out of the SM scalar doublet φ and of the other SM fields. As discussed by Eboli 20

and Merlo 24, the sets of operators encoding the leading new physics effects may be different
depending on whether the dynamics at the origin of electroweak symmetry breaking is weakly
or strongly interacting. In both cases, of course, it is important to identify a suitable basis of
independent operators. Coming to more detailed issues, theoretically-motivated fitting strategies
are being suggested by theorists to experimentalists 22, and correlations between anomalous
scalar couplings, electroweak precision tests and anomalous vector boson couplings are being
identified 20,21.

A more general question, addressed in the talks by Strumia 25 and Elias Miró 26, is what
information can be extracted from the precisely measured mass of The Boson, MH = 125.6 GeV
with an uncertainty well below half a GeV in my personal back-of-the-envelope combination
at the time of the meeting. Indeed, values of MH different from the measured one could have

Figure 2: Left: renormalisation of the largest SM gauge and Yukawa couplings and of the SM scalar mass
parameter m. Right: regions of stability, metastability and instability of the electroweak vacuum in the (MH ,Mt)

plane; contours at 1,2,3 σ corresponding to the present knowledge of αS are shown.

implied that the SM cannot be extrapolated as such until the Planck scale MP of gravitational



interactions, but at most up to a certain ultraviolet cutoff scale Λ < MP . For sufficiently low
values of MH , say MH < 110 GeV, the SM effective potential would develop, besides the mini-
mum corresponding to the experimental value of the electroweak scale, other minima with lower
energy and much larger value of the scalar field. In first approximation, this corresponds to the
fact that the SM effective scalar self-coupling, λ(µ), becomes negative at a scale µ < Λ. However,
the bound is slightly relaxed if we take into account that the correct electroweak vacuum can be
metastable, as long as its lifetime is longer than the age of the universe. Alternatively, for too
large values of MH , say MH > 175 GeV, the SM effective scalar self-coupling would develop a
Landau pole at a scale µ < Λ. Some intriguing consequences of the measured value of MH are
shown 25 in Fig. 2. Taking into account the uncertainties in MH , Mt and αS , and assuming the
validity of the SM up to the Planck scale, the electroweak vacuum is either absolutely stable or
metastable, but with a lifetime many orders of magnitude larger than the age of the universe:
as shown on the right-hand side of Fig. 2, we are safe! Following the renormalisation group
evolution of the SM couplings, we see from the left-hand side of Fig. 2 that both the scalar
self-coupling λ(µ) and βλ, its rate of variation with respect to the scale µ, become and stay
quite close to zero at scales µ > 108 GeV. What do we learn from this?

• The most important message is that there is nothing forcing us to extend the SM before
a scale Λ of order 1010 GeV or so (if we ignore naturalness, see subsection 3.3): the scales
for right-handed neutrino masses in the simplest realisation of the see-saw mechanism and
for the invisible axion as a dark matter candidate can be safely beyond.

• Is there some meaning in the near vanishing of λ, βλ, MH/Λ at very high cutoff scales
for the SM? Some theorists see this as the hint of a possible underlying spontaneously
broken conformal symmetry, but no complete and self-consistent picture of how this could
be concretely realised is available. My forecast, however, is that the theoretical efforts in
this direction will increase.

• In my opinion, more precise renormalization group calculations and more precise measure-
ments of Mt, MH and αS will become important only when and if threshold effects at the
cutoff scale Λ will be calculable in the framework of a well-defined underlying theory.

• There are potential implications for cosmology and supersymmetry.

• A scalar singlet is enough 26 to cure the instability if needed for the consistency of model
building.

At this point, I would like to open a parenthesis and pay a twofold tribute to SM theory. A
theoretical construction that was essentially completed 40 years ago found recently its triumph
and stands as solid as a rock: this triggers my deepest admiration for the vision and the insight
of the founding fathers. However, I think that today we should also acknowledge the efforts of
less glamorous but also very important theorists, who worked for years and years to characterise
direct and indirect signals of the SM scalar boson and compute the relevant backgrounds.

Closing the parenthesis, let me move to another key question: are we done now? The answer
is of course negative: the 2012 discovery and the first studies of The Boson’s properties presented
at this meeting are just the start of a major program, which may take several decades to reach
completion. The two main points of the program for the years to come are obvious:

1. Study the properties of The Boson with the highest possible precision, to reveal possible
inconsistencies of the SM that would point indirectly to new physics.

2. Find out whether The Boson is accompanied by other new physics near the TeV scale.

Both missions may require an electron-positron collider to complement the unique information
that the LHC will collect until about 2030. The general strategy for the years to come was



reviewed by Jenni 27, who pointed out the complementarity between the high-luminosity phase
of the LHC (HL-LHC) and possible future high-energy electron-positron machines for precision
studies of the properties of The Boson.

Some representative examples of the reach of HL-LHC are shown27 in Fig. 3: on the left-hand
side, the determination of the effective couplings (κγ , κV , κg, κb, κt, κτ ), assuming that there are
no additional BSM contributions to the total Higgs width; on the right-hand side, the expected
sensitivity to inclusive H → µµ, which could exceed 5σ.

The cross-sections for various H production processes in e+e− collisions are shown 27 in
Fig. 4. The crucial feature is the possibility of directly reconstructing the HZZ coupling from
the process e+e− → HZ in a model-independent way, exploiting the recoil mass against a
leptonically decaying Z boson. However, energy is also an important factor if we want to test
the cubic self-coupling via double H production or the direct coupling to the top quark via
associated production with tt.

Figure 3: Some preliminary estimates of the reach of HL-LHC for the study of the Higgs boson couplings. Left:
the expected precision attainable by CMS with 300 fb−1 and 3000 fb−1, keeping the present systematic errors or
scaling both experimental and theoretical errors according to some reasonable assumptions. Right: the expected

invariant mass distributions for 3000 fb−1 at
√
S = 14 TeV , for inclusive H → µµ in ATLAS.

Figure 4: Cross-sections for some of the most important Higgs production processes at e+e− colliders, as functions
of the centre-of-mass energy

√
s. The design energies of some proposed machines and their upgrades are also shown.

3 Beyond the Standard Model

Leaving the SM-like scalar particle aside, for which the desirable future experimental program is
quite clear, the recent LHC results do not help us much in answering a really difficult question:
what lies Beyond the SM, with a chance of being at reach?



The first run of the LHC was rewarded by a historical discovery, but it relied on a very
powerful no-lose theorem, guaranteeing either the SM scalar or New Physics at the TeV scale.
To avoid fooling ourselves, we must admit that we will not be again in such a condition for a long
time. We should then diversify efforts, with some judgement, to maximise our chances of further
important discoveries. We are now sailing in uncharted waters, and we must be persistent in
our search for New Physics as Columbus in his trip to Indies. And in the end, perhaps, we will
find the Americas rather than the Indies . . .

The usual framework to discuss BSM physics is to look at the SM as an effective field
theory, valid up to some physical cut-off scale Λ, and to write down the most general local
Lagrangian built out of the SM fields (including the scalar doublet φ) and compatible with the
SM symmetries, scaling all dimensionful couplings by appropriate powers of Λ. The resulting
dimensionless coefficients are then parameters, which can be either fitted to experimental data
or (if we are able to do so) theoretically determined from the fundamental theory replacing the
SM at the scale Λ. Very schematically, and omitting all coefficients, indices and conjugations:

Leff = Λ4 + Λ2φ2

+ (Dφ)2 + Ψ 6DΨ + FµνFµν + FµνF̃µν + ΨΨφ+ φ4

+
ΨΨφ2

Λ
+

ΨΨΨΨ

Λ2
+
φ2FµνFµν

Λ2
+ . . . , (3)

where Ψ stands for the generic quark or lepton field, F for the field strength of the SM gauge
fields, and D for the gauge-covariant derivative. The first line of Eq. (3) contains two operators
carrying positive powers of Λ, a cosmological constant term, proportional to Λ4, and a scalar mass
term, proportional to Λ2. Barring for the moment the discussion of the cosmological constant
term, which becomes relevant only when the model is coupled to gravity, it is important to
observe that no quantum SM symmetry is recovered by setting to zero the coefficient of the
scalar mass term. On the contrary, the SM gauge invariance forbids fermion mass terms of the
form ΛΨΨ. The second line of Eq. (3) contains operators with no power-like dependence on
Λ, but only a milder, logarithmic dependence, due to infrared renormalization effects between
the cut-off scale Λ and the electroweak scale. The operators of dimension d ≤ 4 exhibit two
remarkable properties: all those allowed by the symmetries are actually present in the SM; both
baryon number and the individual lepton numbers are automatically conserved. The third line
of Eq. (3) is the starting point of an expansion in inverse powers of Λ, containing infinitely
many terms. For energies and field values much smaller than Λ, the effects of these operators
are suppressed, and the physically most interesting ones are those that violate some accidental
symmetries of the d ≤ 4 operators. For example, it is well known that d = 5 operators of the

form ΨΨφ2/Λ can generate Majorana neutrino masses of order G−1F /Λ (where G
−1/2
F ' 250 GeV

is the Fermi scale); some of the d = 6 four-fermion operators can be associated with flavour-
changing neutral currents or with baryon- and lepton-number-violating processes such as proton
decay, and so on.

3.1 BSM with neutrinos

To incorporate neutrino masses and oscillations, which were an important part of the experi-
mental program of this meeting, we must go beyond the minimal SM, and write for the effective
Lagrangian valid at the presently explored energy scales something like

Leff = LSM + δL(mν) + . . . , (4)

where LSM is the minimal, renormalizable SM Lagrangian containing three fermion families,
each one with a left-handed neutrino νL but no right-handed neutrino νR. As already stressed
before, LSM has an accidental [U(1)]4 global symmetry, associated with the baryon number
B and the three partial lepton numbers (Le, Lµ, Lτ ), although the combination (B + L) is



Figure 5: Left: a pictorial representation of the most important open questions in neutrino physics. Right: the
90% CL range for the neutrino mass parameter |mee| controlling neutrinoless double beta decay, as function of
the lightest neutrino mass, for inverted (green) and normal (red) hierarchy; the darker regions show how the |mee|
range would shrink if the present best-fit values of oscillation parameters were confirmed with negligible error.

anomalous and broken by non-perturbative effects. The modification δL(mν) is experimentally
needed, but its precise form is still undetermined. As is well known, the simplest solutions fall
in two classes:

1. Neutrinos have Dirac masses: we add a right-handed neutrino, singlet under the SM
gauge group, to each fermion family, and assume that (B − L) is a non-anomalous global
symmetry of the renormalizable part of Leff .

2. Neutrinos have Majorana masses: if we keep the minimal SM symmetries and field content,
there is a unique type of d = 5 operator in Leff , explicitly breaking (B − L), and it is
precisely of the form required to generate Majorana neutrino masses.

Although there is a clear theoretical bias for option 2, the choice between options 1 and 2 is in my
opinion the most important open question in neutrino physics. However, both options are very
well compatible with the success of LSM in describing all the rest of particle physics up to very
high cutoff scales Λ. But there are other important experimental questions in neutrino physics
waiting for an answer, which in some cases may be closer in time than expected some years ago,
because we have recently learnt that the mixing angle θ13 is non-vanishing and relatively large.
A pictorial representation of the most important open questions in neutrino physics can be found
on the left-hand side of Fig. 5 28. There are now good hopes of determining the mass hierarchy
and establishing CP violation in the neutrino sector with the next generation of experiments.
The right-hand side of Fig. 5 28 is there to remind us that, if by any chance an inverted neutrino
mass hierarchy were to be experimentally established in the coming decade, neutrinoless double-
β decay could be at reach for the following generation of experiments, and it would be worth
multiplying the efforts towards solving the most important problem of neutrino physics.

The main issues touched in the theory talks relating to neutrino physics 23,29,30,31 can be
concisely summarised as follows:

• Some experimental anomalies (LNSD, MiniBoone, reactors) hint at the possibility of ster-
ile neutrinos with masses in the eV range, although their individual significance is not
very high and no consistent picture seems to emerge from the fits 32. As discussed by
Tamborra30, there is also a variety of cosmological constraints/hints. My personal opinion
is in line with the one expressed in the Experimental Summary: it is difficult to draw
firm conclusions, and the new data coming from the Planck mission are unlikely to change
significantly the situation concerning this particular issue.



Figure 6: Different processes involving WIMPs and SM particles in their initial and final states.

• Are we in a better position to develop models of flavour, now that we have information on
two flavour sectors, the hadronic and the leptonic one? Two interesting approaches were
described at this meeting. The first one, pursued by several groups over the last decades
and discussed by Hernandez 29, is based on non-Abelian discrete flavour symmetries. The
second one, discussed by Gavela 23, tries to revamp the old idea of treating the Yukawa
couplings as dynamical variables.

• Can the scale of lepton flavour be low enough to give detectable signals in charged lepton
flavour violation? The answer is obviously yes, and justifies pushing further the searches
for charged lepton flavour violation, even if there is no compelling argument to be confident
in observable deviations from the SM predictions.

• How will we establish the neutrino mass hierarchy? With accelerator-driven long-baseline
oscillation experiments, with reactor-driven oscillation experiments with 50-60 km base-
lines or, as discussed by Palomares Ruiz31, with multi-Mton extensions of current neutrino
telescopes looking at atmospheric neutrinos? Time will tell, it might be a close race as for
the determination of θ13 . . .

3.2 BSM with Dark Matter

Weakly Interacting Massive Particles (WIMPs) are presently considered among the leading
candidates for Dark Matter (DM) because of the so-called WIMP Miracle: for a WIMP in
thermal equilibrium after inflation,

〈σann v〉 ' 3× 10−26 cm3 s−1 , (5)

and this is roughly the size of an electroweak cross-section for a particle with mass M ∼
102−3 GeV. This is certainly a good argument for having New Physics at TeV scale, but not a
fully compelling one: DM could well be axions. What makes WIMPs very attractive candidates
for DM is, besides their possible connection with the naturalness problem of the SM (see sub-
section 3.3), the multiplicity of ways in which they could give rise to experimentally detectable
signals, as sketched 33 in Fig. 6. By switching some of the external legs from the initial to the
final state, or viceversa, the same Feynman diagrams can describe: DM annihilation into SM
particles, which controls the relic abundance and can also give rise to indirect signals of DM in
cosmic rays; direct DM detection through elastic scattering on targets made of SM particles;
finally, annihilation of SM particles into final states containing DM particles, which could give
rise to detectable signals at the LHC or other high-energy colliders.



Several theoretical issues connected with DM were discussed at this meeting 34,35,36,37: the
talks explored a variety of models that could produce diverse and interesting signals in indirect
or in collider searches. Without going into details, I would like to make two general comments:

1. The improved LHC bounds on new particles coming from direct searches, which particu-
larly affect those particles coupling significantly to quarks and gluons, may eventually shift
the focus on WIMP candidates from ”social” ones (such as the LSP in supersymmetric
extensions of the SM), to ”simplified” DM models.

2. It is more and more frequent to see comparisons between the reach of collider searches
for DM, for example those looking for monojets or single photons at the LHC, and direct
searches for DM in low-energy experiments, which make use of effective Lagrangians con-
taining local four-particle operators with two DM particles and two SM particles. When
making such comparisons, it is very important to check that they fall within the region of
validity of the underlying theoretical approximation, which is not always the case.

3.3 Naturalness

Naturalness 38,39 has been one of the guiding principles of BSM theory in the last decades, and
in particular the main reason to expect BSM physics at the TeV scale. A synthetic but powerful
formulation of the concept of naturalness is due to ’t Hooft 39: in an effective Lagrangian such
as the one of Eq. (3), a dimensionless coefficient in front of a local operator, weighted by the
appropriate power of Λ, can be small only if we recover an exact quantum symmetry in the limit
in which the coefficient goes to zero. We know of a number of cases in which the concept of
naturalness is successfully at work:

1. The electron mass me in classical electrodynamics (see e.g. 40): we would naively compute
linearly divergent corrections, δme ∼ αΛ, and the New Physics rescuing naturalness is the
positron, with mass me.

2. The four-fermion operators describing strangeness-changing neutral current processes in
the Fermi theory with three light quarks. The quadratically divergent one-loop contribu-
tion, going as G2

F Λ2, must be cut off at the GeV scale 41, and the New Physics coming to
rescue naturalness is the charm quark 3.

3. The mass difference between the charged and the neutral pion in scalar QED 42. At one
loop we would obtain ∆m2

π = m2(π+)−m2(π0) ∼ (3α)/(4π) Λ2, which calls for new physics
near the GeV to preserve naturalness: such new physics in this case is the ρ meson.

However, we also know of a very important example where the criterion of naturalness seems
to fail, at least according to our present understanding. It is the Dark Energy problem, or
the cosmological constant problem, whose naturalness scale in particle physics units would be
ΛCC ∼ 2.4× 10−3 eV. Are we missing some subtle modification of the gravitational interactions
involving new degrees of freedom at such a mass scale? Tests of the gravitational interactions
at short distances now extend well below the millimeter scale and do not leave much room. Is
there a suitable realization of conformal symmetry at the quantum level that, after a delicate
enough breaking, can account simultaneously for the two hierarchies Mweak/MP ∼ 10−15 and
ΛCC/MP ∼ M2

weak/M
2
P ∼ 10−30? Some attempts along this direction did not go very far (see

e.g. 43,44 and the papers quoting them), but the difficulty of more conventional approaches to
naturalness is encouraging many to revisit the problem, to see whether something important
has been missed and can now be identified.

In the framework of the SM, the naturalness problem boils down to the fact that no exact
quantum SM symmetry is recovered in the limit MH → 0. Classically, we would recover in-
variance under scale transformations, but in the SM such an invariance is broken by quantum



Figure 7: Surviving almost-natural models: minimal SUSY and partial compositeness

corrections and, even more importantly, it is difficult to imagine a scale-invariant ultraviolet
theory underlying the SM. This is what has led many to declare that the SM is unnatural unless
there is New Physics at the LHC scale. Since, within the SM, the leading 1-loop quadrati-
cally divergent corrections to the scalar mass parameter come from the top quark loop, and
go as δM2

H ∼ −(3h2t )/(8π
2) Λ2, requiring δM2

H < O(M2
H) roughly requires Λ < O(500) GeV.

However, precision tests of the SM suggest Λ > O(few) TeV for generic flavour-independent
operators, and Λ > O(1000) TeV for generic flavour-dependent operators. Moreover, no BSM
particle has been found at the LHC to date 1. What is the way out?

The most conservative attitude is to insist on the few almost-natural models that survive the
present experimental data, where almost-natural means that we leave room for some accidental
cancellation at the few-percent level. The two leading classes of models along these lines are a
quite restricted subset of supersymmetric extensions of the SM and of models in which the SM
scalar is a (partially) composite state generated by a new strong interaction. The important fact
to stress here is that all these models predict new particles within the reach of the (full-energy)
LHC, therefore they can all be ruled out at the end of the LHC experimental program.

Have we missed some more subtle possibilities, perhaps in connection with gravity and Dark
Energy? Of course, the logical possibility remains that the puzzle might be solved only in the
full theory, by a mysterious infrared-ultraviolet connection missed by the effective field theory.

In the context of the discussions on naturalness, an important subject is how natural exten-
sions of the SM can be reconciled with precision tests of the SM in the flavour sector. In other
words, the excellent agreement between the experimental data and the SM description of flavour
breaking would suggest a scale of new physics Λ > 103–104 TeV, whereas naturalness would call
for a scale of new physics Λ < O(500) GeV. A possible way out is to make the dimensionless
coefficients in front of the flavour-breaking higher-dimensional operators, for example those of di-
mension 6, much smaller than one because of some flavour symmetry. An interesting possibility
discussed at this meeting45 is to consider models based on a U(2)3 = U(2)QL

×U(2)UR
×U(2)DR

flavour symmetry in the quark sector: in such a case, the dimension-six effective operators with
potentially dangerous flavour-breaking structures can receive additional suppressions of order
V 2−4
CKM , and this can still reconcile the stringent bounds from flavour physics with a cutoff scale

Λ of a few TeV, with a potentially interesting phenomenology just waiting to be discovered.

In the context of supersymmetric extensions of the SM, one out of several attempts at
reconciling naturalness with the new stringent LHC bounds is to consider minimal models, in
which only the supersymmetric particles most closely coupled to the Higgs field are bound to be
light. A typical spectrum is shown 46 on the left-hand side of Fig. 7. This possibility is receiving
increasing attention in the experimental searches at the LHC 47,48, and the results presented at
this meeting show that the available parameter space has already started to shrink considerably,



although unexplored regions remain.

As for the models with an almost-natural composite scalar, their typical structure is shown24

on the right-hand side of Fig. 7. The talks by Merlo 24 and Azatov 22 emphasized the correlation
between a light partially composite scalar and light fermionic partners of the top quark. The
talk by Yamawaki 19 reminded us that walking technicolor with approximate scale invariance
may allow for a light technidilaton, which could mimic The Boson found at the LHC. However,
significant deviations from the SM couplings are predicted, and my impression is that the new
data presented at this meeting might be already sufficient to strongly disfavour this possibility.

3.4 Supersymmetry and ascendants

The status of supersymmetric extensions of the SM, from phenomenological models at the
TeV scale to possible string-motivated ascendants, was reviewed at the meeting in several
talks 49,17,18,50,51. Again, I will not review them in detail but rather transmit you, perhaps
in an oversimplified way because of time constraints, my present opinion, after following the
experimental searches and contributing to the theory for roughly thirty years:

• Supersymmetry is too good an idea to be wasted by Nature: its role as a general symmetry
of Relativistic Quantum Field Theory, the very existence of supergravity as the gauge
theory of supersymmetry and the role it plays in superstrings, are sufficient for me to
consider supersymmetry as a plausible ingredient of whatever fundamental theory underlies
the SM. But at what physical scale?

• Supersymmetry, whose main phenomenological motivation has been for decades the res-
olution of the SM naturalness problem, is now in trouble with naturalness, at least in
its simplest realizations. Attempts at formulating almost-natural supersymmetric models
were mentioned in the previous subsection. Another logical possibility is that supersym-
metry might need to be combined with some (not yet identified) additional ingredient to
solve the SM naturalness problem.

• Conventional supersymmetric models (CMSSM, NMSSM, . . . ) do not work as such and
should finally rest in peace, although some of their features may contain some truth: for
example, the additional contributions to MH present in the NMSSM with respect to the
MSSM may play a role in improving naturalness. But today it is difficult for me to believe
that the CMSSM or the NMSSM could be correct in all their details.

Concerning the present status of SUSY phenomenology, I feel like quoting a sentence from
another summary talk, given by H. Georgi at a conference in Santa Barbara I attended in the
early 90s (giving a talk on supersymmetric phenomenology): ‘Stop wandering in susy parameter
space!’ At the moment I was not very happy to hear it, but in retrospect it was a wise suggestion:
as theorists we can be more useful for the progress of the field than by making computer-
assisted scans of the parameter spaces of supersymmetric models with fancy statistical tools.
For example, if we want to be close to experiment, we can point out possible signals that may
arise in plausible models, and that our experimental colleagues may have overlooked so far in
their searches. Alternatively, we could try to understand what theoretical ingredient we have
been missing in our approach to naturalness within simple, controllable, non-realistic contexts,
and come back to realistic models and to our experimental colleagues only after making some
significant progress.

Of course, supersymmetry could be relevant to our description of Nature and perhaps acces-
sible to the LHC even if it fails to address the naturalness problem. Indeed, if we do not insist on
naturalness, SUSY with heavy scalars can evade direct searches and flavour constraints, while
mantaining gauge coupling unification and an acceptable DM candidate. An example, reviewed
in the talk by Dudas 50, is mini-split supersymmetry: a typical spectrum could include scalars



at 1000 TeV, gauginos 1 or 2 loop factors lighter (protected by an R-symmmetry), higgsinos
with model-dependent masses, a SM-like scalar with mass MH ' 125 GeV easily reproduced.

4 Conclusions

In conclusion, and waiting for new results at the Summer Conferences, the main messages I can
extract from this Winter 2013 Electroweak Moriond are those summarised in Table 1:

• Experimental particle physics has entered a phase of accelerated progress.

• The SM is still untarnished after crossing new thresholds in energy and precision, and its
triumph is going beyond most expectations.

• We have many reasons to believe in BSM physics, but we do not know for sure where to
look for it, thus we must keep an open mind and diversify our efforts.

• The concept of naturalness is being seriously challenged: whatever the result of the 13-14
TeV run of the LHC will be, this will have a profound impact on our theoretical approach
to the fundamental interactions.

Personally, I am convinced that we have just started to digest the implications of the experi-
mental results presented at this meeting: to fully exploit all the new information and to prepare
for the more experimental data to come, a lot of theoretical work is still required, in several
directions. We must know, we will know, but we must be patient and try hard: we are lucky to
live in such exciting times!

As the last speaker, I would like to conclude by warmly thanking, on behalf of all the
participants, all those who contributed with their hard work to the success of this meeting: the
Secretariat (Isabelle Cossin, Vera de Sa-Varanda, Sarodia Vydelingum), the Computer Support
(Gérard Dreneau, Damien Fligiel, Victor Mendoza, Olivier Drevon), the Organizers (Etienne
Augé, Jacques Dumarchez, Jean Tran Thanh Van), the Scientific Organizers present in La Thuile
(Lydia Iconomidou-Fayard, Jean-Marie Frère, Eric Armengaud, Patrick Janot, Jean-Pierre Lees,
Sotiris Loucatos, Francois Montanet, Jean Orloff), as well as all the other Scientific Organisers
who contributed remotely.
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