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The XLVIIth 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 theorists 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 XLVIIth Rencontres de Moriond in 2012 comprised three physics sessions:
• March 3 - 10: “Electroweak Interactions and Unified Theories”
• March 10 - 17: “QCD and High Energy Hadronic Interactions”
• March 10 - 17: “Cosmology”
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1.
EWSB
in the Standard Model
and Beyond

Symmetry breaking and the Scalar boson
- evolving perspectivesa
François Englert
Service de Physique Théorique
Université Libre de Bruxelles, Campus Plaine, C.P.225
and
The International Solvay Institutes, Campus Plaine C.P. 231
Boulevard du Triomphe, B-1050 Bruxelles, Belgium
The mechanism extending spontaneous symmetry breaking to gauge fields had a considerable impact on both theoretical and experimental elementary particle physics. It
is corroborated by the discovery of the Z and the W, and by the precision electroweak
tests. A detection of its Scalar boson(s) would not only constitute a direct verification
of the mechanism, but knowledge of its couplings to known particles could pave the way
to the world hitherto hidden beyond the Standard Model. These topics are discussed
with emphasis on conceptual issues.

1

Spontaneous breaking of a global symmetry

1.1

Chiral symmetry breaking

Spontaneous symmetry breaking was introduced in relativistic quantum field theory by
Nambu in analogy with the BCS theory of superconductivity 1 . The problem studied
by Nambu 2 and Nambu and Jona-Lasinio 3 is the spontaneous breaking of the chiral
U (1) symmetry of massless fermions resulting from the arbitrary relative (chiral) phase
between their decoupled right and left constituent neutrinos. They then generalize to
include isospin. Fermion mass cannot be generated from a chiral invariant interaction
in a perturbation expansion but may arise through a (non-perturbative) self-consistent
fermion condensate: this breaks the chiral symmetry spontaneously. Nambu 2 showed that
such spontaneous symmetry breaking (SSB) is accompanied by a massless pseudoscalar.
This is interpreted as the chiral limit of the (tiny on the hadron scale) pion mass. Such
interpretation of the pion constituted a breakthrough in our understanding of strong
interaction physics. In the model of reference 3 , it is shown that SSB also generates a
massive Scalar boson, which I denote by a capital to emphasize its role in what follows.
a

Invited talk presented at “Rencontres de Moriond 2012”, March 7.

1.2

The simple Goldstone U(1) model

The significance of the massless boson(s) and of the massive Scalar boson(s) occurring in
SSB is well illustrated in a simple model devised by Goldstone 4 . A complex scalar field
φ experiences a potential V (φ∗ φ). The Lagrangian density,
L = ∂ µ φ∗ ∂µ φ − V (φ∗ φ) with V (φ∗ φ) = −µ2 φ∗ φ + λ(φ∗ φ)2

λ > 0,

(1.1)

is invariant under the U (1) group φ → eiα φ. The U (1) symmetry is spontaneously broken
by the expectation value of the φ-field acquired, at the classical level, at the minimum of
the potential V (φ∗ φ) depicted in Fig.1.

V

φ1
φ2

Figure 1: Spontaneous symmetry breaking in the Goldstone model.

√
Writing φ = hφi + ϕ and φ = (φ1 + iφ2 )/ 2, the U (1) symmetry breaking is revealed by
selecting the expectation value hφi to lie in some direction, say φ1 , of the (φ1 , φ2 ) plane.
The quadratic terms in ϕ1 and ϕ2 yield the mass squared of their respective fields, namely,
using the condition hφi2 = µ2 /2λ at the minimum,
m2ϕ1 = 2µ2

m2ϕ2 = 0 .

(1.2)

Thus ϕ2 describes a massless boson, ϕ1 a massive one, and the “order parameter”
hφ1 i may be viewed as a condensate of ϕ1 bosons. Their significance is brought to light in
Fig.2 and Fig.3 depicting respectively classical ϕ1 and ϕ2 waves on the background hφ1 i.
Fig.2a represents schematically a lowest energy state (a “vacuum”) of the system: a
constant non-zero value of the field φ1 = hφ1 i pervades space-time. Fig.2b depicts the
excitation resulting from the rotation of half the fields in the (φ1 , φ2 ) plane. This costs only
an energy localized near the surface separating the rotated fields from the chosen vacuum.
SSB implies indeed that rotating all the fields would cost no energy at all: one would
merely trade the initial chosen vacuum for an equivalent one with the same energy. This
is the characteristic vacuum degeneracy of SSB. Fig.2c mimics a wave of ϕ2 . Comparing 2c
with 2b, we see that as the wavelength of the wave increases indefinitely, its energy tends

(a)

(b)

(c)

x

Figure 2: Massless Nambu-Goldstone mode ϕ2 .

to zero, and may be viewed as generating in that limit a motion along the valley of Fig.1.
Quantum excitations carried by the wave reach thus zero energy at zero momentum and
the mass mϕ2 is zero, in agreement with Eq.(1.2). Fig.2 can easily be generalized to more
complex spontaneous symmetry breaking of continuous symmetries. Massless bosons are
thus a general feature of such SSB already revealed by Nambu’s discovery of the massless
pion resulting from spontaneous chiral symmetry breaking. They will be labeled massless
Nambu-Goldstone (NG) bosons. Formal proofs corroborating the above simple analysis
can be found in the literature 5 .
Fig.3 depicts similarly a classical wave corresponding to a stretching of the vacuum fields.
These excitations in the φ1 direction describe fluctuations of the order parameter hφ1 i.
They are volume effects and their energy does not vanish when the wavelength becomes
increasingly large. They correspond in Fig.1 to a climbing of the potential. The quantum
excitations ϕ1 are thus now massive, in agreement with Eq.(1.2). These considerations
can be again extended to more general SSB (even to discrete ones) to account for order
parameter fluctuations. Lorentz invariance imposes that such massive excitations are
necessarily scalar particles. They were also already present in reference 3 and will be
denoted in general as massive Scalar bosons.

(a)

(b)

(c)

x

Figure 3: Massive Scalar mode ϕ1 .

The above considerations are restricted to spontaneous symmetry breaking of global

continuous symmetries. Global means that the symmetry acts everywhere in space-time:
for instance in the U (1) Goldstone model the parameter α in φ → eiα φ is independent of
the space-time point x. We now discuss the extension from global to local symmetries.
2
2.1

The symmetry breaking mechanism for gauge fields
From global to local symmetry

The global U (1) symmetry in Eq.(1.1) is extended to a local one φ(x) → eiα(x) φ(x) by
introducing a vector “gauge field” Aµ (x) transforming under such local “gauge transformations” as Aµ (x) → Aµ (x) + (1/e)∂µ α(x). The Lagrangian density becomes
1
L = Dµ φ∗ Dµ φ − V (φ∗ φ) − Fµν F µν ,
4

(2.3)

where in Eq.(1.1) one replaces ∂µ by the “covariant derivative” Dµ φ = ∂µ φ − ieAµ φ and
introduces the gauge invariant field strength Fµν = ∂µ Aν − ∂ν Aµ to account for the kinetic
energy of the gauge field.
Local invariance under a semi-simple Lie group G is realized by extending the Lagrangian Eq.(2.3) to incorporate “non-abelian” Yang-Mills gauge vector fields Aaµ . These
transform under infinitesimal transformations of the group as δAaµ (x) = c (x)facb Abµ (x) +
(1/e)∂µ a (x) where facb are structure constants. One gets
1 a a µν
LG = (Dµ φ)∗A (Dµ φ)A − V − Fµν
F
,
4
a
(Dµ φ)A = ∂µ φA − eAaµ T a AB φB
Fµν
= ∂µ Aaν − ∂ν Aaµ − ef abc Abµ Acν .

(2.4)
(2.5)

a
Here, (Dµ φ)A are covariant derivatives, Fµν
are field strengths and φA belongs to the
representation of G generated by T a AB . The potential V is invariant under G.
The local abelian or non-abelian gauge invariance of Yang-Mills theory hinges apparently upon the massless character of the gauge fields Aµ , hence on the long-range
character of the forces they transmit, as the addition of a mass term for Aµ in the Lagrangian Eq.(2.3) or (2.4) destroys gauge invariance. But short-range forces such as the
weak interaction forces seem to be as fundamental as the electromagnetic ones. To reach
a basic description of such forces one is tempted to link this fact to gauge fields masses
arising from spontaneous broken symmetry. However the problem of SSB is very different
for global and for local symmetries.

2.2

The mechanism

This Section is based on the field-theoretic approach of reference 6 . In view of slips often
made about the content and the dates of the 1964 papers quoted in this Section 2.2,
references to these papers are detailed 17 .
Breaking by Scalars
Let us first examine the abelian case U (1) as realized by the complex scalar field φ
exemplified in Eq.(2.3). The interaction between the complex scalar field φ and the gauge
field Aµ is
−ie (∂µ φ∗ φ − φ∗ ∂µ φ) Aµ + e2 Aµ Aµ φ∗ φ .
(2.6)

As in the Goldstone model of Section 1.2, the SSB √
Yang-Mills phase is realized by a
non vanishing expectation value for φ = (φ1 + iφ2 )/ 2, which we choose to be in the
φ1 -direction. Thus
φ = hφi + ϕ ,
(2.7)
with φ1 = hφ1 i + ϕ1 and φ2 = ϕ2 , where as previously ϕ2 and ϕ1 are respectively the NG
massless boson and the massive Scalar boson.
In the covariant gauges, the free propagator of the field Aµ is
0
Dµν
=

gµν − qµ qν /q 2
qµ qν /q 2
+
η
,
q2
q2

(2.8)

where η is a gauge parameter. In what follows, we shall choose the Landau gauge defined
by η = 0.
The polarization tensor Πµν of the gauge field in lowest order perturbation theory
around the self-consistent vacuum is given by the tadpole graphs of Fig.4,

h

1i

h

1i

e2 gµ⌫

h

1i

1/q 2

h

1i

eq⌫

eqµ

gauge field

h

1i

NG boson

'2

Figure 4: Tadpole graphs of SSB. Abelian gauge theory.

We see that, as a consequence of the contribution from the NG boson, the polarization
tensor is transverse
Πµν = (gµν q 2 − qµ qν )Π(q 2 ) ,
(2.9)
and yields a singular polarization scalar Π(q 2 ) at q 2 = 0,
Π(q 2 ) =

e2 hφ1 i2
.
q2

(2.10)

From Eqs.(2.8), (2.9) and (2.10), the dressed gauge field propagator becomes
Dµν =

gµν − qµ qν /q 2
,
q 2 − MV2

(2.11)

which shows that the Aµ -field gets a mass MV ,
MV2 = e2 hφ1 i2 .

(2.12)

The transversality of the polarization tensor Eq.(2.9) results from the contribution of the
NG boson and agrees with a Ward identity which guarantees that gauge invariance is
preserved. Thus the mass of the gauge field Aµ acquired through the absorption of the
NG boson is gauge invariant.
The generalization of these results to the non-abelian case described by the action
Eq.(2.4) is straightforward. Writing the generators in terms of the real components of the
fields, one gets the mass matrix
(MV2 )ab = −e2 hφB iT a BC T b CA hφA i ,

(2.13)

and the dressed gauge boson propagators have the same form as Eq.(2.11) in terms of the
diagonalized mass matrix. As in the abelian case, the would-be NG bosons are absorbed
by the gauge fields and generate gauge invariant masses in G/H. Long-range forces only
survive in the subgroup H of G which leaves invariant the non-vanishing expectation
values hφA i.
The introduction of gauge fields and hence local symmetries resulted in the absorption
of the NG boson in the gauge field propagator and in the generation of gauge field mass.
These results are encoded in Eqs.(2.9), (2.12) and (2.13). Such consequences of local
symmetry seems at odd with the appearance of massless NG bosons in global symmetries
and calls for an elucidation of the concepts involved in extending the symmetry from global
to local. This will now be done by unraveling the significance of the results of Section
2.2.1 for the NG boson and for the Scalar boson. To avoid notational complications, I
shall mostly consider the U (1) extension from the global Goldstone model to its local
counterpart, although the discussion in the Sections below apply in general to the nonabelian case as well .
The fate of the massless NG boson
The diagrams of Fig.4 show that the NG boson is absorbed in the gauge field propagator.
This yields the required longitudinal polarization of the massive gauge field encoded in
the numerator of Eq.(2.11) on the mass shell q 2 = MV2 . The massless NG boson actually
disappears entirely from the physical spectrum. This is an immediate consequence of
gauge invariance. Consider indeed Fig.2. As explained in Section 1.2, the massless NG
mode originates in global SSB from the vacuum degeneracy: the energy of the excitations
depicted in Fig.2b and 2c tend to zero in the limit of infinite wavelength because they
generate in that limit a vacuum equivalent to the original one under a symmetry operation.
But local symmetry means that the configurations of Fig.2b and 2c carry no energy at
all ! They are thus simply redundant description of the same gauge invariant vacuum, a
redundancy not unexpected when fields are described by potentials Aµ . Therefore there
is no vacuum degeneracy, no spontaneous symmetry breaking and thus no massless NG
boson ! b
b

A more detailed description of the distinctive features of global and local SSB can be found in
reference 7 . Formal proofs for the absence of massless NG bosons were given by Higgs 8 , and then by
Guralnik, Hagen and Kibble 9 . These proofs do not make use explicitly of the unicity of the gauge
invariant vacuum.

An apparent symmetry breaking, akin to the Goldstone model U (1) SSB, appears when
one chooses a fixed orientation of the average Scalar field hφi, e.g. hφi = hφ1 i. But this
description is only a convenient gauge choice. It allows for the conventional assignment
of group quantum numbers (such as isospin) to particles in perturbation theory. I shall
therefore qualify also as SSB the mechanism generating mass for gauge fields but one
should keep in mind that the symmetry is not intrinsically broken, a fact that renders the
disappearance of massless NG bosons obvious. Their degrees of freedom are recovered in
the longitudinal polarization of the massive gauge fieldsc .
The fate of the massive Scalar boson
A glance at Fig.3 shows that the stretching of (classical) Scalar fields are independent of
local rotations of the φ-field in the (φ1 , φ2 ) plane. This translates the fact that the modulus
of the φ-field is gauge invariant. Hence the Scalar bosons survives the gauging and their
classical analysis is identical to the one given for the Goldstone model in Section 1.2.
h
....+

h

1i

1i h 1i

h
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Figure 5: Coupling of the Scalar boson ϕ1 to massive gauge bosons.

The coupling of the Scalar boson to the massive gauge bosons follows from the graphs
in Fig.4. Using Eq.(2.7) one gets the two tree-level vertices of Fig.5 where the heavy wiggly
lines on the right hand side represent (tree-level) dressed massive gauge propagators. The
vertex couplings follow from Eq.(2.12).
Dynamical symmetry breaking
The symmetry breaking giving mass to gauge vector bosons may also arise from a fermion
condensate. If a spontaneously broken global symmetry is extended to a local one by
introducing gauge fields, the massless NG bosons disappear as previously from the physical
spectrum and their absorption by gauge fields renders these massive.
The renormalization issue
The interest in the symmetry breaking mechanism stems from the fact that it provides,
as does quantum electrodynamics, a taming of quantum fluctuations. This allows the
computation of the quantum effects necessary to cope with precision experiments. In
other words, the theory is “renormalizable”, in contradistinction to the theory of genuine
non-abelian massive vector fields.
c

A non relativistic precursor of this effect was found by Anderson 10 in condensed matter physics.
Namely in superconductivity the massless mode of the broken U (1) symmetry disappears by being absorbed by electron density oscillations, namely by the longitudinal “massive” plasma mode.

The massive vector propagator Eq.(2.11), which is also valid in the non-abelian case
by diagonalizing the mass matrix Eq.(2.13), differs from a conventional free massive vector propagator. The numerator of the former is transverse for all momenta while the
numerator of the latter, gµν − qµ qν /MV2 , is only transverse on the mass shell q 2 = MV2 .
The soft behavior at large q 2 of the propagator Eq.(2.11) and the gauge invariance condition Eq.(2.9) are reminiscent of quantum electrodynamics. This suggested that the SSB
mechanism renders charge vector meson theories renormalizable 11 .
However there is a catch. The pole at q 2 = 0 in Eq.(2.11) has a negative residue and
therefore is potentially violating unitarity. A glimpse into the solution of the problem
appears from comparing our approach to the one of Higgs 12 . Higgs obtained most of our
results from the classical equations of motion. In addition, he showed how to eliminate all
contributions of the massless NG boson in that limit by the following field transformation
Aµ −

1
∂µ φ2 = Bµ ,
ehφ1 i

(2.14)

where Bµ satisfies the conventional classical equations of motion of a massive vector field.
In terms of propagators Eq.(2.14) becomes the identity
gµν − qµ qν /q 2
1 qµ qν
gµν − qµ qν /MV2
−
=
.
q 2 − MV2
MV2 q 2
q 2 − MV2

(2.15)

The term in the right hand side of Eq.(2.15) is indeed the conventional massive vector
propagator of Higgs Bµ -field which displays no unwanted pole at q 2 = 0. It constitutes
a “unitary gauge” propagator. It does not share the soft high q 2 behavior of the “renormalizable gauge” propagator Eq.(2.11). Gauge invariance should allow the use of either
propagator, and the theory is thus expected to be both renormalizable and unitary. How
can this happen?
The answer lies in the second term of Eq.(2.15). Let us couple Eq.(2.11) to an external
(non-conserved) current associated to the SSB gauge symmetry. The second term in
Eq.(2.15) describes the coupling of the Goldstone boson to its divergence. Note that the
pole contribution of the Goldstone is cancelled on-shell by the unphysical q 2 pole of the
propagator Eq.(2.11), leaving only off-shell contributions in agreement with the fact that
the massless Goldstone boson has to disappear from the physical spectrum. Thus the
identity Eq.(2.15) indicates that the off-shell contributions of the Goldstone are needed
to restore unitarity in the renormalizable gauge. As an example, one easily verifies at
the tree level that, taking into account the Goldstone contribution, the identity Eq.(2.15)
ensures the equivalence of the renormalizable and the unitary gauges in the electroweak
theory discussed below.
Although these arguments suggest that the mechanism can be consistent, it is a highly
non trivial affair to show that the fully interacting theory is renormalizable and unitary.
This was proven by ’t Hooft and Veltman 13 , who thereby established the quantum consistency of the SSB mechanismd .
3

The electroweak theory

In the electroweak theory for weak and electromagnetic interactions 15 , the gauge group
is taken to be the chiral group SU (2) × U (1) with SU (2) acting on left-handed fermions
d

See also reference 14 .

only. The corresponding generators and coupling constants are gAaµ T a and g 0 Bµ Y /2.
The Scalar field φ is a doublet of SU (2) and its U (1) charge is Y =√1. Breaking follows
from a Goldstone type potential. It is characterized by hφi = 1/ 2 {0, v} and Q =
T 3 +Y /2 generates the unbroken subgroup. Q is identified with the electromagnetic charge
operator. The only residual massless gauge boson is identified with the photon and the
electric charge e is usually expressed in terms of the mixing angle θ as g = e/ sin θ, g 0 =
e/ cos θ. The expectation value hφi generates the masses of all known elementary fermions
through Yukawa couplings.
Using Eqs.(2.12) and (2.13) one gets the mass matrix
g2 0
0
0
2
2
v
0
g
0
0
|µ2 |=
g 02 −gg 0
4 0 0
0 0 −gg 0 g 2
whose diagonalization yields the eigenvalues
2
MW
+ =

v2 2
g
4

2
MW
− =

v2 2
g
4

MZ2 =

v 2 02
(g + g 2 )
4

MA2 = 0 .

(3.16)

The discovery of the Z and W bosons in 1983 and the precision experiments testing
the quantum consistency of the theory establish the validity of the mechanism. The Scalar
boson itself is presently search for and would provide a direct proof of it and would also
characterize its precise realization. This will be further discussed in the following Section.
The couplings of the Scalar to the massive W and Z bosons follow from Fig.5 and are
depicted in Fig.6a. Its coupling to elementary fermions similarly follows from the Yukawa
couplings and are shown in Fig.6b. The coupling to the massless photons occur at the
loop level as indicated in Fig.7.
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Figure 6: Coupling of the Scalar boson ϕ to massive gauge bosons and to elementary fermions.
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Figure 7: Coupling of the Scalar boson ϕ to photons.

4

Perspectives

Hopefully a Scalar boson will be found. Will it be identifiable to the electroweak Scalar
of the Standard model, at least up to energies presently available at the LHC ? and what
would be hidden beyond the Standard Model at possible higher energies? Although the
answer must obviously be deferred to experiment, one may try, assuming that some Scalar
will be found, some educated guess based on the belief that the organization of nature
in scientific terms should be based on a minimal number of disjoint hypothesis. The
usefulness of this exercise is that properties of known particles may perhaps pave the way
to the unknown.
To try to make sense of this type of Occam’s razor approach, I will select and compare
some perspectives. I consider two perspectives which I find appealing. The first one
I label historical : it takes at its starting point the SSB mechanism. The second one
evolves out of the requirement that elementary fermions be massive; I will label it logical.
In both perspectives, now that the chiral character of weak interactions is well established
for massive fermions, the backbone of the electroweak theory is taken to be its grouptheoretical content: the chiral group SU (2) × U (1).
- a) A “historical” perspective
The Fermi theory of weak interactions, formulated in terms of a four Fermi pointlike current-current interaction, was well-defined in lowest order perturbation theory and
successfully confronted many experimental data. However, it is clearly inconsistent in
higher orders because of uncontrollable divergent quantum fluctuations. In order words,
in contradistinction to quantum electrodynamics, the Fermi theory is not renormalizable.
This difficulty could not be solved by smoothing the point-like interaction by a massive,
and therefore short-range, charged vector particle exchange (the W + and W − bosons):
theories with massive charged vector bosons are not renormalizable either. It is the
electroweak theory, based on the renormalizable SSB mechanism applied to the group
SU (2) × U (1), that provided a suitable tool for testing experiment. Its Scalar boson has
yet to be confirmed.
The Scalar boson was introduced there through a field experiencing a Goldstone-type
potential. In absence of a yet definite experimental answer, should this be expected to be
an elementary particle (at least to testable scales) or is it a phenomenological description
of a composite object?
The SSB mechanism described in Section 2 could be realized by an elementary Scalar
condensate (Section 2.2.1) or dynamically (Section 2.2.4) in which case the Scalar boson would, at best, be a bound state. The absence of known elementary scalar particle,
and the fact that a neutral scalar condensate could be, as is often the case in condensed

matter physics, only a phenomenological description of a more complex dynamics, may
suggest a dynamical realization of the mechanism. This is comforted by the fact that
simple dynamical models, such as Technicolor, can be constructed. Technicolor generate
gauge vector boson masses, but its extension to produce elementary fermion masses is
more problematic. Giving mass to the fermions dynamically, which is natural in this
perspective, might require additional groups which have then to confront many experimental constraints. As a rule, full dynamical symmetry breaking is very laborious and
the corresponding phenomenological Scalar(s) may have higher massese .
The “historical” perspective suggests that at low energies, the Scalar decays of Fig.6a
(but not 6b) and Fig.7 could perhaps be presently detectable except for the last diagram
involving fermion loops. Of course similar “fermiophobic” constraints would apply to the
creation process. At higher energies one would expect the emergence of a complex spectrum
beyond the standard model one.
- b) A “logical” perspective
Generating elementary fermions mass at the outset and hence breaking the chiral
symmetry of SU (2) × U (1) is a simple problem if one introduces an elementary Scalar
with Yukawa couplings. Actually, this requires only global symmetry breaking and NG
bosons are produced. To eliminate them one has to extend the symmetry to a local one
and thus the gauge fields of the group must be introduced. It is natural to require that
the elementary Scalar giving mass to the fermions acts then on the gauge fields. Of course
one just recovers the electroweak theory and all decays of Fig.6 and Fig.7 should occur.
The simplicity of the “logical” perspective, as compared to the “historical” one, is marred
by the introduction of an elementary Scalar disconnected from the fermionic content of
the theory and submitted to the ad hoc Goldstone-type potential. These drawbacks could
largely be avoided if some hidden supersymmetry, broken at larger energy scales, would be
present. It would ensure, independent of the usual rather weak argument of “naturalness”,
that elementary scalars do appear and are accompanied by fermions at different masses.
The “logical” perspective suggests that at low energies, the electroweak theory provides
the correct description. At higher energies one would expect some kind of hidden supersymmetry. In the “historical” perspective there appear to be no particular reason for
postulating supersymmetry.
If there is some sense in selecting these two perspectives, it would mean that if the
Scalar is indeed discovered but is “fermiophobic”, one would expect at higher energy
scales no supersymmetry but instead a very complex structure with many new particles. If
however the Scalar has the properties predicted by the electroweak theory, supersymmetry
broken at high energy would be expected but the complexity of group and dynamical
structures at high energy might be tamed. Clearly, these considerations stem from some
kind of aesthetic prejudices, whatever that means, and only experiment will tell. They just
convey a touch of personal feelings about the problem: I became increasingly impressed
by the coherence out of the very few hypothesis embedded in the “logical” perspective
and I took this occasion to stress it.

e

For a review on dynamical electroweak symmetry breaking see reference 16 .
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Search for the Brout-Englert-Higgs Boson at D0
J. Haley for the D0 Collaboration
Department of Physics, Northeastern University,
Boston, MA, USA
We present a search by the D0 collaboration for the standard model Brout-Englert-Higgs boson
in the mass range 100 ≤ mH ≤ 200 GeV/c2 . The production modes include gluon-gluon fusion
(gg → H), associated production (q q̄ → V H), and vector boson fusion (q q̄ → q q̄H). An array
of distinct final states are analyzed, making use of integrated luminosities up to 9.7 fb−1 .
We set 95% C.L. upper limits on the production rate relative to the SM of 2.17 (0.94) for
mH = 115 (165) GeV/c2 . The expected limit is found to be a factor of 1.58 (0.76) times
the standard model prediction for the same mass. We exclude at the 95% C.L. the region
159 < mH < 166 GeV/c2 with an a priori expected exclusion of 157 < mH < 172 GeV/c2 .

1

Introduction

In the standard model (SM) of particle physics, the mechanism by which electroweak symmetry is broken involves the introduction of a complex doublet of scalar fields that generate
the masses of elementary particles via their mutual interactions. This so-called Brout-EnglertHiggs mechanism1 also gives rise to a single scalar boson (henceforth referred to as simply the
Higgs boson, H); however, the mass of the Higgs boson is not predicted. Searches at the Large
Electron Positron (LEP) collider provide a lower mass limit 2 of mH > 114.4 GeV/c2 at 95% confidence level (C.L.). Precision electroweak data yield the indirect constraint 3 mH < 161 GeV/c2
(mH < 185 GeV/c2 when also considering the limit from LEP) at 95% C.L., indicating that
the range 100 ≤ mH ≤ 200 GeV/c2 is the most important search region for a SM Higgs boson.
Recent results from the CMS and ATLAS experiments now limited the existence of a SM Higgs
boson to have a mass between 115.5 GeV and 127 GeV at 95% C.L.4
We present the results of combining the direct searches for SM Higgs bosons in pp̄ collisions
√
at s = 1.96 TeV recorded by the D0 experiment5 . The analyses seek signals of Higgs bosons
produced through gluon-gluon fusion (GGF) (gg → H), in association with vector bosons (q q̄ →
V H, where V = W, Z), and through vector boson fusion (VBF) (q q̄ → q q̄H). The analyses
utilize data corresponding to integrated luminosities ranging from 4.3 to 9.7 fb−1 , collected
during the data taking period 2002-2011 (Run II).
1.1

Overview of Contributing Analyses

The Higgs boson channels studied are W H → ℓνbb̄ 6 , ZH → ν ν̄bb̄ 7 , ZH → ℓℓbb̄ 8 , H →
W + W − → ℓ± νℓ∓ ν 9 , V H → e± µ± +X 10 , V H → eeµ/µµe+X 11 , V H → τ τ µ+X 12 , H →
∓
∓
W + W − → ℓνq q̄ 13 , H+X → µ± τhad
+ ≤ 1j 14 , H+X → ℓ± τhad
jj 14 , H → γγ 15 . Each
analysis is further organized into sub-channels based on different production, decay, and/or final
state particle configurations, each designed to maximize the sensitivity. To facilitate proper

combination of signals, the analyses were constructed to be mutually exclusive after analysis
selections.
To isolate H → bb̄ decays in the W H → ℓνbb̄, ZH → ν ν̄bb̄, and ZH → ℓℓbb̄ analyses, an
algorithm for identifying jets consistent with containing the decay of a b-quark is applied to each
jet (b-tagging). Several kinematic variables sensitive to displaced jet vertices and jet tracks with
large transverse impact parameters relative to the hard-scatter vertices are combined in a new
boosted decision tree based b-tagging discriminant. Each analysis defines two or three b-tagged
sub-channels that depend on how many and how strongly the jets in the event are b-tagged.
Typical per-jet efficiencies (fake rates) for the b-tag selections are 50–80% (1–10%).
We also consider Higgs decays to two W bosons for the three dominant production mechanisms: gluon-gluon fusion, associated production, and vector-boson fusion. In the case of
production via gluon-gluon fusion and vector-boson fusion, we search for leptonic W boson
decays with five final states of opposite-signed leptons: W W → e+ νe− ν, e± νµ∓ ν, µ+ νµ− ν,
∓
∓
e± ντhad
ν and µ± ντhad
ν, where τhad denotes a hadronic tau decay. In addition we consider final
states originating from Higgs boson production in association with a vector boson (W H or ZH),
where leptons may originate from the vector boson or Higgs boson decay. We classify events
according to their jet multiplicity in order to isolate particular signal production mechanisms
and optimize the discrimination between signal and background. The H → W + W − → ℓ± νℓ∓ ν
(l = e, µ) analyses separate events in three final states with 0 jets, 1 jet, and 2 or more jets.
Analyses identifying hadronic tau candidates select events with ≤ 1 jets, mainly sensitive to the
gluon-gluon fusion signal, or with ≥ 2 jets, also sensitive to associated production and vectorboson fusion. At high mass, the dominant signal contribution to both tau analyses originates
from H → W + W − → µ± ντ ∓ ν. At lower masses, the tau analyses requiring at least two jets have
significant signal contributions from ZH → τ τ bb̄ and V H → q q̄τ τ . Another analysis considers
the semileptonic decay H → W + W − → ℓνq q̄. In all H → W + W − decays with mH < 2mW ,
at least one of the W bosons will be off mass shell. For V H → V W W production, we consider
final states with three charged leptons (eeµ, µµe, and τ τ µ), as well as the dilepton final state
containing an electron and muon with the same charge (e± µ± + X), which benefits greatly from
the suppression of Drell-Yan background. Finally, we include an analysis that searches for Higgs
bosons decaying to two photons and produced via gluon-gluon fusion, vector boson fusion, and
associated production mechanisms.
1.2

Background Estimations

The backgrounds from multijet production are measured in data. The other backgrounds were
generated by pythia 16 , alpgen 17 , and comphep 18 , with pythia providing parton-showering
and hadronization. Drell-Yan, W , and diboson background cross sections are normalized either
to next-to-leading order (NLO) calculations from mcfm 19 or, when possible, to data control
samples. Top pair and single top production are normalized to approximate next-to-NLO 20 and
next-to-next-to-NLO 21 calculations, respectively.
1.3

Signal Predictions

A common approach for the signal predictions and associated uncertainties is followed by both
the CDF and D0 Collaborations. The Monte Carlo signal simulation is provided by the pythia
generator. We reweight the Higgs boson pT spectra in our pythia Monte Carlo samples to
that predicted by hqt 22 when making predictions of differential distributions of GGF signal
events. We normalize our Higgs boson signal predictions to the most recent high-order calculations available. Further details on the signal predictions and uncertainties can be found in the
references 5 .

2

Limit Calculations

We combine results using the CLs method with a negative log-likelihood ratio (LLR) test statistic 23 . Separate channels and bins are combined by summing LLR values over all bins and channels. This method provides a robust means of combining individual channels while maintaining
individual channel sensitivities and incorporating systematic uncertainties. Systematic uncertainties are treated as Gaussian uncertainties on the expected number of signal and background
events. The CLs approach used in this combination utilizes binned final-variable distributions
rather than a single-bin (fully integrated) value for each contributing analysis.
2.1

Systematic Uncertainties

The systematic uncertainties differ between analyses for both the signals and backgrounds.
Here we summarize only the largest contributions. Most analyses carry an uncertainty on the
integrated luminosity of 6.1% 24 , while the overall normalization of other analyses is determined
from the NNLO Z/γ ∗ cross section in data events near the peak of Z → ℓℓ decays. The
H → bb̄ analyses have an uncertainty on the b-tagging rate of 1-10%. The uncertainty on the
jet measurement and acceptance is ∼ 7%. All analyses include uncertainties associated with
lepton measurement and acceptances, which range from 1-9% depending on the final state. The
largest contribution for all analyses is the uncertainty on the background cross sections at 430% depending on the analysis channel and specific background. These values include both
the uncertainty on the theoretical cross section calculations and the uncertainties on the higher
order correction factors. The uncertainty on the expected multijet background is dominated
by the statistics of the data sample from which it is estimated, and is considered separately
from the other cross section uncertainties. The H → γγ and H → W + W − → ℓνq q̄ analyses
also assign two uncertainties to the NNLO GGF Higgs production cross section associated with
the accuracy of the inclusive cross section calculation due to PDF model and scale choice.
The H → W + W − → ℓ+ νℓ− ν (ℓ = e, µ) analyses divide the data by jet multiplicity and apply
uncertainties for each jet multiplicity final state. In addition, several analyses incorporate shapedependent uncertainties on the kinematics of the dominant backgrounds in the analyses. These
shapes are derived from the potential variations of the final variables due to generator and
background modeling uncertainties.
The systematic uncertainties for background rates are generally several times larger than
the signal expectation itself and are an important factor in the calculation of limits. Each
systematic uncertainty is folded into the signal and background expectations in the limit calculation via Gaussian distributions. These Gaussian values are sampled for each MC trial (pseudoexperiment) using Poisson distributions for the number of signal and background events. Several
of the systematic uncertainties, for example the jet energy scale uncertainty, typically impact
the shape of the final variable. These shape dependencies were preserved in the description
of systematic fluctuations for each Poisson trial. Correlations between systematic sources are
carried through in the calculation. For example, the uncertainty on the integrated luminosity
is held to be correlated between all signals and backgrounds and, thus, the same fluctuation in
the luminosity is common to all channels for a single pseudo-experiment.
3

Results

After setting limits in the individual channels 6−15 , we perform a combined measurement using
all of the channels to set a limit on the production of a SM Higgs bosons. Because the production
and decay channels vary from channel to channel, the combined 95% C.L. upper limit is defined
as a ratio to the SM prediction. In other words, the limits are set on the scale factor by which
all SM Higgs boson cross sections would have to be scaled to be excluded at 95% C.L. The SM

prediction for Higgs boson production is therefore excluded at 95% C.L. if the limit falls below
unity.
The combined limits are evaluated over the range 100 ≤ MH ≤ 200 GeV/c2 with the con∓
tributions from individual analyses varying with the Higgs boson mass. The H+X → ℓ± τhad
jj
2
analysis contributes to the region MH ≥ 105 GeV/c , the ZH → ℓℓbb̄ ZH → ν ν̄bb̄ W H → ℓνbb̄
and H → γγ analyses contribute for MH ≤ 150 GeV/c2 , the V H → ℓ± ℓ± +Xanalyses contribute for MH ≥ 115 GeV/c2 , the H → W + W − → (ee, µµ, eµ)νν analyses contribute for
MH ≥ 115 GeV/c2 , and the H → W + W − → ℓνq q̄ analyses contribute for MH ≥ 155 GeV/c2 .
Figure 1(a) shows the expected and observed 95% C.L. cross section limits as a ratio to the
SM cross section and for the probed mass range 100 ≤ mH ≤ 200 GeV/c2 , with all analyses
combined. The LLR distributions for the full combination are shown in Fig. 1(b). Included in
these figures are the median LLR values for the signal-plus-background hypothesis (LLRs+b ),
background-only hypothesis (LLRb ), and the observed data (LLRobs ). The shaded bands represent the one and two standard deviation (σ) 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. This is the ability of the analysis to separate the s+b and b−only hypotheses.
• The width of the LLRb distribution (shown here as one and two standard deviation (σ)
bands) provides an estimate of how sensitive the analysis is to a signal-like background
fluctuation in the data, taking account of the presence of systematic uncertainties. For
example, the analysis sensitivity is limited when a 1σ background fluctuation is large
compared to the signal expectation.
• The value of LLRobs relative to LLRs+b and LLRb indicates whether the data distribution
appears to be more like signal-plus-background or background-only. As noted above, the
significance of any departures of LLRobs from LLRb can be evaluated by the width of the
LLRb distribution.
Figure 2(a) contains the values for the observed 1-CLb , which is the p-value for the backgroundonly hypothesis. This p-values each provide information on the compatibility of the observed
data with the background-only hypothesis. Small values indicate rejection of the hypothesis and
values near unity indicate general agreement between the hypothesis in question and the data.
The largest deviation from the background-only hypothesis is at mH = 135 GeV/c2 , which has
a p-value of 0.0164 corresponding to 2.14 Gaussian standard deviations. This p-value does not
include a trials factor or look-elsewhere effect.
As a further investigation of this deviation from the background-only hypothesis, we present
in Figure 2(b) the distribution of the best-fit Higgs signal cross section ratio to the SM prediction
(σ Fit /σ SM ). This value is obtained by performing a maximum likelihood fit over all search
channels simultaneously, in which the fit is allowed to vary all nuisance parameters within their
priors and with the Higgs signal rate as a free parameter. The result indicate a best-fit signal
rate of roughly twice the SM Higgs predicted cross section for mH = 135 GeV/c2 . There is
also an excursion from zero cross section near mH = 200 GeV/c2 ; however, the p-value for
the background-only hypothesis is less significant, corresponding to 1.68 Gaussian standard
deviations for mH = 200 GeV/c2 .
4

Conclusions

These proceedings presented a summary of the analyses searching for the SM Higgs boson at the
D0 experiment. The data analyzed in these searches correspond to integrated luminosities of
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Figure 1: (a) Median expected and observed 95% C.L. cross section upper limit ratios for combined
W H/ZH/H, H → bb̄/W + W − /γγ/τ + τ − analyses as a function of Higgs boson mass. (b) The corresponding
log-likelihood ratio distribution for the combined analyses. In both plots, the green and yellow bands enclose the
one and two standard deviation fluctuations of the background.

4.3 - 9.7 fb−1 from Run II of the Tevatron collider. By combining all of the analyses, we set a 95%
C.L. upper limit on the SM Higgs boson cross section of 2.17 (0.94) times the predicted SM cross
section for mH = 115 (165) GeV/c2 . The median expected limit is found to be a factor of 1.58
(0.76) times the standard model prediction for the same mass. We exclude at the 95% C.L. the
region 159 < mH < 166 GeV/c2 with an a priori expected exclusion of 157 < mH < 172 GeV/c2 .
We are also becoming sensitive to the low mass region where we exclude with 95% C.L. the region
100 < mH < 105 GeV/c2 , in agreement with the LEP exclusion. Lastly, we see a signal-like
excesses for Higgs masses near both mH = 135 GeV/c2 and mH = 200 GeV/c2 , with significances
of 2.14 and 1.68 Gaussian standard deviations, respectively.
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region from the fit.
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Seeking the Brout-Englert-Higgs Boson: New Results from Tevatron Experiments
Wade Fisher, for the CDF and D0 Collaborations
Department of Physics and Astronomy,
Michigan State University,
3234 Biomedical and Physical Sciences Building,
567 Wilson Road,
East Lansing, MI 48824
We combine results from CDF and D0 on direct searches for the standard model (SM) Higgs
√
boson (H) in pp̄ collisions at the Fermilab Tevatron at s = 1.96 TeV. With up to 10 fb−1 of
luminosity analyzed, the 95% C.L. median expected upper limits on Higgs boson production
are factors of 0.94, 1.10, and 0.49 times the values of the SM cross section for Higgs bosons
of mass mH =115 GeV/c2 , 125 GeV/c2 , and 165 GeV/c2 , respectively. We exclude, at the
95% C.L., two regions: 100 < mH < 106 GeV/c2 , and 147 < mH < 179 GeV/c2 . We expect
to exclude the regions 100 < mH < 119 GeV/c2 and 141 < mH < 184 GeV/c2 . There is an
excess of data events with respect to the background estimation in the mass range 115 < mH <
135 GeV/c2 which causes our limits to not be as stringent as expected. At mH = 120 GeV/c2 ,
the p-value for a background fluctuation to produce this excess is ∼3.5×10−3 , corresponding
to a local significance of 2.7 standard deviations. The global significance for such an excess
anywhere in the full mass range is approximately 2.2 standard deviations.

1

Introduction

Understanding the mechanism for electroweak symmetry breaking, specifically by testing for the
presence or absence of the standard model (SM) Higgs boson, has been a major goal of particle
physics for many years, and is a central part of the Fermilab Tevatron physics program. Both
the CDF and D0 collaborations have performed new combinations 1,2 of multiple direct searches
for the SM Higgs boson. The new searches include more data, additional channels, and improved
analysis techniques compared to previous analyses. Precision electroweak data, including the
recently updated measurements of the W -boson mass from the CDF and D0 Collaborations 3 ,
yield an indirect constraint on the allowed mass of the Higgs boson, mH < 152 GeV/c2 4 , at
95% confidence level (C.L.). The Large Electron Positron Collider (LEP) has excluded Higgs
boson masses below 114.4 GeV/c2 5 , and the LHC experiments, ATLAS and CMS, now limit the
SM Higgs boson to have a mass between 115.5 and 127 GeV/c2 6,7 at the 95% C.L. Both LHC
experiments report local ∼ 3 standard deviation (s.d.) excesses at approximately 125 GeV/c2 .
The sensitivities of the new combinations presented here significantly exceeds those of previous
Tevatron combinations 8 , providing sensitivity within the allowed Higgs boson mass range.
√
In this note, we combine the most recent results of all such searches in pp̄ collisions at s =
1.96 TeV in the Higgs boson mass range from 100–200 GeV/c2 . The analyses combined here seek
signals of Higgs bosons produced in association with a vector boson (q q̄ → W/ZH), through
gluon-gluon fusion (gg → H), and through vector boson fusion (VBF) (q q̄ → q ′ q̄ ′ H) corresponding to integrated luminosities up to 10.0 fb−1 at CDF and up to 9.7 fb−1 at D0. The Higgs

boson decay modes studied are H → bb̄, H → W + W − , H → ZZ, H → τ + τ − and H → γγ. For
Higgs boson masses greater than 125 GeV/c2 , H → W + W − modes with leptonic decay provide
the greatest sensitivity, while below 125 GeV/c2 sensitivity comes mainly from (q q̄ → W/ZH)
where H decays to bb̄ and the W or Z decays leptonically. The dominant decay mode for a
low mass Higgs boson is H → bb̄, and thus measurements of this process provide constraints on
possible Higgs boson phenomenology that are complementary to those provided by the LHC.
These new results from the Tevatron experiments are described below in this note. More details
and a greater historical record are made available by the Tevatron Higgs Working Group 9 .
The CDF and D0 collaborations each evaluate upper limits on the production rate of Higgs
bosons by combining search results from each experiment. These search channels are designed to
be sensitive to Higgs production via a broad combination of production mechanisms and decays.
For hypothesized Higgs bosons with masses less than roughly 135 GeV/c2 , the dominant Higgs
decay mode is to two bottom quarks (H → bb̄) with smaller contributions from pairs of tau
leptons, charm quarks and photons, in order of decreasing frequency. For Higgs boson masses
larger than 135 GeV/c2 , the dominant Higgs decay modes are to weak boson pairs (H → W W ,
H → ZZ). The dominant Higgs boson production mechanism at the Tevatron is via the fusion
of gluons (gg → H +X), with subdominant contributions from associated production (W/Z +H)
and the fusion of vector bosons W W/ZZ → H. Final state leptons are used as a primary means
for event triggering and background reduction, thus the production and decay mechanisms are
chosen to maximize this benefit. The largest contributions to Higgs search strength at the
Tevatron thus arise from the pairing of associated production with H → bb̄ decays for Higgs
mass (mH ) less than 135 GeV/c2 (W H → ℓνbb̄, ZH → ν ν̄bb̄, ZH → ℓ+ ℓ− bb̄) and from the
pairing of gluon fusion production with H → W W decays for mH < 135 GeV/c2 . In both
cases one or both weak bosons in the final state are required to decay to leptons. Additional
contributions come from tau lepton and photon final states, but have smaller contributions to
total search strength. Specific details on these Tevatron Higgs searches were presented by Joseph
Haley (D0 results) and Homer Wolf (CDF results) at the same conference session.
Before evaluating upper limits on Higgs production cross sections, the CDF and D0 collaborations use known processes within the SM to calibrate their search techniques. Specifically, the
simultaneous production of two vector bosons (dibosons) produces final states that closely mimic
the signature of the primary Higgs searches. The final states of W/Z + Z → ℓν/ℓℓ/νν + bb̄ and
W W → ℓνℓν are analogs to the H → bb̄ and H → W W searches. By performing a measurement
of both the production rate and kinematic features of these processes, the Tevatron experiments
are able to gauge their ability to properly determine event selection efficencies and their ability
to model the kinematic phase space of the background processes of the Higgs searches. Examples of these measurements are shown in Figure 1. In both the W/Z + Z → ℓν/ℓℓ/νν + bb̄
and W W → ℓνℓν measurements, the observed production rates agree well with the predictions
of the SM: (1.01 ± 0.21) × σSM for W/Z + Z → ℓν/ℓℓ/νν + bb̄ 10 and (1.07 ± 0.16) × σSM for
W W → ℓνℓν 11 .
The combination of the CDF and D0 Higgs search results is performed by the Tevatron
New Phenomena/Higgs Working Group, wherein the search results are evaluated using two
independent statistical methods to check for potential errors in the exchange of results between
experiments. The exchanged results are first inspected by combining all contributing Higgs
search data as a function of log10 (s/b), where s and b are the predicted numbers of signal and
background events per histogram bin, respectively. This distribution can then be integrated from
large to small log10 (s/b) to discern the general trend of the data, determining whether it agrees
with a model that includes a Higgs signal or one that does not. The same log10 (s/b) distribution
can be fit to the data, within systematic uncertainties, and compared to the predicted Higgs
signal by subtracting the background predictions from the data. These three distributions are
illustrated in Figure 2 for a Higgs mass of mH = 125 GeV/c2 .
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Figure 1: (a) Background-subtracted data distributions for the dijet invariant mass in a measurement of W/Z +
Z → ℓν/ℓℓ/νν +bb̄. The background has been fit, within its systematic uncertainties, to the data. The points with
error bars indicate the background-subtracted data. The unshaded (blue-outline) histogram shows the systematic
uncertainty on the best-fit background model. (b) Observed data and the predictions for the events in 3.6 fb−1
of CDF data compatible with W W → ℓνℓν decays, as a function of a Matrix Element likelihood ratio with W W
diboson production as the signal model.

Using all Higgs search results from the CDF and D0 collaboration, the significance of the combined search can be visualized the negative log-likelihood ratio (between the hypotheses which
do and do not include a Higgs boson) as a function of Higgs mass. These results are summarized
in Figure 3(a) and show a general agreement between the observed data and the backgroundonly hypothesis (no Higgs boson) except for test masses in the range of 115-135 GeV/c2 . These
search results can also be expressed as an upper limit on Higgs boson production cross section
as a function of mH , as illustrated in Figure 3(b). These upper limits are evaluated at the 95%
confidence level (C.L.) and are expressed as a ratio to the SM prediction. Thus, a ratio greater
than unity represents a failure to exclude the predicted rate for SM Higgs production, and a ratio
smaller than unity represents exclusion of the predicted SM Higgs rate for that test Higgs mass.
With up to 10 fb−1 of luminosity analyzed, the 95% C.L. median expected upper limits on Higgs
boson production are factors of 0.94, 1.10, and 0.49 times the values of the SM cross section
for Higgs bosons of mass mH =115 GeV/c2 , 125 GeV/c2 , and 165 GeV/c2 , respectively. We
exclude, at the 95% C.L., two regions: 100 < mH < 106 GeV/c2 , and 147 < mH < 179 GeV/c2 .
We expect to exclude the regions 100 < mH < 119 GeV/c2 and 141 < mH < 184 GeV/c2 .
There is an excess of data events with respect to the background estimation in the mass range
115 < mH < 135 GeV/c2 which causes our limits to not be as stringent as expected.
This excess of events in the mass range 115 < mH < 135 GeV/c2 can be studied using
the values of CLs+b and 1 − CLb , which correspond to the p-value for the signal hypothesis
and the p-value for the background-only hypothesis, respectively. Figure 4(a) shows the p-value
CLs+b as a function of mH as well as the expected distributions in the absence of a Higgs
boson signal. Figure 4(b) shows the p-value 1-CLb as a function of mH , i.e., the probability
that an upward fluctuation of the background can give an outcome as signal-like as the data or
more. In the absence of a Higgs boson signal, the observed p-value is expected to be uniformly
distributed between 0 and 1. A small p-value indicates that the data are not easily explained by
the background-only hypothesis, and that the data prefer the signal-plus-background prediction.
Our sensitivity to a Higgs boson with a mass of 165 GeV/c2 is such that we would expect to see
a p-value corresponding to ∼ 4 s.d. in half of the experimental outcomes. The smallest observed
p-value corresponds to a Higgs boson mass of 120 GeV/c2 . The fluctuations seen in the observed
p-value as a function of the tested mH result from excesses seen in different search channels, as
well as from point-to-point fluctuations due to the separate discriminants at each mH , and are
discussed in more detail below. The width of the dip in the p-values from 115 to 135 GeV/c2
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Figure 2: (a) Distributions of log10 (s/b), for the data from all contributing channels from CDF and D0, for Higgs
boson masses of 125 GeV/c2 . The data are shown with points, and the expected signal is shown stacked on top
of the backgrounds. (b) Integrated distributions of s/b, starting at the high s/b side, for a Higgs boson mass of
125 GeV/c2 . The total signal+background and background-only integrals are shown separately, along with the
data sums. (c) Background-subtracted data distributions for all channels, summed in bins of s/b, for a Higgs
boson mass of 125 GeV/c2 . The background has been fit, within its systematic uncertainties and assuming no
Higgs boson signal is present, to the data. The points with error bars indicate the background-subtracted data.
The unshaded (blue-outline) histogram shows the systematic uncertainty on the best-fit background model, and
the shaded histogram shows the expected signal for a Standard Model Higgs boson.

is consistent with the resolution of the combination of the H → bb̄ and H → W + W − channels.
The effective resolution of this search comes from two independent sources of information. The
reconstructed candidate masses help constrain mH , but more importantly, the expected cross
sections times the relevant branching ratios for the H → bb̄ and H → W + W − channels are
strong functions of mH in the SM. The observed excesses in the H → bb̄ channels coupled with
a more background-like outcome in the H → W + W − channels determines the shape of the
observed p-value as a function of mH . At mH = 120 GeV/c2 , the p-value for a background
fluctuation to produce this excess is ∼3.5×10−3 , corresponding to a local significance of 2.7
standard deviations. The global significance for such an excess anywhere in the full mass range
is approximately 2.2 standard deviations, after accounting for the look-elsewhere effect.
We also perform a fit of the signal-plus-background hypothesis to the observed data, allowing
the signal strength to vary as a function of mH . The resulting best-fit signal strength is shown
in Figure 5(a), normalized to the SM prediction. The signal strength is within 1 s.d. of the SM
expectation with a Higgs boson signal in the range 110 < mH < 140 GeV/c2 . The largest signal
fit in this range, normalized to the SM prediction, is obtained at 130 GeV/c2 . The reason the
highest signal strength is at 130 GeV/c2 while the smallest p-value from Figure 4(b) is at 120
GeV/c2 is because a signal at 120 GeV/c2 would have a higher cross section than a signal at
130 GeV/c2 , and since the resolution of the discriminants cannot distinguish very well such a
small mass difference, a signal at 120 GeV/c2 would be similar to a signal at 130 GeV/c2 with
a larger scale factor for the predicted cross section. Figure 5(b) shows ∆χ2 = LLRobs − LLRb ,
which is an estimate of how discrepant the observed data are with the median expectation from
the prediction of the background-only hypothesis, as a function of mH . Significantly negative
values of ∆χ2 indicate a preference in the data for the signature of Higgs boson production.
In summary, we combine all available CDF and D0 results on SM Higgs boson searches, based
on luminosities ranging from 4.3 to 10.0 fb−1 . Compared to our previous combination, more data
have been added to the existing channels, additional channels have been included, and analyses
have been further optimized to gain sensitivity. The results presented here significantly extend
the individual limits of each collaboration and those obtained in our previous combination. The
sensitivity of our combined search is sufficient to exclude a Higgs boson at high mass and is, in
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Figure 3: (a) Distributions of the log-likelihood ratio (LLR) as a function of Higgs boson mass obtained with
the CLs method for the combination of all CDF and D0 Higgs search analyses. The green and yellow bands
correspond to the regions enclosing 1 s.d. and 2 s.d. fluctuations around the median expected value assuming
only background is present, respectively. The red dashed curve shows the median expected value assuming a Higgs
boson signal is present, separately at each mH . (b) Observed and expected (median, for the background-only
hypothesis) 95% C.L. upper limits on the ratios to the SM cross section, as functions of the Higgs boson mass for
the combined CDF and D0 analyses. The limits are expressed as a multiple of the SM prediction for test masses
(every 5 GeV/c2 ) for which both experiments have performed dedicated searches in different channels. The points
are joined by straight lines for better readability. The bands indicate the 68% and 95% probability regions where
the limits can fluctuate, in the absence of signal.

the absence of signal, expected to grow in the future as further improvements are made to our
analysis techniques. There is an excess of data events with respect to the background estimation
in the mass range 115 < mH < 135 GeV/c2 which causes our limits to not be as stringent
as expected. At mH = 120 GeV/c2 , the p-value for a background fluctuation to produce this
excess is ∼3.5×10−3 , corresponding to a local significance of 2.7 standard deviations. The global
significance for such an excess anywhere in the full mass range is approximately 2.2 standard
deviations, after accounting for the look-elsewhere effect.
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Search for the Standard Model Scalar Boson with the ATLAS detector
Sandra Kortner on behalf of the ATLAS Collaboration
Max-Planck-Institut für Physik, Föhringer Ring 6, D-80805 Munich, Germany
The experimental results of the search for the Standard Model Higgs boson with the ATLAS
detector at the Large Hadron Collider are reported, based on a dataset of pp collision data
√
with an integrated luminosity of up to 4.9 fb−1 at s = 7 TeV. The search combines several
Higgs boson decay channels in a wide range of Higgs boson masses from 110 GeV to 600 GeV.
A Standard Model Higgs boson is excluded at the 95% confidence level in the mass ranges
from 110.0 GeV to 117.5 GeV, 118.5 GeV to 122.5 GeV, and 129 GeV to 539 GeV, while
the range from 120 GeV to 555 GeV is expected to be excluded in the absence of a signal.
The most significant excess of events is observed around 126 GeV with a local significance of
2.5σ. The global probability for such an excess to occur in the full searched mass range is
approximately 30%.

1

Introduction

One of the main missing pieces of puzzle in the Standard Model (SM) of particle physics relates
to the electroweak symmetry breaking mechanism [1,2,3,4] which predicts the existence of a
new, yet undiscovered scalar boson, the Higgs boson. Electroweak precision measurements at
the LEP, SLD and Tevatron experiments [5] set an indirect upper limit on the Higgs boson mass
of mH < 152 GeV at the 95% confidence level (CL). The existence of a Higgs boson in the mass
regions with mH < 114.4 GeV and 156 GeV < mH < 177 GeV is excluded at the 95% CL by
the LEP [6] and Tevatron [7] experiments, respectively. In the following, the latest results from
direct searches for the SM Higgs boson with the ATLAS detector at the Large Hadron Collider
(LHC) are presented. The results superseed the ones published in Ref.[8] and are based on the
full dataset of pp collision data recorded in 2011 with an integrated luminosity of up to 4.9 fb−1
√
at a center-of-mass energy of s=7 TeV.
2

Search overview

The search for the SM Higgs boson is performed in the mass range from 110 GeV to 600 GeV combining several search channels summarized in Table 1. The Higgs boson decays into vector boson
pairs allow for the search in the entire mass range, while the H → γγ, H → τ + τ − and H → bb̄
decay modes provide an additional sensitivity for a low-mass Higgs boson (mH < 150 GeV).
As opposed to other channels, the H → γγ and H → ZZ → 4` decay modes are distinguished
through their high signal mass resolution. Each search channel is divided into several exclusive sub-channels with different background composition or signal-to-background ratios. The
exclusion limits on the Higgs boson production cross section are set based on the mass spectra
of the final decay products, using the modified frequentist approach (CLS ) [17]. The p0 -value,
i.e. the probability that the expected background fluctuates as high as the observed number

Table 1: Individual channels in search for the SM Higgs boson along with the corresponding number of subchannels, explored range of Higgs boson masses, integrated luminosity and references to public documentation.

Search channel
H → γγ
H → ττ
V H, H → bb
H → W W (∗) → `ν`ν
H → ZZ (∗) → 4`
H → ZZ → ``νν
H → ZZ → ``jj
H → W W → `νjj

Nr. of subchannels
9
12
11
9
4
4
2
4

mH range (GeV)
110-150
110-150
110-130
110-600
110-600
200-600
200-600
300-600

L (fb−1 )
4.9
4.7
4.7
4.7
4.8
4.7
4.7
4.7

Reference
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

of events or higher, has been evaluated for each hypothesized mass mH using a frequentist approach [18]. The Higgs boson production cross sections and decay branching ratios, as well as
the corresponding theory uncertainties are taken into account and are summarized in Ref. [19].
The QCD scale uncertainties depend on the mass mH and typically amount to +12
−8 % for the
dominant gluon fusion (ggH) production mode, ±1% for the production via vector boson fusion
(VBF) and in association with vector bosons (VH), and +3
−9 % for the associated production with
top-quark pairs (tt̄H). The uncertainties related to the parton distribution functions (PDF)
amount to ±8% for the predominantly gluon-initiated ggH and tt̄H processes, and ±4% for the
predominantly quark-initiated VBF and VH processes.

3
3.1

Searches in the low-mH region (110 GeV - 150 GeV)
H → γγ

Despite of a very small branching ratio of about 0.2%, the H → γγ decay channel provides the
highest sensitivity for the Higgs boson search in the mass region mH . 120 GeV. Selection of
two isolated photons with high transverse energy has been optimized for the supression of the
reducible photon-jet and jet-jet backgrounds with one or two misidentified jets. The irreducible
background with true diphoton events comprises about 70% of all selected events in the explored
mass range from 100 GeV to 150 GeV. The analysis is divided into 9 sub-categories based on
the photon pseudorapidity, conversion status and pγγ
T t , i.e. the component of the diphoton pT
orthogonal to the di-photon thrust axis. Excellent diphoton invariant mass resolution of 1%
to 2% allows for the search of a narrow di-photon invariant mass peak from the Higgs boson
decays on the continuum background. The inclusive invariant diphoton mass spectrum is shown
in Figure 1 (left) together with the total expected background contribution. The background
contributions are estimated separately in each sub-category from the fit of an exponential function to the diphoton invariant mass spectrum, while the signal shape is modelled by the sum
of a Crystal Ball and a Gaussian function. The observed and expected exclusion limits at the
95% CL on the Higgs boson production in units of the SM cross section are shown in Figure 1
(right). A SM Higgs boson is excluded at the 95% CL in the mass ranges of 113 GeV-115 GeV
and 134.5 GeV-136 GeV. The largest excess with respect to the background-only hypothesis is
observed at 126.5 GeV with a local significance of 2.8σ. The corresponding global significance is
1.5σ after accounting for the look-elsewhere-effect (LEE) [20] in the entire mass range explored
with this decay channel.

Figure 1: Left: Invariant diphoton mass distribution, overlaid with the total background from the fit to all subcategories. The SM Higgs boson expectation for a mass hypothesis of 120 GeV is also shown. Right: Observed
and expected 95% CL limits on the SM Higgs boson production in the H → γγ decay channel normalized to the
predicted SM cross section as a function of mH .

3.2

H → τ +τ −

The mass range from 100 GeV to 150 GeV can also be probed by the less sensitive H → τ + τ −
decay channel with leptonic and hadronic decay modes of the two tau-leptons resulting in the
fully-leptonic ``4ν, semi-leptonic `τhad 3ν and fully-hadronic τhad τhad 2ν final states. For an optimal analysis sensitivity, events are separated into 12 mutually exclusive sub-channels based
on the lepton flavour and jet multiplicity, as well on the event topologies characteristic for the
VBF and VH signal production mechanisms. The reconstructed mass shape of the dominant
Z → τ + τ − background contribution is estimated by means of an embedding technique in
which muons from Z decay events are substituted by simulated tau-lepton decays. The normalization of this background is obtained from the simulation. Background processes with jets
misidentified as leptons or as tau-jets are estimated from the signal-free control data with reversed lepton isolation and tau-jet identification criteria, or samples with a same-sign charge
of the two tau-lepton decay products. All other background contributions are estimated from
simulation. Depending on the sub-channel the τ τ invariant mass distribution used for the limit
setting is reconstructed using the effective mass, collinear approximation or a Missing Mass
Calculator [21] technique. The 95% CL exclusion limits on the SM Higgs boson production are
shown in Figure 2. The observed limits vary from 2.5 to 11.9 times the predicted SM cross
section over the entire explored mass range.
3.3

V H, H → bb̄

In order to supress the extremely large multijet background contribution, the VH production
mode is used to explore the H → bb̄ decay channel in the mass range from 100 GeV to 130 GeV.
The search is divided into 11 sub-channels based on the decay mode of the associated vector
Z
boson and its transverse momentum: `νbb̄ with four pW
T bins, ``bb̄ with four pT bins and ν ν̄bb̄
with three bins of the mising transverse energy. Since the Higgs and the vector boson tend to
recoil away from each other, the highest sensitivity is reached in bins with highest transverse momenta of the vector bosons. The dominant backround contributions originate from the Z+jets,
W +jets, tt̄, diboson and multijet processes. The shape of all but the last background process
is obtained from the simulation, while the dedicated control data samples are used to estimate
the shape of the multijet contribution and the normalization of all mentioned processes. The

Figure 2: Observed and expected 95% CL limits on the SM Higgs boson production in the H → τ + τ − (left) and
H → bb̄ (right) decay channels normalized to the predicted SM cross section as a function of mH .

exclusion limits shown in Figure 2 are set based on the di-b-jet invariant mass distribution. The
observed upper limits at the 95% CL on Higgs boson production vary from of 2.7 to 5.3 times
the SM cross section in the entire mass range explored by this channel.
4

Searches in the high-mH region (200 GeV - 600 GeV)

A high-mass Higgs boson will predominantly decay into a pair of vector bosons. Final states
with a non-leptonic decay of one of the two vector boson have an advantage of a higher decay
rate with respect to fully leptonic channels. At the same time, the backround level can still be
controlled using the invariant mass constraint of both vector bosons.
The H → ZZ → ``νν decay channel provides the highest sensitivity in the high-mH region
due to the high transverse momenta of leptons and neutrinos from the Z boson decays. The
search is performed separately in eeνν and µµνν sub-channels, both separated for low and high
pile-up environment to account for the different resolution of the missing transverse energy. The
invariant mass of the pair of the charged leptons is required to agree with the Z boson mass
within 15 GeV. Different selection cuts are applied for searches below and above mH =280 GeV,
accounting for the different level of boost of the Z boson from the Higgs boson decay. The
main background processes are suppressed mostly by the cuts on the opening angle of the two
leptons from the Z boson decay and on the missing transverse energy. The contribution of the
dominant ZZ background is estimated from simulation, while dedicated control data are used
for other processes (W Z, tt̄ and W/Z+jets). The transverse mass distribution is used for the
limit setting. The observed (expected) exclusion limit at the 95% CL covers the mass range
from 320 GeV to 560 GeV (260 GeV to 490 GeV), as shown in Figure 3 (left).
Somewhat lower sensitivity is reached in the H → ZZ → ``jj channel which is divided
into two sub-channels, one with maximum one jet tagged as a b-jet and one with two b-jets.
Candidate events must have a lepton pair and a dijet pair with invariant masses compatible
with the Z boson mass. The dominant tt̄ and Z + jets backgrounds are suppressed by the cuts
on the missing transverse energy and the opening angle between the two jets. The exclusion limit
based on the m``jj invariant mass distribution is shown in Figure 3 (right). Expected exclusion
limit at the 95% CL covers the mass range from 360 GeV to 400 GeV, while the observed upper
limit excludes the mass range from 300 GeV to 310 GeV and 360 GeV to 400 GeV.
The H → W W → `νjj channel is separated into six sub-channels based on the lepton
flavour and the jet multiplicity (0, 1 and 2 jets with a VBF-like topology). The invariant mass

Figure 3: Observed and expected 95% CL limits on the SM Higgs boson production in the H → ZZ → ``νν (left)
and H → ZZ → ``jj (right) decay channels normalized to the predicted SM cross section as a function of mH .

of the dijet pair must be compatible with the W boson mass and a mass constraint m`ν =mW is
applied to determine the z-component of the neutrino momentum. The limit setting is based on
the resulting m`νjj invariant mass distribution. At present the channel is not sensitive enough
to exclude the SM Higgs boson in the explored mass range from 300 GeV to 600 GeV at the
95% CL.

5

Searches in the full mH region (110 GeV - 600 GeV)

The fully leptonic Higgs boson decays into two vector bosons provide a good handle for the
background processes even in the case that one of the vector bosons is off-shell. These final
states can therefore be used for the search in the entire mass range from 110 GeV to 600 GeV.

5.1

H → W W (∗) → `ν`ν

The Higgs boson search in the H → W W (∗) → `ν`ν channel provides the highest sensitivity in
a wide range of hypothesized Higgs boson masses. The analysis is divided in 9 sub-channels:
eeνν, µµνν and eµνν, each separated by the jet multiplicity into final states with no jets, 1
jet or two jets with a VBF-like topology. The channel is characterized by a broad transverse
mass distribution mT for the Higgs signal due to the presence of two neutrinos in the final
state. The main reducible backgrounds (W/Z+jets, multijets, tt̄) are suppressed by the lepton
isolation and b-jet veto requirement, as well as the cuts on the missing transverse energy. The
dominant W W background contribution can be discriminated by means of topological cuts on
the invariant dilepton mass and the opening angle between the two leptons. All background
contributions remaining after the full selection are normalized using dedicated control regions
and extrapolated to the signal region relying on predictions from the simulation. The transverse
mass distribution is used in each sub-channel for the limit setting. As an example, the mT
distribution in the 0-jet sub-channel is shown in Figure 4 (left). The 95% CL exclusion limit
with all sub-channels combined is shown in Figure 4 (right). No significant excess of events
is observed. A SM Higgs boson with a mass in the range between 130 GeV and 260 GeV is
excluded at the 95% CL, while the expected exclusion interval ranges from 127 GeV to 234 GeV.

Figure 4: Left: Transverse mass distribution in the 0-jet H → W W (∗) → `ν`ν sub-channel, compared to the
background expectation. Right: Observed and expected 95% CL limits on the SM Higgs boson production in the
same channel normalized to the predicted SM cross section as a function of mH .

5.2

H → ZZ (∗) → 4`

The Higgs boson decays into four-leptons provide a clean signature with a very low level of background. After the lepton isolation and impact parameter cuts, the only remaining background
for mH &200 GeV is the irreducible ZZ process. For mH .200 GeV, there is a small additional
contribution of the reducible Zbb̄, Z+jet and tt̄ backgrounds estimated from the control data
samples. The channel is characterized by high experimental invariant mass resolution of 1.5%
to 2% up to mH =350 GeV, after which the natural Higgs boson decay width starts to dominate.
A high signal efficiency is ensured by a high lepton reconstruction and identification efficiency,
as well as the low transverse momentum cut of 7 GeV on the two subleading leptons. The
mass of one dilepton pair is required to be compatible with the Z boson mass, while the mH dependent invariant mass cut is applied on the second lepton pair. The analysis is divided into
four sub-channels based on lepton flavours: 4µ, 2e2µ, 2µ2e and 4e, where the first two leptons
are assigned to an on-shell Z boson. Figure 5 (left) shows the inclusive four-lepton invariant mass
distribution after all selection cuts. A total of 62±9 candidates are expected from background

Figure 5: Left: Invariant four-lepton mass distribution of the selected candidates compared to the background expectation. Right: Observed and expected 95% CL limits on the SM Higgs boson production in the
H → ZZ (∗) → 4` decay channel normalized to the predicted SM cross section as a function of mH .

processes which is in good agreement with 71 observed candidate events. The corresponding
95% CL exclusion limit is shown in Figure 5 (right). The observed exclusion covers the mass
regions from 134 GeV to 156 GeV, 182 GeV to 233 GeV, 256 GeV to 265 GeV and 268 GeV to
415 GeV. The expected exclusion ranges are 136 GeV to 157 GeV and 184 GeV to 400 GeV.
The most significant upward deviations from the background-only hypothesis are observed for
mH = 125 GeV with a local significance of 2.1σ, mH = 244 GeV with a local significance of
2.2σ and mH = 500 GeV with a local significance of 2.1σ. Once the look-elsewhere-effect is
considered, none of the observed local excesses is significant.
6

Combined results

The results of the statistical combination of all individual search channels are summarized in
Ref. [22]. The expected and observed limits obtained are shown in Figure 6. SM Higgs boson

Figure 6: Combined observed and expected 95% CL limits on the SM Higgs boson production normalized to the
predicted SM cross section as a function of mH in the entire explored mass range (left) and zoomed in to the
low-mass region (right).

masses between 120 GeV and 555 GeV are expected to be excluded at the 95% CL or higher.
The observed 95% CL exclusion regions range from 110.0 GeV to 117.5 GeV, 118.5 GeV to
122.5 GeV, and 129 GeV to 539 GeV. The mass regions between 130 GeV and 486 GeV are
excluded at the 99% CL.
The mass region around mH =126 GeV cannot be excluded due to an observed excess of
events compared to the expected background contribution. The p0 -values in the given mass
region are shown in Figure 7 for individual channels and their combination. The most significant excesses are observed in the two channels with high mass resolution, H → γγ and
H → ZZ (∗) → 4`. The largest combined local significance of the observed excess is 2.5σ, while
the expected significance in the presence of a SM Higgs boson with mH =126 GeV is 2.9σ. The
global probability for such an excess to occur anywhere in the entire explored Higgs boson mass
region from 110 GeV to 600 GeV is approximately 30%. The excess corresponds to the best-fit
signal strength µ of approximately 0.9+0.4
−0.3 , which is compatible with the signal strength expected
from a SM Higgs boson at that mass, as shown in Figure 7 (right).
7

Summary

The full dataset of pp collision data recorded with the ATLAS detector at the LHC in 2011 has
been studied in search for the SM Higgs boson, combining several Higgs boson decay channels

Figure 7: Left: The local p0 -value for individual channels and the combination. The full curves give the observed
individual and combined p0 -value. The dashed curves show the median expected value under the hypothesis of a
SM Higgs boson signal at that mass. Right: The best-fit signal strength µ = σ/σSM as a function of the Higgs
boson mass hypothesis in the low mass range.

in the mH range from 110 GeV to 600 GeV. A SM Higgs boson is excluded at the 95% CL in a
wide mass range. The exclusion was not possible for mH around 126 GeV, due to an observed
excess of events at the local significance level of 2.5σ. More data collected in 2012 will be needed
to better understand the origin of the described excess.
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Searches for the Standard Model Scalar Boson at CMS
Marco Pieri for the CMS Collaboration
University of California San Diego, La Jolla, CA, U.S.A
We searched for the standard model Higgs boson in many different channels using approximately 5 fb−1 of 7 TeV pp collisions data collected with the CMS detector at LHC. Combining
the results of the different searches we exclude at 95% confidence level a standard model Higgs
boson with mass between 127.5 and 600 GeV. The expected 95% confidence level exclusion if
the Higgs boson is not present is from 114.5 and 543 GeV. The observed exclusion is weaker
than expected at low mass because of some excess that is observed below about 128 GeV. The
most significant excess is found at 125 GeV with a local significance of 2.8σ. It has a global
significance of 0.8σ when evaluated in the full search range and of 2.1σ when evaluated in the
range 110–145 GeV. The excess is consistent both with background fluctuation and a standard
model Higgs boson with mass of about 125 GeV, and more data are needed to investigate its
origin.

1

Introduction

The scalar boson of the Brout-Englert-Higgs mechanism is the only block of the standard model
(SM) 1,2,3,4 whose existence has not been verified experimentally. Therefore its search is one of
the most important aspects of the LHC program. The CMS design was optimized to carry out
this search in the whole allowed range and in many different production and decay channels. The
first results based on the full 2011 7 TeV center-of-mass energy data sample have been presented
at the end of 2011 and submitted for publication at the beginning of 2012. We present here
updated results with a more optimized analysis in the γγ channel, the addition of a few more
analyses and a new combination of the results from all search channels.
The Higgs boson has been ruled out at 95% confidence level (CL) at LEP 5 with mass smaller
than 114.4 GeV and at Tevatron 6,7 with a mass in the vicinity of 160 GeV . Indirect constraints
from precision electroweak measurements favour a low mass Higgs boson 8 above the LEP limit
and give the upper limit MH < 143 GeV at 95% CL, including direct searches before LHC.
The dominant production mode at LHC is the gluon-gluon fusion followed by the vector
boson fusion (VBF) and associated production with a vector boson (VH), each of which contributes less than 10% of the total production cross section. The decay branching ratios of the
Higgs boson vary with its mass and are dominated by bb and τ τ at low mass and by WW and
ZZ above 135 GeV. The γγ decay channel is important in the mass range below 130 GeV and
its branching ratio is of the order of 10−3 . The values of cross section and branching ratios used
in the following are taken from the LHC cross section working group 9,10 .
In 2011 we had an excellent performance of both LHC and CMS and this allowed us to collect
approximately 5 fb−1 of data that are good for all analyses. The CMS detector is a multipurpose
detector and is extensively described in 11 . The average pileup was about 10 events per bunch
crossing, and special care was taken to mitigate its effects on the analysis. One example is the

usage the particle flow algorithm that combines all detector signals in an optimal way.
2

Analysis strategy

The SM scalar boson search is carried out in the mass range from 110 and 600 GeV. The search
channels, as well as their optimization vary as function of the Higgs mass. Table 1 reports all
11 independent channels that are used for the combined results of the search, along with the
corresponding integrated luminosity, the number of subchannels, the investigated mass range
and the approximate Higgs boson mass resolution. The sensitivity of the different channels
varies as function of the Higgs boson mass. The most sensitive channel at low mass, below
approximately 130 GeV, is the γγ channel. Between 130 and 200 GeV the WW channel is most
sensitive, and above 200 GeV the various ZZ channels take over with ZZ→ ``νν being the most
sensitive in the very high mass range, above about 300 GeV.
Table 1: The 11 Higgs boson search channels. The most relevant information is indicated for each of the analyses.

Channel
H → γγ
H → ττ → eτh /µτh /eµ + X
H → ττ → µµ + X
W H → eµτh /µµτh + ν’s
(W/Z)H → (`ν/``/νν)(bb)
H → WW ∗ → 2`2ν
W H → W(WW∗ ) → 3`3ν
H → ZZ(∗) → 4`
H → ZZ(∗) → 2`2q
H → ZZ → 2`2τ
H → ZZ → 2`2ν

3
3.1

mH range
( GeV)
110–150
110–145
110–140
100–140
110–135
110–600
110–200
 110–600
130–164
200–600
190–600
250–600

Luminosity
(fb−1 )
4.8
4.6
4.5
4.7
4.7
4.6
4.6
4.7

Subchannels
2
9
3
2
5
5
1
3

4.6

6

4.7
4.6

8
2

mH
resolution
1–2%
20%
20%
20%
10%
20%
20%
1–2%
3%
3%
10–15%
7%

Comment
updated
new
new

new

Low mass channels
H → γγ channel

The Higgs boson branching ratio for the decay into two photons is approximately 2 × 10−3
between 110 and 150 GeV. The diphoton mass resolution is very good, between 1 and 2% and
the signature in this channel is two high ET isolated photons. In case of the VBF there are
two additional high pT jets that provide a further handle to discriminate the signal from the
background. A signal in this channel would appear like a small, narrow peak above a large
and smooth background. Figure 1 shows a VBF candidate and the mass spectrum of the data
and the Monte Carlo background with a superimposed Higgs signal at 120 GeV. The signal is
multiplied by 5 to increase its visibility. As can be seen from the figure, after the final selection,
the background is dominated by the irreducible two photon QCD production. However there is
also a relevant contribution from events in which at least one of the two identified photons is a
jet faking a photon. The MC background estimation has large uncertainties, but it enters the
analysis only to help the optimization process. It is not used for the derivation of the results for
which only the data and the signal MC are employed.
VBF events are selected by using the same photon identification as for the inclusive analysis
described later, slightly increasing the asymmetry on the photon ET cuts and finally applying
additional requirements on jet variables. The signal to background ratio in the di-jet tag class
is relatively large, and we obtain an improvement on the exclusion sensitivity of approximately
10% in cross section. For the remaining events, in the analysis reported in 12,13 the sensitivity was

Figure 1: Left: VBF γγ candidate event display, Right: di-photon mass spectrum for all events passing the
final selection. Data are shown together with the background MC prediction. The hatched area indicates the
systematic error on the background normalization from the K-factors. The expected Higgs signal at 120 GeV is
also shown superimposed and scaled by a factor 5.

increased by splitting the dataset into four non overlapping event classes based on the photon
pseudorapidity and shower shape. In the new analysis that we present here, categories are
defined in a more optimal way using a MVA based approach that results in a higher sensitivity.
Event by event mass resolution, photon Id discriminant, di-photon kinematic variables and
vertex probability are combined using a boosted decision tree (BDT). The overall sensitivity
improvement of the MVA based analysis is about 20% in exclusion cross section that corresponds
to an integrated luminosity increase of more than 50%.
Table 2 shows the number of expected signal events, the number of data events per GeV
and the estimate of the resolution in all classes.
Table 2: Number of selected events in different event classes, for a SM Higgs boson signal (mH =120 GeV) and for
data at 120 GeV. The mass resolution for a SM Higgs boson signal in each event class, is also given.

mH =120 GeV
Total signal expected events
Data (events/GeV)
Resolution FWHM/2.35 (%)

Class 0
3.4
4.5
0.9

Class 1
19.3
55.1
0.9

Class 2
18.7
81.3
1.2

Class 3
33.0
229.1
1.7

Dijet class
2.8
2.1
1.1

For the limit and significance calculation, the background is estimated by fitting to a polynomial in the full mass range (3rd to 5th order, depending on the class). We found that the possible
bias in the background estimation is always less than 20% of the statistical error. As a further
cross check, we carried out another MVA analysis that has a completely different approach to
estimate the background, and we verified that it gives consistent results.
Figure 2 shows the results in terms of 95% CL exclusion on the cross section normalized to
the SM cross section and the local p-value where the p-value is the probability that a background
only fluctuation is more signal-like than the observation. The expected 95% CL exclusion varies
between 1.2 and 2 times the SM while data exclude at 95% CL the ranges: 110.0–111.0 GeV,
117.5–120.5 GeV, 128.5–132.0 GeV, 139.0–140.0 GeV and 146.0–147.0 GeV. We observe the
largest excess around 125 GeV with a local significance of 2.9σ. Its global significance is 1.6σ
when taking into account the look elsewhere effect (LEE) estimated in the full mass range 110–
150 GeV. These results are consistent with those given by the cut based analysis and the cross
check MVA analysis.
3.2

H → τ τ and H → bb channels

These two channels are the only Higgs boson decays into fermions detectable at LHC. They
are less sensitive than the H → γγ channel, but they would be important to measure the
couplings to leptons and quarks if and when the Higgs boson is discovered. In both channels the
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Figure 2: Left: 95% exclusion on the relative signal strength to the SM in the γγ channel for the MVA based
analysis. The dashed line indicates the expected limit for the cut based analysis. The yellow and green bands
indicate the 1 and 2σ expectations around the median expected result. Right: local p-value as function of the
Higgs mass. The combined p-value is shown and the VBF tag and other inclusive classes individual contributions
are also shown.

background for the inclusive searches is huge and sensitivity is improved by requesting additional
tags such as jets or charged leptons from VBF or VH production. The τ τ channel is also very
relevant in the search for MSSM Higgs bosons. In the case of the SM, the inclusive analysis
is not very sensitive, and to improve the sensitivity we exploit the VBF topology as well as
a boosted topology selected by requiring the presence of an additional very high pT jet. The
mass reconstruction is not very precise due to the presence of neutrinos in the decay and the
resolution is approximately 20%. We search in the mass range between 110 and 150 GeV 14 .
The expected sensitivity for exclusion is approximately 3 times the SM and we do not observe
any significant excess in the data. We have recently extended the search to cases where the both
τ leptons decay into muons 15 and to the channel WH→ eµτh , µµτh 16 for which we use same
sign eµ and µµ to reduce the background from Z plus jets. These two additional channels give
another small improvement to the overall sensitivity.
In case of the Higgs decays to bb, the background from bb, produced via QCD, is much
too large, so we need to require an additional tag. We exploit the VH associated production
with W and Z decaying leptonically and we analyze separately all channels: eν, µν, ee, µµ and
νν 17 . We require the bb system to be boosted to improve the background rejection and the
mass resolution that becomes about 10%. We search in the mass range between 110 and 135
GeV and the expected sensitivity for exclusion ranges from 3 to 6 times the SM. Also in this
channel we see no significant excess in the data.
The results, in terms of exclusion, are shown in Figure 8.
4
4.1

Channels sensitive in the full mass range
H → W W → 2`2ν channel

This is the only viable channel for the Higgs boson search around the mass region of 2 × mW
and the most sensitive in the mass range of approximately 125–200 GeV. The Higgs boson mass
cannot be precisely measured because of the undetected neutrinos and the resolution is of the
order of 20%. The signature is two isolated high pT leptons and the presence of missing transverse
energy (MET). The main backgrounds to this channel are WW production that is irreducible,
Z plus jets, WZ, ZZ and W plus jets. The background estimation is the most important aspect
of the analysis and the main backgrounds are estimated from the data. A characteristic of the
signal is that due to the fact that the Higgs boson is a scalar and to the V-A structure of the W
decay, the two charged leptons tend to be aligned. This favours a small difference in azimuthal
angle ∆φ and provides some handle to discriminate the signal from the irreducible background.
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The analysis 18 is performed in exclusive jet multiplicities (0, 1 and 2-jet bins) and flavour (ee,
µµ, eµ) because of the different sensitivities and background contributions. For example, the
irreducible WW background contributes more to the 0-jet bin, tt background contributes more
to the 1 and 2-jet bins and Z plus jets and ZZ contribute more to same flavour analysis. The
2-jet bin corresponds to the VBF analysis and again exploits the characteristics of the VBF jets
such as large pT , large ∆η and di-jet invariant mass. Two types of analyses are carried out:
the first is a cut-and-count for all subchannels and the second is a multivariate analysis that is
applied to the 0 and 1-jet bins that are the most sensitive ones.
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Figure 3: BDT output for the 130 GeV H → W W → 2`2ν selection. Top left: 0-jet opposite flavour, top right:
0-jet same flavour, bottom left: 1-jet opposite flavour and bottom right: 1-jet same flavour.

The MET is a very important variable in the analysis and is affected by pileup, therefore
it deserves a special treatment. The so called projected MET is used. It corresponds to the
transverse component of the MET with respect to the nearest lepton, if the angle between the
MET direction and the lepton is less than π/2, and to the full MET otherwise. Additionally, we
compute two different flavours of MET: the total MET using all reconstructed particles and the
charged MET using only the charged particles associated to the identified primary vertex. The
minimum between the two is used for the selection. This procedure is found to reject better the
background because the two definition of MET are more correlated in case of genuine MET as
it is the case for the signal. Different cuts are applied in the different flavour and same flavour
channels. Cuts are tighter and a Z mass veto is applied in the same flavour channels because they
are more affected by the Drell Yan background. The cut based selection has mass dependent
cuts while the MVA based analysis uses a BDT trained at different masses. The input variables
are: pT of the leptons, M`` , ∆φ`` , ∆R`` , transverse mass of the dilepton system and of each
lepton and the MET. The overall uncertainties after the final selection are approximately 20%
for the signal efficiency and 15% for the expected background.
Figure 3 shows the final distribution of the BDT discriminant for the 0 and 1-jet bin, same
flavour and opposite flavour, that is used to derive the final confidence level. We can see
that the most sensitive channel is the opposite flavour 0-jet bin where the signal is larger, the
signal/background is larger and the background is dominated by the irreducible WW that has
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less uncertainties than the Z plus jets or tt contributions.
Figure 4 shows the 95% exclusion confidence level for the cut based and the MVA shape
analysis. We observe no significant excess in the full mass range though a small excess is observed
at low mass. Therefore the observed limits are similar to the expected ones. For the MVA shape
analysis the 95% C.L. expected exclusion is for MH between 127 and 270 GeV and the range
129–270 GeV is excluded at 95% CL.
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Figure 4: 95% exclusion limit on the relative signal strength to the SM for the cut based analysis(left) and for
the MVA analysis (right) in the H → W W → 2`2ν channel.

We recently added the WH→WWW→ 3`3ν channel 19 . This analysis is very similar to
the WW channel with the main backgrounds estimated from data. It is a mass independent
cut-and-count analysis and it is sensitive to about 4 times the SM in the most sensitive region
around 2 × mW .
Table 3: Expected background and observed data in the full mass range and in the mass range 100–160 GeV in
the H → ZZ → 4` channel.

Mass range
Full mass range
M4` in 100–160 GeV

4.2

Expected background
67 ± 6
9.7 ± 1.3

Observed data
72
13

H → ZZ → 4` channel

The H → ZZ → 4` channel is the cleanest channel and it is often referred as the “golden
channel”. The signal consists of four isolated leptons. For high mass both pairs of opposite
charge and same flavour leptons are consistent with Z decays while for lower masses at least
one of the pairs has lower mass. The Higgs branching ratio for this channel is rather small,
approximately one per mille at high mass and lower for masses below 2×mW but the background
is very small, consisting mainly of irreducible continuum ZZ production and, to a lesser extent,
Z plus jets and especially Zbb. The mass resolution is very good and ranges between 1 and 2%.
The pT of the lower pT leptons is rather small and one of the most important features of the
analysis is the achievement of a very high lepton efficiency down to very low pT . The analysis
is carried out in the full mass range, from 110 to 600 GeV 20 and the expected background and
the data passing the selection are shown in Table 3.
Figure 5 shows the invariant mass spectrum of the selected data compared to the background
expectations. We do not observe any significant excess of the data and we exclude at 95% CL the
SM Higgs boson with MH in 134–158, 180–305 and 340–465 GeV. The most significant excess
is given by an accumulation of 3 events at a mass of approximately 119.5 GeV. It has a local
significance of 2.5σ and a global significance of 1.0σ in the full mass range and 1.6σ in the mass
range 100–160 GeV.
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Figure 5: Mass spectrum of the ZZ→ 4` candidates in the full mass range (left) and in the low mass range (right).
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High mass channels

A SM Higgs boson above a mass of approximately 200 GeV almost exclusively decays into WW
and ZZ and above about 300 GeV the Higgs boson width starts to be larger than the resolution in
ZZ channels. Beyond the previously described channels H → W W → 2`2ν and H → ZZ → 4`
channels, we searched in the channels where one Z decays into ν, quark and τ pairs.
5.1

H → ZZ → ``νν channel

The H → ZZ → ``νν channel has a branching ratio 6 times larger that ZZ to 4` and is the most
sensitive at very high mass. It is only accessible for high mass (MH > 250 GeV) because the
two Z bosons need to be boosted to give rise to MET by means of the Z invisible decay. Missing
neutrinos worsen the mass resolution that is about 7% in this channel. The main backgrounds
in this channel are again the irreducible ZZ process, Z plus jets, tt and WZ. The background
estimation is very important and the main backgrounds are estimated from data control samples.
The background from Z plus jets is estimated using γ plus jet events that are used to model the
MET distribution. The non-resonant background normalization is estimated from eµ events.
Again in this channel two independent analyses are carried out 21 : a cut based analysis and a
mass shape analysis that is more sensitive. The latter uses as final discriminant variable the
transverse mass defined as:
2
q
q
2
2
2
2
2
miss
~ Tmiss )2 .
MT =
pT (``) + M (``) + ET
+ M (``)
− (~
pT (``) + E
pT (``) and M (``) are the transverse momentum and the invariant mass of the dilepton system
respectively. We did not observe any excess in the data and the observed exclusion from this

channel alone is similar to the one expected in presence of background only. The expected 95%
CL exclusion using this channel alone is MH in 290–480 GeV and the observed is MH in 270–440
GeV.
5.2

H → ZZ → ``qq and H → ZZ → ``τ τ channels

The H → ZZ → ``qq channel 22 is used both for the high mass, where its sensitivity is similar
but a little lower than the other ZZ channels, and for lower masses where it only gives a small
contribution to the sensitivity. The H → ZZ → ``τ τ channel 23 has a lower sensitivity of about
4 times the SM. The overall sensitivity and observed limit for all ZZ channels combined is shown
in Figure 8.
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Combination of all channels
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All searched channels are combined to obtain the final exclusion and discovery confidence levels.
The combination is carried out using the so-called CLs method described in 24 . The combination
of the published results is reported in reference25 . Here we present the combination that includes
the new preliminary results presented at this conference 26 . SM cross sections and branching
ratios are assumed for the combination with their theoretical uncertainties 9,10 . An overall signal
strength multiplier µ = σ/σSM is introduced and limits on its value are derived.
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Figure 7: Exclusion confidence level for the combined SM Higgs search in the full mass range 110–600 GeV (left)
and low mass zoom (right). The solid line indicates the observed confidence level and the dashed line the expected
one.
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Figure 8: 95% exclusion confidence level on the signal strength multiplier for the SM Higgs search in the 5 Higgs
decay channels. The solid lines indicate the observed exclusion and the dashed lines the expected.

Figure 7 shows the SM exclusion confidence level as function of the Higgs boson mass. The
SM Higgs boson is excluded by our search at 95% confidence level in the range 127.5–600 GeV
and at 99% confidence level in the range 129–525 GeV. The expected 95% exclusion is 114.5–543
GeV and gets extremely close (100 MeV away) to the LEP lower limit. The observed CMS upper

limit on the Higgs boson mass is higher than expected in case of no signal because of the excess
that is observed in the data in the region between 115 and 128 GeV. Figure 8 shows the 95%
exclusion limit on the signal strength multiplier µ in the different Higgs decay channels.

Figure 9: Combined local p-value for the SM Higgs search.

Figure 9 shows the local p-value as function of the Higgs boson mass in the low mass region.
We can see that the minimum combined p-value is observed at a mass of 125 GeV with a local
significance of 2.8σ. A similar significance is expected in presence of a 125 GeV Higgs boson
signal. If we consider the probability of observing a local significance smaller than 2.8σ anywhere
in the search range, we obtain a global significance of 0.8σ relative to the full mass range 110–600
GeV and of 2.1σ for the mass range 110–145 GeV.
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Figure 10: Fitted signal strength multiplier µ as function of the Higgs mass (left) and measured µ in the different
channels at MH = 125 GeV (right).

Figure 10 shows the fitted value of the signal strength multiplier µ = σ/σSM as function of
the Higgs mass and the individual fitted values at MH =125 GeV in the 5 sensitive channels.
The fitted µ of the excess near 125 GeV is consistent with the SM scalar boson expectation and
several channels show some excess, though most of it comes from the H → γγ channel. More
data are needed to investigate this excess.
7

Summary

We searched for the SM Higgs boson in 11 independent channels using approximately 5 fb−1 of
7 TeV pp collision data collected with the CMS detector at LHC. Combining the results of the
different searches we exclude at 95% confidence level a SM Higgs boson with mass between 127.5

and 600 GeV. The expected 95% confidence level exclusion if the Higgs boson is not present is
from 114.5 and 543 GeV. The observed exclusion is weaker than expected at low mass because
of some excess that is observed below about 128 GeV. The most significant excess is found at
125 GeV with a local significance of 2.8σ. It has a global significance of 0.8σ when evaluated
in the full search range and of 2.1σ when evaluated in the range 110–145 GeV. The excess is
consistent both with background fluctuation and a SM Higgs boson with mass of about 125 GeV
and more data are needed to investigate its origin. The data that will be collected in 2012 at 8
TeV CM energy should allow us to discover or exclude the SM scalar boson.
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Figure 1: Speakers of the session (from left to right): H. Wolfe, S. Kortner, J. Haley, W. Fisher, F. Englert, M.
Pieri, J.F. Grivaz

LHC: Standard and Hidden Scalar Bosons
M. Rauch
Institute for Theoretical Physics, Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany
Using recent ATLAS and CMS publications on Higgs boson searches we interpret these results
in terms of coupling strengths of a Higgs boson possibly existing at a mass of 125 GeV.
Extrapolations to different stages of future LHC running are presented as well. We also
consider how hidden scalar bosons are affected by these searches.

1

Introduction

The scalar Higgs boson 1 is the last missing particle predicted by the Standard Model (SM).
If it exists in nature, evidence of it should soon appear in the measurements of the two LHC
experiments ATLAS 2 and CMS 3 . This would then complete our understanding of electro-weak
symmetry breaking.
Interactions with the massive gauge bosons W and Z are generated automatically by the
kinetic term of the Higgs field, while those with fermions have to be added explicitly via Yukawatype terms. The mass terms of all massive particles originate from these, when the Higgs field
is replaced by its vacuum expectation value (vev). This implies in turn that the coupling of the
Higgs boson to all other particles can be predicted by the measured masses and the vev.
The only unknown parameter in the SM is the mass of the Higgs boson. Searches by LEP 4 ,
the Tevatron experiments D0 and CDF 5 , and in particular ATLAS 2 and CMS 3 have excluded
large parts of the parameter space, leaving for a SM-like Higgs boson only a small region around
125 GeV.
Due to the predicted proportionality of the couplings to the masses of the particles, in
measuring the Higgs couplings one is sensitive to effects from new physics 6 . The main Higgs
production channel, gluon-fusion, as well as a very sensitive decay mode, namely into photons, are both loop-induced 7 . New particles occurring in beyond the Standard Model theories
could modify these couplings, which are described by dimension-five operators (D5) 8 . Another
possibility to modify Higgs couplings by renormalizable dimension-four operators is a Higgs
portal 9,10,11 . This would results in Higgs couplings which are reduced by a global factor, and
possibly also invisible decays into a hidden sector. Furthermore, a second Higgs boson will be
present, which can be searched for. These features demonstrate the importance of studying the
Higgs couplings 12,13,14,15,16,17,18 .
2

Calculational Setup

As underlying model we assume the Standard Model with a generalised Higgs sector, i.e. the
couplings of the Higgs to other particles are free and can take arbitrary values. We only consider
those couplings accessible during the early running of the LHC, namely to the gauge bosons W
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Figure 1: ∆W vs. ∆t for the measurements with expected SM rates (left) as well as the actual ones (right) for an
assumed Higgs mass of 125 GeV. Two distinct solutions are observed, one with SM-like couplings and one with
large ∆t . For the actual data the two solutions overlap.

and Z and the third-generation fermions. The deviations of the couplings are parametrised as
following:
gxxH ≡ gx = gxSM (1 + ∆x ) x ∈ {W, Z, t, b, τ } .
(1)
Changes to the loop-induced couplings to photons and gluons are induced by corresponding
changes in the tree-level couplings ∆SM
x . For the LHC running at 14 TeV we also allow for
additional contributions from dimension-five operators ∆x , leading to
gx = gxSM (1 + ∆SM
x + ∆x ) x ∈ {g, γ} .

(2)
SM

Correspondingly, modifications of coupling ratios are defined as ggxy = ggxSM (1 + ∆x/y ). A single
y
parameter modifying all Higgs couplings by the same factor is denoted by ∆H . The discrete
quantum numbers are those of the SM Higgs, i.e. we consider only a CP-even scalar particle.
As the Higgs width is too small to be measurable at the LHC, we assume
X
Γtot =
(3)
Γx (gx ) + generation universality < 2 GeV ,
obs

the upper limit, corresponding to ∆b ≃ 28, given by the experimental resolution where width
effects would become visible. The assumption about generation universality is important, as
the Higgs has for example a significant branching ratio into charm quarks, which will not be
measurable at the LHC. Hence, we assume that these couplings are modified in the same way
c SM
as its third-generation counterparts, e.g. gc = m
mt gt (1 + ∆t ) with appropriate scale choices for
the running quark masses.
For correct results a proper treatment of all errors is important. The statistical uncertainties of rate measurements are of Poisson type. For systematic uncertainties we implement the
full correlation matrix between different measurements. Theory uncertainties are centrally flat
following the RFit scheme 19 . SFitter 20 provides a fully exclusive log-likelihood map, which is
projected into lower dimensions using profile likelihood. Parameter distributions are obtained
with cooling Markov chains and the best-fitting points are derived from those after an additional
Minuit step. The 68% CL errors on couplings we infer from 5000 toy measurements.
3

Visible-Higgs results

First, we present results based on the published 2011 measurements. Besides the actual data
we also show expectations for the SM hypothesis, where we have injected a SM-strength signal
on top of the expected backgrounds. In Fig. 1 we show the profile log-likelihood plot for ∆W
vs. ∆t . For the SM expectation on the left-hand side we observe two distinct solutions. One
corresponds to the SM one centred around ∆ = 0. The second one, with ∆χ2 = 0.86, has an
enlarged top Yukawa coupling. This results in a sign flip of the photon coupling, which is not

30

30

∆b

∆b
25

25

20

20

15

15

10

10

5

5

0

0

Moriond 2012

0

2

4

6

8

10

12

∆t

14

Moriond 2012

0

2

4

6

8

10

12

∆t

14

Figure 2: ∆t vs. ∆b for the measurements with expected SM rates (left) as well as the actual ones (right) for
an assumed Higgs mass of 125 GeV. The dotted green line in the left plot separates the SM-like solution and the
large-coupling solution. For the actual data no such split is possible. Figures taken from Ref. 18 .
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solution. For the data we also present results with ∆W = ∆Z . Right: Extrapolations for the SM hypothesis
assuming different scenarios of LHC running. Both cases assume mH = 125 GeV. The band indicates a variation
of ±20%. Figures taken from Ref. 18 .

observable, however. The large top coupling enhances the rate of all gluon-fusion channels. This
is then counter-balanced by increasing ∆b , which through its large contribution to the total
width reduces all branching ratios, as can be seen on the left of Fig. 2. The secondary solution
requires a large bottom coupling, which is clearly correlated with the top one. Both couplings
are adjusted in such a way that the total rate in the γγ channel stays unchanged. This will then
lead to a mismatch in the processes with other production modes. These channels are not yet
sensitive enough to introduce a large penalty in the log-likelihood, though. Both solutions can
be separated by a cut in the ∆t -∆b -plane as indicated by the dashed green line in Fig. 2. The
best-fit point of the secondary solution is located at ∆t(b) = 5.2(3.7).
On the right-hand side of Figs. 1 and 2, the log-likelihood maps are shown for the actual
measurements. As the H → W W channels force gW to very small values, the photon coupling is
always dominated by the top loop. To obtain the correct event rate in the γγ channel, this has
to be large. Therefore, the distributions resemble those of the secondary SM case. A separation
of the two possibilities cannot be performed any longer.
In Fig. 3 we show the best-fit point as symbol together with its corresponding 68% CL error
bar for different assumptions on signal input and LHC running. The left-hand side is based on
the 2011 data. SM expectations, limited to the primary solution, are plotted in red with dots.
The typical size of errors corresponds to a factor 2 variation on gx , with ratios slightly improving
the results. Blue diamonds represent the actual measurements. The best-fit point for gW is close
to zero. Due to the large-coupling preference, the errors on top and bottom quark couplings
are greatly enhanced. For the data we also present results where ∆W and ∆Z have been set
equal, inspired by the approximate custodial symmetry observed in electroweak precision tests.
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Figure 4: Dependence of the expected coupling errors on the Higgs mass for an assumed SM signal with 2011
luminosity (left) and for the HL-LHC with 14 TeV and 3000 fb−1 (right).

As effects from new particles might cancel deviations 17 , we cannot use these directly. We
see that the fit is stabilised. The best-fit point for the common coupling still prefers a rather
small value, but the distribution now shows a fairly wide log-likelihood plateau stretching from
∆W =Z = −1 . . . 0. On the right-hand-side of Fig. 3 we present extrapolations for future LHC
running. The SM hypothesis is taken as input, as future data will statistically dominate the
combination with the 2011 results. For the 8 TeV runs we use a blind extrapolation of the 2011
measurements, adjusted for the increased energy and the higher integrated luminosity. The 14
TeV results follow Refs. 12,13 . We observe an increase in the precision of all couplings, as expected
from the higher statistics available. Measuring the top Yukawa coupling precisely requires to
look at the tt̄H production channel. The most likely possibility for such a measurement is
combining it with decays into bottom quarks, possibly using subjet techniques 21 . This channel
then also allows us to disentangle changes in gt from new particles contributing to the effective
couplings gg and gγ . The latter can be determined at the 30% and 20% level, respectively, for
14 TeV running with a luminosity of 30 fb−1 .
Finally, in Fig. 4 we present the Higgs mass dependence of the errors for the SM hypothesis.
On the left, the results for 2011 luminosity show that a 125 GeV Higgs would be a very lucky
spot. The rise in the top Yukawa error for smaller masses happens because it is largely dominated
from gluon-fusion production with decay into W W . This channel quickly looses sensitivity as
the final-state leptons become too soft. For larger masses the branching ratios into τ and
bottom quarks drop and decrease the corresponding rates. On the right, we show the same
plot for a high-luminosity LHC, assuming 3000 fb−1 of luminosity collected at 14 TeV. Such a
large extrapolation should be taken with the appropriate grain of salt. We observe a significant
improvement for all couplings, but a naive statistics-induced scaling does not hold any longer.
The precision on the single-parameter modifier ∆H for example is predominantly limited by the
theory error on the Higgs production channels.
4

Higgs Portal

In new-physics models, where the Higgs doublet mixes with a hidden sector, Higgs decay into
the hidden sector and therefore into invisible particles can become possible. We parametrise
these via a Higgs portal 9,10,11 , where the hidden sector is a singlet under the SM gauge groups.
Then, the only possible connection to SM particles is via a term Φ†s Φs Φ†h Φh , which connects the
standard Higgs field Φs and the hidden one Φh . After electro-weak symmetry breaking, both
fields obtain a vev. Both Higgs bosons mix and need to be rotated into mass eigenstates by
a rotation matrix with angle χ. Then all cross sections and partial widths get changed by a
factor cos2 χ for H1 and sin2 χ for H2 . Additionally, decays into the hidden sector are possible.
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Figure 5: Left: Bound on the mixing and hidden decay width of H1 for MH1 = 155 GeV; R = 0.4. Small squares
denote points compatible with unitarity and precision measurements. The dot indicates the limit of the exclusion
curve at R for Γhid
→ 0. Right: Projections of the obtainable precision at 95% CL for different scenarios of LHC
1
running as well as a future linear collider assuming the SM. Figures taken from Refs. 10,11 .

Its partial widths depend on the structure of the hidden sector, and for lack of any knowledge
about it are free parameters. Furthermore, decays H2 → H1 H1 might be kinematically allowed.
SM
On the left-hand side of Fig. 5, we show the allowed range in the cos2 χ-Γhid
1 /Γtot,1 -plane
for a hypothetical H1 boson with 155 GeV mass, illustrated using the observed exclusion limit
R = 0.4 at this mass point. The squares, which fill almost the entire grey area, denote points
compatible with unitarity and precision measurements. Hence, there is still a large area of the
portal parameter space available, which can accommodate the current experimental results.
Looking into the future, a direct measurement of the invisible branching ratio might become
available at the LHC 22 , and will be possible at a future linear collider 23 . Now looking at a
125 GeV Higgs and assuming it is SM-like, we can ask how compatible are the experimental
observations with the SM. The remaining area is plotted in Fig. 5 on the right. Besides different
LHC scenarios we also show 95% CL expectations for the linear collider, which will leave only
a very small region of the portal parameter space.

5

Conclusions

Published results by ATLAS and CMS allow us to determine Higgs couplings under the assumption that a 125 GeV Higgs boson exists. The results are compatible with the Standard Model
expectation, but the error bars are enlarged, as a secondary large-coupling solution is preferred
by the data. Furthermore, extrapolations for future LHC running were presented. At a HL-LHC
the precision for a global coupling-strength modifier will be limited by the theory error on the
Higgs production modes.
We also investigated how a Higgs portal model can partly evade the experimental bounds
due to invisible decays. Future data, in particular from a linear collider, will strongly narrow
the portal parameter space.
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13. M. Dührssen, ATL-PHYS-2002-030; M. Dührssen et al. Phys. Rev. D 70, 113009 (2004);
for an early analysis see also D. Zeppenfeld, R. Kinnunen, A. Nikitenko and E. RichterWas, Phys. Rev. D 62, 013009 (2000).
14. P. P. Giardino, K. Kannike, M. Raidal and A. Strumia, arXiv:1203.4254; D. Carmi,
A. Falkowski, E. Kuflik and T. Volansky, arXiv:1202.3144; J. R. Espinosa, C. Grojean,
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TEVATRON SEARCHES FOR BSM BROUT-ENGLERT-HIGGS BOSONS
A. Kasmi
Department of Physics, Baylor University, One Bear Place 97316,
Waco, TX, U.S.A

Using the full dataset delivered by the Fermilab Tevatron, the CDF and D0 experiments are
actively seeking evidence for the Brout-Englert-Higgs (BEH) boson in beyond-the-standardmodel (BSM) scenarios, particularly in supersymmetric models and fermiophobic scenarios.
The simplest supersymmetric extension to the standard model, the Minimal Supersymmetric Standard Model (MSSM), requires the introduction of two Higgs doublet fields, which
predict the existence of five physical BEH bosons after symmetry breaking. Alternatively,
in fermiophobic models, the symmetry breaking mechanism responsible for giving masses to
gauge bosons is separate from that which generates the fermion masses. A selection of final
results from searches for the BSM BEH boson carried out by CDF and D0 is presented.

1

Introduction

The SM of particle physics has proven to be a robust theoretical model that very accurately
describes the properties of elementary particles and the forces of interaction between them.
However, the origin of mass is still an unsolved mystery. The theory suggests that particles
acquire mass due to electroweak interactions with the Higgs boson via electroweak symmetry
breaking. 1 In the SM, the spontaneous symmetry breaking mechanism requires a single doublet
of a complex scalar field. However, it is likely that nature does not follow this minimal version
and that a multi-Higgs sector may be required. In this note, we describe two models that require
a doublet Higgs field: fermiophobic Higgs models 2 and MSSM. 3
1.1

Fermiophobic Model

In fermiophobic models scenario, the symmetry breaking mechanism responsible for giving Higgs
masses to gauge bosons is separate from that which generates the fermion masses. In the
benchmark model considered, a fermiophobic Higgs boson (Hf ) assumes SM couplings to bosons
and vanishing couplings to all fermions. The gluon fusion process is then suppressed and only VH

and VBF processes remain as shown in Fig. 1 (a and b). Hence, a reduction in the cross section
by a factor of 4 is predicted. However, this reduction is compensated by the high diphoton
branching fraction for this model. Direct searches at LEP set a lower limit on the fermiophobic
Higgs boson mass of 109.7 GeV with 95% C.L 4 . We present a search for the fermiophobic Higgs
boson in the diphoton final state using 10 fb−1 of data for both the D0 and CDF experiments
√
collected from pp̄ collisions at s = 1.96 TeV from the Fermilab Tevatron Collider.
1.2

MSSM Model

As an extension to the SM, Supersymmetry (SUSY) provides a natural solution to the hierarchy
problem, a dark matter candidate, and GUT-scale unification. The MSSM predicts the existence
of five physical Higgs bosons after symmetry breaking. Three of these are neutral (h, H, and
A) and two are charged H ± . The ratio of the vacuum expectation values of the two doublets is
denoted by tan β. At leading order the Higgs sector can be described by two parameters chosen
here to be MA (the mass of the A) and tan β. The couplings of the A to the charged leptons
and the down-type quarks are enhanced by a factor of tan β, while the coupling to neutrinos
and up-type quarks are suppressed by a similar factor. At large values of tan β, two of the
three neutral bosons have approximately the same mass and the couplings are thus effectively
degenerate. This contributes an additional factor of two enhancement in the cross section,
2 × tan2 β. Results are presented on the search for a neutral MSSM Higgs boson produced in
association with one or more b quarks, as shown in Fig. 1.

Figure 1: The dominant production diagrams for the benchmark fermiophobic Higgs boson model: associated
production with a vector boson (a), and vector boson fusion (b). Neutral scalar production in association with b
quarks (the two diagrams on the right).

2
2.1

Fermiophobic Analyses
D0 Analysis

At D0 5,6 , events are selected with at least two photon candidates with |η| < 1.1 and transverse
momentum pT > 25 GeV. In addition to the basic photon selection outlined above, a Neural
Network (NN) is used to further discriminate jet backgrounds from prompt photons. This NN
discriminant is trained using photon and jet Monte Carlo (MC) samples and constructed from
well-understood detector variables sensitive to differences between photons and jets. The output
of this discriminant (ON N ) is shown in Fig. 2 (left). A cut of 0.1 is applied which retains more
than 98% of true photons and rejects 40% of misidentified jets. The difference in azimuthal angle
of the two photons is also required to be greater than 0.5, which keeps 99% of the Higgs boson
signal but reduces prompt QCD photons originating from fragmentation. For each data event
that passes the full selection, a 4-component vector is constructed (ωpp , ωpf , ωf p , ωf f ) where
the value of one element is 1 and other elements are 0 based on whether one or both photon
candidates pass a stronger requirement of ON N > 0.75. The weight ωpp (ωf f ) then represents
events where both photon candidates pass (fail) and ωpf (ωf p ) represents events where only the
leading (subleading) photon candidate passes. The efficiency of this cut for the photon and jet
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samples are parametrized as a function of η and used to construct a 4 × 4 efficiency matrix
E. The estimated background composition is 53% from direct diphoton production, 44% from
γj + jj, and 3% from Drell-Yan. Further sensitivity is gained at D0 by using several variables
with a multivariate technique. In addition to the diphoton mass Mγγ , four other variables with
kinematic differences between the signal and background are also considered for this analysis:
the transverse momentum of the diphoton system pγγ
T , ∆φγγ , and the transverse momenta of the
1
2
leading and subleading photon, pT and pT , respectively. These well modeled kinematic variables
are used to construct a single discriminant from a boosted decision tree (BDT), trained to
distinguish a Higgs boson signal from the backgrounds as shown in Fig. 2 (center).
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Figure 2: (Left) Neural net output response for photon candidates from diphoton MC, jet MC, and radiative
Z boson decays in the data. (Center) The BDT output distributions for a fermiophobic Higgs boson mass of
120 GeV/c2 . (Right) Invariant mass distribution over whole mass range, with an example theoretical Higgs mass
at 115 GeV/c2 , scaled to the expected and observed limits obtained from the respective channel alone.

2.2

CDF Analysis

At CDF 7,8 , the leading two photons are required to have pT > 15 GeV. Plug photons (1.2
< |η| 2.8) are selected using a standard photon ID used at CDF. Central photons (|η| < 1.05)
are identified using a NN output constructed from variables sensitive to distinguishing prompt
photons from jet backgrounds. This NN discriminant increases the photon signal efficiency by
5% and background rejection by 12% relative to standard photon ID at CDF. The H → γγ
signal acceptance is further increased by reconstructing events in which a single central photon
converts into an electron-positron pair, which is found to occur approximately 15% of the time
for |η| < 1.05. A base set of selection requirements is applied that searches for a central electron
with a colinear, oppositely signed track nearby. Data events in the CDF analysis are divided
into four independent categories according the position and type of the photon candidate. In CC
events (the most sensitive category), there are two photons in the central region of the detector.
In CP events, one photon is in the central region and one is the plug region. If a CC or CP event
is not identified, then two additional categories are considered. In C′ C events, both photons are
central but one has converted and is reconstructed from its e+ e− decay products. Finally, in C′ P
events, one photon is in the plug region and the other is a central conversion photon. For the
fermiophobic model, the Higgs boson is typically produced in association with either a W or Z
boson or two jets from the VBF process. As a result, the fermiophobic Higgs boson has a higher
than average pT relative to the background processes, as it is typically recoiling against another
object. Therefore, the data are further divided into three regions of pT , where the highest pT
region provides the greatest Hf sensitivity, retaining about 30% of the signal and removing
99.5% of the background. By including the two lower pT regions, a gain in Hf sensitivity of
about 15% is achieved. At CDF, we use a data-driven background model which takes advantage
of the Higgs boson mass resolution (3 GeV or less) and smoothly falling background in the
signal region of the Mγγ , as shown in Fig. 2 (right). Fits are made to the data excluding a

12 GeV window centered around each Higgs mass hypothesis and for each category. The fit is
interpolated into the signal region to determine the background estimation.
3

MSSM Analyses

3.1

D0 Analysis

Two semi-exclusive searches for Higgs boson in association with a b quark are combined: bh →
bτ τ (τµ τhad ) and bh → bbb̄ using, respectively, 7.3 fb−1 and 5.2 fb−1 of integrated luminosity 9 .
For the bh → bτ τ (τµ τhad ) channel, data are collected using a mixture of single muon, jet, tau,
muon plus jet, and muon plus tau triggers. The efficiency of this selection with respect to the
single muon trigger alone is estimated using a sample of Z → τµ τhad events and found to lie
between 80% and 95%. Events are required to contain one isolated muon with a matching central
track satisfying pT > 15 GeV and |ηdet | < 1.6, and events with more than one muon are rejected
to suppress backgrounds from Z → µµ. Hadronic τ candidates are required to be isolated with
pT > 10 GeV and |η| < 2.5 and selected with a cut on the output of the NN discriminant with
an efficiency of around 65% whilst rejecting approximately 99% of hadronic jets. Events must
have at least one good b-tagged jet isolated from the muon and tau with pT > 15 GeV, |η| <
2.5, and |ηdet | < 2.5. A cut is placed on the N Nbtag with an efficiency of around 65% for b
quark jets and a 5% fake rate for light quark and gluon jets. Additional rejection of multi-jet
and top pair production backgrounds is achieved using a multivariate discriminant, DM J , and
a neural network, Dtt̄ , respectively, both making use of kinematic variables. The distribution
of a likelihood discriminant, Df (Fig. 3), is used as input to the statistical analysis. This is
constructed from the various multivariate discriminants, DM J , Dtt , and N Nbtag . Dominant
backgrounds arise from multi-jet production, top pair production, and Z → τ τ produced with
heavy flavor jets.
For the bh → bbb̄ channel, dedicated triggers are designed to select events with at least three
D∅, L = 7.3 fb-1
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Figure 3: (left) Input distributions for the bh → bτ τ channels. The final likelihood discriminant distribution
summed over all tau types is shown for a Higgs mass of 110 GeV. (center) The dijet invariant mass distribution
for the dominant bh → bbb̄ 3-jet channel is shown. (right) The final discriminant output distributions for an
MSSM Higgs boson mass of 120 GeV/c2 .

jets for this analysis. These are approximately 60% efficient for signal with mA = 150 GeV
when measured with respect to events with 3 or 4 reconstructed jets. At least three jets within
the fiducial region (pT > 20 GeV, η < 2.5) are required to pass tight NN b-tagging cuts. The
per b jet tagging efficiency is around 50% with a light-jet fake rate at the level of 0.5–1.5%.
Additionally, the two leading jets must have pT > 25 GeV. Signal sensitivity is further enhanced
by breaking the sample into two channels containing exactly 3 or 4 fiducial jets in the final
state. A likelihood technique using a set of kinematic variables is employed to further enhance
the selection of signal over background. Heavy flavor multi-jet backgrounds dominate and are

estimated using a data-driven method. The binned invariant mass (Fig. 3) distribution of the
jet pairing in each event with the highest likelihood value is used in the statistical analysis.
3.2

CDF Analysis

The search is for resonance decays into bb̄ 10 in events containing at least three b jet candidates
identified by displaced vertices. As the jets resulting from the resonance decay are usually the
most energetic jets in the event, the invariant mass of the two leading jets in ET , denoted m12
(Fig. 4), is studied. A signal would appear as an enhancement in the m12 spectrum (Fig. 4). The
background is predominantly QCD multijet production containing multiple bottom or charm
quarks. Events with single pairs of heavy flavor also enter the sample when a third jet from
a light quark or gluon is mistakenly tagged. No precise a priori knowledge of the background
composition and kinematics is available, and there is no plan to rely upon a Monte Carlo
generator to reproduce it well. Instead, a technique is developed to model the m12 spectrum
2
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Figure 4: Fit of the triple-tagged data sample using only the QCD background templates, in the m12 (Left) and
xtags projections (Right).

for the background in the triple-tagged sample in a data-driven manner, starting from doubletagged events. To enhance the separation between the flavor dependent background components
and the possible resonance signal, a second quantity xtags is introduced, constructed from the
invariant masses of the charged particle tracks forming the displaced vertices, which is sensitive
to the flavor composition: three bottom quark jets vs. two bottom quarks and one charm quark,
etc. The kinematic information in m12 is then complemented by flavor information in xtags .
4

Results

Analyses for the D0 and CDF experiments were discussed which searched for a fermiophobic
Higgs boson in the diphoton final state using the full Tevatron dataset. No obvious evidence
of a signal is observed and lower limits from D0 and CDF were set on the fermiophobic Higgs
boson mass of 111.4 (114) GeV/c2 at 95% C.L., respectively as shown in Fig. 5. Using up
to 8.2 fb−1 of data, a Tevatron combination excludes the fermiphobic Higgs boson with masses
below 119 GeV/c2 as shown in Fig. 5. Moreover, D0 and CDF have searched for an MSSM Higgs
and the current results exclude a substantial region of the MSSM parameter space, especially
for MA < 180 GeV/c2 and tanβ > 20–30 as shown in Fig. 6. A deviation greater than 2σ
is observed by D0 and CDF around 120 GeV/c2 and 150 GeV/c2 , respectively. However, the
statistical significance of this discrepancy is reduced to 2σ or less after the trial factor.
5

Conclusion

Analyses for the D0 and CDF experiments were discussed which searched of evidence for the
BEH boson in BSM scenarios, particularly in supersymmetric models and fermiophobic scenarios
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Figure 5: Observed and expected 95% C.L. upper limits on fermiophobic B(Hf → γγ) as a function of the
fermiophobic Higgs boson mass for CDF (Left) and D0 (Center). (Right) Tevatron combination (Summer 2011).

Figure 6: (Left) Limits on σ × BR on MSSM Higgs in the b final states. Constraints in the (tan β, MA ) plane for
different MSSM scenarios of CDF result (Center) and a combination of the D0 results discussed above (Right).

using the full Tevatron dataset. No evidence of a signal is observed and hence limits were set.
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STRONG ELECTROWEAK SYMMETRY BREAKING
ANNA KAMIŃSKA
Institute of Theoretical Physics, Faculty of Physics,
University of Warsaw, Hoża 69, 00-681, Warsaw, Poland
While the LHC takes on the challenge of experimentally exploring the electroweak symmetry
breaking sector, it is not only interesting but also crucial to explore alternatives to the Standard
Model scenario with an elementary scalar Higgs boson. The idea of electroweak symmetry
breaking by some new strong dynamics is discussed. A simple, general and self-consistent
low energy effective description of Higgsless models is introduced. This effective theory is
studied from the point of view of prolonging perturbative unitarity of W W scattering by spin-1
resonances originating from the strongly interacting sector. The LHC phenomenology and the
discovery potential for these spin-1 resonances is also discussed. The role of spin-1 resonances
is then considered on the grounds of composite Higgs models. A general prescription for the
explicit inclusion of such resonances in the effective Lagrangian description of these models is
presented.

1

Introduction

The only missing and so far undiscovered element of the Standard Model is the mechanism
of spontaneous SU (2)L × UY symmetry breaking, known also as the Higgs mechanism. Even
though we do not know what is the new sector which realizes electroweak symmetry breaking,
we can learn something about it by pointing out minimal ingredients which it should provide
1. three Goldstone bosons to become longitudinal degrees of freedom of W and Z; such
Goldstone bosons should originate from spontaneous breaking of some global symmetry
and should have appropriate quantum numbers; the Brout-Englert-Higgs mechanism is
then used to trade these unphysical massless bosons for longitudinal polarizations of gauge
bosons, which become massive,
2. most probably - the custodial SU (2)C symmetry which would protect the value of the ρ
parameter,
3. new degrees of freedom prolonging perturbative unitarity of W W scattering amplitudes;
without any new degrees of freedom contributing to scattering amplitudes of longitudinally
polarized W and Z bosons, perturbative unitarity condition for these amplitudes becomes
violated at the energy scale of ∼ 1.5 T eV .
The minimal sector based on scalar fields which provides these ingredients is the SM Higgs
sector. Here we will explore a class of non-standard electroweak symmetry breaking models,
where the symmetry becomes broken by some new strong dynamics. The main motivation for
this idea is that symmetry breaking by strong interactions is observed in Nature (for example in
QCD), while no elementary scalar boson has been observed so far. If the electroweak symmetry

is broken by strong dynamics, a totally new strongly interacting sector is needed. What is
however crucially important from the point of view of experimentally exploring the new strongly
interacting sector, is whether we can provide an effective perturbative description of its effects at
low energies. As one might expect, the key to solving this problem can be found in our experience
with QCD. Chiral perturbation theory offers a systematic effective framework for investigating
strong interaction processes at low energies. The effective Lagrangian is based on derivative
expansion and describes in a perturbative regime interactions of composite states connected
with some symmetry breaking pattern by treating them as fundamental degrees of freedom. In
fact the same global symmetry breaking pattern SU (2)L ×SU (2)R → SU (2)V which generates
QCD pions as pseudo-Goldstone bosons could produce in our new strongly interacting sector
exactly the desired amount of Goldstone bosons required for WL± and ZL (which would have
a composite nature). With the global SU (2)V left unbroken this general effective description
of the new strongly interacting sector provides already two out of three minimal ingredients
outlined in this section. At last we can expect that the scattering amplitudes of longitudinally
polarized W and Z bosons at energies m2W  s  Λ2strong will be unitarized by effects of the
new strongly interacting sector which can be described effectively in terms of weakly interacting
resonances.
Again from the point of view of exploring the strongly interacting electroweak symmetry
breaking sector experimentally, the most important are the lightest, lowest-lying resonances
which give a dominating contribution to scattering amplitudes of longitudinal W and Z bosons.
There are two most ’natural’ candidates for the lowest-lying resonance
1. spin-1 resonances; they are motivated by QCD, where the scattering amplitudes of pions
are saturated by the ρ meson triplet (the scalar σ resonance plays a negligible role). Vector
meson dominance in WL WL scattering amplitudes is predicted by a large group of specific
models incorporating strong electroweak symmetry breaking. These models are described
often as Higgsless models. Two large and most known families of Higgsless models are
related to technicolor and deconstruction of extra dimensions. Though Higgsless models
are often challenged by electroweak precision data, they provide many interesting scenarios
of strong electroweak symmetry breaking.
2. composite scalar; in order to make the composite Higgs of the new strongly interacting
sector naturally lighter than the scale of strong dynamics, it is often introduced as a
pseudo-Goldstone boson of an enlarged global symmetry group. Composite Higgs models
are more naturally in consistence with electroweak precision data than Higgsless models
and they do not suffer under the hierarchy problem of the Standard Model.
It is useful to note that whatever the nature of the lowest-lying resonance really is, this resonance
does not fully unitarize the WL WL scattering amplitudes. Even if the lightest physical degree of
freedom originating from the strong sector is the composite scalar, one would expect to observe
spin-1 resonances at some higher energies. Hence the existence of spin-1 resonances seems to be
one of the most distinctive features of strong electroweak symmetry breaking models from the
point of view of their low-energy phenomenology.
2

Higgsless models

In this section 1 we provide a simple, general and self-consistent effective low energy framework
to study Higgsless models, which provide a perfect laboratory for studying the physics of spin-1
resonances. In the effective description we explicitly introduce the lowest-lying spin-1 resonances
into the effective Lagrangian, which is built under the following minimal assumptions

• vector meson dominance, which means that all the couplings of the effective Lagrangian
will be saturated by effects of the lightest spin-1 resonances
• approximate global SU (2)C .
We use the ’hidden gauge’ formalism 2 , which has proven to describe the properties of ρ mesons
in QCD very well. The entire construction is based on the
G = SU (2)L × SU (2)R → H = SU (2)h

(1)

symmetry breaking pattern which produces the minimal required number of Goldstone bosons
and leaves a global SU (2) custodial symmetry unbroken. The idea of the ’hidden gauge’ formalism is that we can factorize the matrix U known from chiral perturbation theory in terms
of two special unitary matrices ξL and ξR as follows
†
†
U = ξL U0 ξR
, U0 = hU i = 12×2 , U → gL U gR
, gL, R ∈ SU (2)L, R

(2)

where U0 has been introduced as the SU (2)L × SU (2)R → SU (2)h breaking VEV. The new ξL, R
fields transform as
ξL, R → gL, R ξL, R h† ,
h ∈ SU (2)h
(3)
under the global symmetry. Spin-1 resonances are introduced these fields into the effective
Lagrangian by gauging SU (2)h and identifying ρµ as gauge bosons of the ’hidden’ local symmetry.
Couplings of the SM fields to the spin-1 resonances are introduced by covariant derivatives of
the ξL, R fields
gρ
g
Dµ ξL = ∂µ ξL − i Wµa σ a ξL + i ξL ρaµ σ a
2
2
0
gρ
g
Dµ ξR = ∂µ ξR − i Bµ σ 3 ξR + i ξR ρaµ σ a .
2
2

(4)

where gρ is the ’hidden gauge’ coupling. Building blocks of the effective Lagrangian are objects
with definite parity, transforming in the adjoint representation of SU (2)h
†
Dµ ξR .
Vµ± = ξL† Dµ ξL ± ξR

(5)

Then the most general parity preserving Lagrangian built out of ξL, R at the leading order in
derivative expansion takes the form
L(2) = −

v2  + +
Tr αVµ Vµ + Vµ− Vµ− .
4

(6)

The Lagrangian has two free parameters gρ and α. Classical technicolor copying the structures of
QCD corresponds to α ≈ 2 while the three-site model of dimensional deconstruction corresponds
to α = 1. A careful derivation of physical degrees of freedom of the effective Lagrangian 6 shows
that, assuming the hierarchy g, g 0  gρ , the original SM W ± fields correspond in the first
approximation to the lightest mass eigenstates of the effective Lagrangian, while the ’hidden
gauge’ ρ± field corresponds at the leading order in g/gρ expansion to the heavy resonance
with mass m2ρ ≈ αgρ2 v 2 . Also the original π ± and G± Goldstone fields correspond in the first
approximation to Goldstone eigenstates which are defined as fields which become traded for the
longitudinal degrees of freedom of massive gauge boson eigenstates. The coupling of two pions
(related to longitudinal W and Z bosons) to the ρ resonance, which is relevant for deriving
W W scattering amplitudes using the Goldstone equivalence theorem, is given by gρππ = α2 gρ .
Knowing the couplings of pions with spin-1 resonances we analyze perturbative unitarity in
elastic ππ scattering, inelastic ππ scattering (including the ππ → ρρ channel) and πρ scattering.

The maximal possible cutoff resulting form the sum of all considered perturbative unitarity
conditions as a function of mρ is shown in Fig. 1. One can see that the unitarity constraint
from the ππ → ρρ channel dominates for low values of mρ ∼ 12 T eV , placing the cutoff almost
immediately above 2mρ . For intermediate values of mρ ∼ 2.5 T eV the most stringent constraint
comes from the πρ → πρ channel, bringing the cutoff below 2mρ . For large values of mρ ∼ 3 T eV
the πρ → πρ channel constraint becomes weaker while the elastic ππ → ππ channel determines
the cutoff (which is below 2mρ , so the ππ → ρρ channel does not constrain it due to kinematical
reasons). At mρ ∼ 3.2 T eV the maximal cutoff drops rapidly because of the perturbativity
constraint that we impose on resonance couplings. We can conclude that if a spin-1 resonance
plays a dominant role in unitarizing WL WL scattering amplitudes, it should be observed at
energies below (or maximally of the order of) 3 T eV . We can also see that, counter-intuitively,
a heavy ρ meson of mass ∼ (2.5 − 3) T eV is more efficient in prolonging perturbative unitarity
than a light resonance of mass ∼ 2 T eV .
In order to say something about the LHC phenomenology we need to define the couplings
of spin-1 resonances with matter fields. In the following we assume that the SM quarks and
leptons are fundamental - they couple to the heavy resonances only via mixing of the latter with
the SM gauge bosons. This mixing arises due to non-diagonal entries in the gauge boson mass
matrix implied by the effective Lagrangian. At the leading order in 1/gρ the mass eigenstates
are reached by the rotation of the SM gauge bosons
g ±
ρ ,
2gρ µ
g 2 − g 02
p
ρ0µ ,
→ Zµ −
2
02
2gρ g + g
e 0
ρ ,
→ Aµ −
2gρ µ

Wµ± → Wµ± −
Zµ
Aµ

(7)

and the corresponding rotation of ρ. Under such assumptions the main discovery channel at the
Tevatron and LHC is the search for resonant production of W + W − and W ± Z pairs
Γ(ρ0 → W + W − ) ≈ Γ(ρ± → ZW ± ) ≈

2
mρ gρππ
= m5ρ 192πgρ2 v 4 .
48π

(8)

At the LHC the resonances are produced mainly via the following processes:
• Drell-Yan (q q̄ → ρ)
• Vector boson fusion (VBF) (V V → ρ)
• ρ−strahlung (V → ρV ).
The production cross section depends on mρ via the parton distribution functions. Furthermore,
since the coupling of the resonances to the SM is suppressed by 1/gρ for a fixed mρ the cross
section for all the above processes scale as 1/gρ2 . In Fig. 3 and Fig. 4 we plotted the cross
√
√
sections for the 3 channels mentioned above at the LHC with s = 7 TeV and s = 14 TeV.
The Drell-Yan process dominates in most of the parameter space. The VBF is suppressed by
the 3-body final state phase space, however it becomes important for very heavy resonances,
mρ & 2 TeV. This is due to the fact that this process, unlike the two others, can be initiated by
a quark-quark collision, and the quark-quark luminosity at the LHC decreases less rapidly than
the quark-antiquark one. In Fig. 2 we show the contours of the inclusive ρ production cross
√
section at the LHC with s = 7 T eV in the parameter space of gρ and gρππ . The cross sections
were computed at tree level using the MSTW 2008 PDFs 3 . The yellow shape in the background
of the plot shows the region of the parameter space allowed by perturbative unitarity. The purple

shape shows the region of parameter space already excluded by the CMS search for WZ resonant
production 4 . One can deduce from this plot that if the resonances are heavy (mρ & 2 T eV ) and
strongly coupled they might escape any direct detection at the LHC.
3

Composite Higgs models

Let us now say a few words about composite Higgs models, where the composite scalar is
naturally lighter than other resonances because it emerges as a pseudo Nambu-Goldstone (pNG)
boson of an enlarged global symmetry of the strong dynamics. The existence of a light scalar
state similar to the SM Higgs seems to be the easiest and most natural solution consistent with
electroweak precision data. The minimal composite Higgs model 5 in which only one physical
composite scalar remains in the spectrum is given by the following global symmetry breaking
pattern
G = SO(5) → H = SO(4).
(9)
As the composite Higgs does not fully unitarize the W W scattering amplitudes, the existence of
other resonances with different spins is expected. The effects of these resonances might provide
the only experimentally accessible way of testing the nature of the Higgs if its interactions are
similar to the ones predicted by the Standard Model. In order to study the effects of these
heavier resonances it is best to include them explicitly in the effective Lagrangian, be done for
example by generalizing the ’hidden gauge’ formalism to non-standard global symmetry breaking
patterns 6 .
4

Conclusions

We have studied the physics of spin-1 resonances connected with strong EW symmetry breaking
in a simple, general effective framework built using tools known from QCD (CHPT, ’hidden
gauge’). Considering perturbative unitarity in this simple, general setup with spin-1 resonances
constrains the allowed resonance mass and its couplings. A crucial role is played by inelastic
scattering effects - as it turns out, a heavy ρ meson (2.5-3) TeV is more efficient in prolonging
perturbative unitarity than a light resonance (∼2 TeV). If the resonances are heavy (mρ ≥ 2T eV )
and strongly coupled they might escape any direct detection at the LHC. It is interesting to use
such effective frameworks to study strong electroweak symmetry breaking with a light composite
scalar resonance.
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1

Introduction: What is Standard?

This talk focuses on non-standard scenarios of electroweak symmetry breaking (EWSB). In this
talk, Standard means that EWSB is triggered by a sector of elementary scalars. This includes
the Standard Model (SM) and extended Higgs sectors such as in Supersymmetry ? .
Non-standard means anything else. Whether EWSB is triggered by a new sector of composite
scalars, or no scalars at all, that is the meaning of non-standard in this talk. Non-standard
EWSB is realized in Extra-dimensions ? , Little Higgs ? , and Technicolor ? . In those cases, the
Higgs is either absent or composite ? .
2

Composite Higgs

There is nowadays an increasing suspicion that there may be a light scalar particle at around 125
GeV in mass ? b . A light scalar needs a stabilization mechanism, or we really do not understand
the formulation of scalar theories in quantum field theory. This is the hierarchy problem: why
would the scalar stick around the electroweak scale, when any threshold correction from UV
physics pushes its mass to UV values?
The usual answer is symmetries, symmetries, symmetries!
If one opts for for fermionic symmetries, the name of the game is Supersymmetry. The
Higgs is protected from UV contributions, hence its mass stabilized, by embedding the Higgs
in a superfiled along with fermions. The Higgs inherits the protection of chiral symmetry, if
Supersymmetry is unbroken. Supersymmetry is obviously broken, and that makes the nice, cute
story a whole mess, but Nature is sometimes funny.
If one opts for bosonic symmetries, the names we have in mind are Nambu and Goldstone.
Light scalar degrees of freedom may be just the manifestation of the spontaneous breaking
of some approximate global symmetry. Pseudo-Goldstone bosons stick around as their mass
is purely linked to IR effects, hence stable under radiative corrections. In the limit when all
explicit sources of symmetry breaking are off, the scalar is massless.
a
b

On leave of absence from Department of Physics and Astronomy, York University, Toronto, Canada.
Ok, I was supposed to start writing these proceedings two weeks ago, so bear with the ’strong suspicion’.

Both Supersymmetry and Pseudo-Goldstone Higgs have their beauty and their problems.
And none, if there, manifests itself in a simple/minimal fashion. Those scenarios need gymnastics, model-building, tuning. . . creativity, in a word, to pass the stringent electroweak precision
tests (and the always tightening collider bounds).
Supersymmetry has been by far the most popular option to stabilize the electroweak scale,
and for many years dominated the spectrum of Beyond the Standard Model. And for a good
reason: Supersymmetry is elegant, perturbative and, most importantly, easily tuneable to look
like the Standard Model as the experimental results push the supersymmetric phenomena to
higher and higher scales.
But now that the experimental bounds are really getting the community nervous, there is
an increasing attention to the view of the Higgs as a pseudo-Goldstone boson. In this case, the
Higgs would be the equivalent of the pions and kaon sector in QCD, a composite of some IR
confining theory, whose mass is much below the masses of other composite states because it is
protected by an approximate shift symmetry.

2.1

Realizations of Composite Higgs

Composite Higgs can be realized in Little Higgs, Extra-dimensions and Technicolor.
In Little Higgs, the Higgs is a pseudo-Goldstone of a new global symmetry. Well, actually,
in Little Higgs we are talking about a new sector of global symmetries, which breaks down and
are also partially gauged.
In Extra-dimensions, the Higgs may be the extra-dimensional component of a gauge field in
more than four dimensions. After compactification of the extra dimensions down to four, the
compactification procedure may respect a subset of the original higher-dimensional gauge symmetries. This subset may include a shift symmetry, parallel to the Goldstone boson protection
mechanism. In the AdS/CFT interpretation of extra-dimensions as dual to composite sectors,
the compactification in extra-dimensions which leads to a remaining shift symmetry is dual to
the Nambu-Goldstone mechanism. The Higgs is then a holographic pseudo-Goldstone boson.
In Technicolor, there is no need for a scalar degree of freedom to break the electroweak
symmetry. EWSB is driven by some new gauge sector. This sector becomes strong and triggers
the breaking of symmetries, global and partially gauged, including the electroweak symmetry
of the SM. Our known and beloved W and Z are themselves composites of, for example, the
techni-fermions charged under the new gauge symmetry. In this picture, W and Z eat would-be
Goldstone bosons.
Although there is no need for a Higgs-like particle, technicolor dynamics can accommodate
it. The pion sector may be quite complex, with some pions would-be goldstones, and some
pseudo-goldstones which remain in the spectrum.

2.2

Symmetries for a light Higgs

There are many examples of 4D symmetry breaking patterns resulting in three would-be goldstones and some light scalars. The literature on this is very long, but this long list is cut to few
breaking patterns when one ask for one and only one light scalar.
Extra-dimensional gauge theories provide another UV completion of the Goldstone symmetry. In that case, it’s a relic shift symmetry from compactifying a gauge symmetry. After
compactification, a higher dimensional gauge theory could break down to a 4D gauge theory or
some relic shift symmetry, restricting the properties of the extra-dimensional component of the
gauge field.

2.3

Generic Features of Composite Higgs

What is the composite Higgs supposed to do? A must is the W W scattering unitarization. The
composite Higgs does part of the job of unitarizing, and the rest is done by heavy resonances.
So, if the Higgs is composite, one could try to measure the degree of non-unitarization in
WW scattering with the Higgs exchange only. But accessing to the unitarization process (i.e.
measuring precisely the vector boson fusion channel) is an herculean task, quite late in the LHC
program. But one can take a detour: in composite Higgs one also expects some deviation of
the Higgs couplings to fermions and vector bosons respect to the SM. So, instead of measuring
the VBF channel, one could analyze the production and decay of Higgs to γγ, ZZ, W W , bb̄
aand τ + τ − and discover that those couplings do not correspond to the SM expectation. Those
deviations, and also deviation in VBF, are proportional to (v/f )2 , where f is the scale of
strong interactions. As in SUSY, one can always decouple these effects to the price of a larger
fine-tuning, and deform the theory to look too alike to the SM. Even f 500 GeV is a tough
measurement ? .
In summary, composite Higgs’ generic features are (may be) too SM-like.
2.4

Common features

If f is about or larger than 500 GeV, one has a better shot at trying to find the resonances
themselves. Usually the mass of the resonances, bound states of new strong interactions of
confinement scale f is given by
mρ = gρ f

(1)

where gρ is a dimensionless coupling which encodes how narrow/broad the resonance is. Unless
those resonances are very broad (gρ  1), the resonances shouldn’t be far away, and one can
expect to produce them directly. Let us use their spin to classify the new particles:
1. New Fermions: The way we call these new fermions depend on the model. For example,
in Little Higgs, we would name it T , the top partner, and their role is to cancel quadratic
contributions to the Higgs mass. In extra-dimensions, the same guy would be called, tKK ,
the Kaluza-Klein excitation of the top. In the extra-dimensional case we expect many, not
just one, top partners. But since the first KK resonance is expected to be heavy, searching
for the next resonance is quite a challenge. What about new strong interactions? If the
top is (partly) composite, i.e. either it is a bound state, or an elementary fermion with
some mixing with a bound state, we expect heavy technibaryons with the same quantum
numbers.
In all these cases, the new fermion couples/mixes with SM fermions, hence it can decay
to them. In that sense, the searches for new fermions are no different (at the most basic
level) than searches for fourth generation fermions ? , and their interpretation would only
be clarified if other resonances, and modified Higgs couplings were measured.
2. New Vectors: Again, the names and interpretation depend on the scenario (for example,
W 0 , WKK and ρT C ) but the phenomenology is very similar. Those resonances can be
produced s-channel via their couplings to light fermions or, if those couplings are very
suppressed, they can be produced in vector boson fusion.
The searches for spin-one resonances in these scenarios are no different that Z 0 and W 0
searches, so their discovery (alone) would be hard to disentangle from a new gauge symmetry, broken at the TeV scale.

3. Massive spin-two resonances: Now, this is an interesting, difficult to mimic scenario.
One usually thinks about this creature as a KK graviton, but one should also keep in mind
that any strongly coupled sector would produce a zillion of resonances, and among those
spin-two. QCD has quite some of them, for example, the f2 . In this talk we will discuss the
phenomenology of those two types of spin-two resonances and ways to distinguish them.
I can anticipate that this task will be harder that one would imagine.
3

No Higgs

Well, to tell you the truth, I was finishing this proceedings as the Higgs discovery was announced c , and I cannot force myself to write a section about no-Higgs now. If I had the
strength, I would tell you about distinguishing different scenarios using leptons at the LHC ? .
What can I say? Cool idea, not realized in Nature. Let us move on.
4

How to unmask a graviton impostor

In composite/extra-dimensional theories, spin-two resonances may be lying around at low scales.
Can we distinguish them? or, in other words, how do we discover them?
One would naively say that if this guy comes from extra-dimensions, then it is very easy to
spot. KK-gravitons inherit their couplings from the massless graviton,
1
Gµν T µν
Λ

(2)

where G is the graviton excitation (a 4D field) and T µν is the ordinary stress-tensor. But there
is something peculiar about this coupling. It is not the way I just wrote it, because it actually
looks as
ci
Gµν Tiµν
Λ

(3)

where i is a label for species, namely the graviton could couple to different fields with a different
coefficient. So, yes, the coupling is still to the structure contained in the stress tensor, but the
graviton does not have to couple to the SM fields universally. The origin of the ci is localization
in the extra-dimension. SM fields can be localized on a brane, or move in the extra-dimensions
with different wavefunctions, and there is a lot of freedom on what they can do and how they
end up overlapping with the graviton wavefunction. The ci ’s are then very model dependent.
But then a spin-two resonance from some unknown strongly coupled sector, let us call it the
impostor G̃, would couple in a more generic way, right? The answer is no. The reason, guess
what? symmetries, symmetries, symmetries! The only thing we know how to do well.
At quadratic level in fields, the Lagrangian of any rank-2 tensor is the Pauli-Fierz. So they
do propagate in the same way. And at the level of interactions, after imposing Lorentz and CP
invariance, one can show ? that all the interactions between the impostor and the SM look like
c̃i
G̃µν Tiµν
Λ

(4)

Does it sound familiar? The impostor couples to the same structures as the graviton. The
interpretation of c̃ is different, though. The resonance would couple to SM fields which talk to
the strong sector. The top, the massive W and Z are clear candidates. But the photon, or gluon
could also couple with the same mechanism and the ρ − γ mixing of QCD.
c

An event which caused to many of us both incredible excitement and getting a new PHD (PHD=Post-Higgs
Depression).

Now, if you are tuned to holographic models, this comes as no surprise. At the end of the
day, one could imagine that, for every sector of strong dynamics, there is some extra-dimensional
dual, no matter how complicated its geometry. This duality can be exploited ad infinitum, see
for example Refs. ?,? for some fun I had with it.
Then, if you are a holographic lover, you are going to be surprised: the duality does not hold
here. The photon and the gluon are massless, manifestation of the conservation of U (1)EM and
SU (3)C above the confinement scale. Those are currents which have to be coupled in the extradimensional model in a consistent way. If photons and gluons propagate in the extra-dimension,
then one can define a ratio of partial decay widths
R=

Γ(→ gg)
Γ(→ γγ)

(5)

which in extra-dimensions is fixed to 8, whereas in a composite sector it can be anything. Technifermions could be charged under color and/or EM, and the spin-two bound state could decay
to photons and not to gluons, for example. In the paper we discuss how difficult is to measure
this ratio, but it is an explicit example of the breakdown of the correspondence.
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Measurement of the W boson mass with 4.3 fb−1 of D0 Run II data
Hengne Li
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Institut National Polytechnique de Grenoble, Grenoble, France.

A measurement of the W boson mass using 4.3 fb−1 of integrated luminosity collected with
the D0 detector during Run II of the Fermilab Tevatron collider is presented. Based on
a sample of 1.68 × 106 W → eν candidate events, the W boson mass is measured to be
MW = 80.367 ± 0.026 GeV. Combining this result with an earlier D0 result determined
using an independent Run II data sample of 1 fb−1 of integrated luminosity, yields MW =
80.375 ± 0.023 GeV.

1

Introduction

The standard model (SM) of particle physics predicts the existence of a hypothetical scalar particle, the Higgs boson, as a result of the spontaneous electroweak symmetry breaking mechanism
that explains the masses of the vector bosons (W and Z). Direct searches ? of the SM Higgs
boson have limited its possible mass ranges to be 115–127 GeV or above 600 GeV at 95% C.L..
Also predicted by the SM, is a relationship between the W boson mass (MW ) and the Higgs
boson mass (MH ), together with other electroweak parameters such as the top quark mass (Mt ).
Precise knowledge of the value of MW (and other parameters), therefore, can be used to predict
the possible mass range of the hypothetical Higgs boson.
A combination ? of previous measurements of MW before winter 2012 yielded a world average
value of MW = 80.399 ± 0.023 GeV. This result together with the current Mt measurement ?
(and measurements of other electroweak parameters) predicts ? a mass range of the Higgs boson
of MH = 92+34
−26 GeV, with an upper limit of 161 GeV at 95% C.L.. The predicted MH range
overlaps with the ranges allowed by direct searches. However, the predicted range is large, and
the experimental precision on the MW is so far the limiting factor in this prediction. Therefore,
improving the precision of the MW measurements to narrow the predicted MH range, and
comparing the prediction with direct searches to further test the SM, are of great interest.

This article presents a measurement ? of MW using data corresponding to a total integrated
luminosity of 4.3 fb−1 collected from 2006 to 2009 with the D0 detector ? at the Fermilab
Tevatron pp̄ collider. This measurement uses W → eν events, with electrons in the central
calorimeter (CC, with |η| < 1.05, where η is pseudorapidity). The liquid-argon calorimeter
of the D0 detector provides stable and accurate electron energy measurements. The energy
resolution for an electron in CC at 45 GeV is 4.2% on average a .
The data set used in this analysis has been recorded with increased instantaneous luminosity
(almost 3 times higher than in a previous D0 analysis ? ). Higher instantaneous luminosity
increases the number of additional pp̄ interactions (pile-up) that contaminate the detector. They
bias the electron energy response and complicate the modeling of the electron reconstruction
efficiency. Therefore, new developments of the analysis techniques are necessary.
2

Analysis strategy, event reconstruction

We reconstruct two vector variables in the plane transverse to the beam direction from a W → eν
event, namely, the electron transverse momentum (~
pTe ) and the transverse momentum of the
hadronic recoil (~uT ) that balances the transverse momentum of the W boson.
The electron energy is reconstructed as a sum of the energies of calorimeter cells inside the
electron reconstruction cone, while the direction of the electron is given by the track in the inner
detector that matches spatially to the calorimeter cluster. The electron energy measurements
are corrected for the energy loss due to uninstrumented material in front of the calorimeter. The
correction is derived using detailed first-principle simulation. The material budget is determined
from a fit to the longitudinal energy profile in the electromagnetic (EM) calorimeter. The gains
of the readout cells of the EM calorimeter are calibrated using Z → ee events taking the world
average Z boson mass ? (MZ ) as reference.
The ~uT is reconstructed by a vectorial sum of the transverse energies of all the calorimeter
cells outside the electron reconstruction cone. The longitudinal component of the hadronic recoil
cannot be determined due to the limited pseudorapidity coverage (|η| < 4.2) of the calorimeter.
Therefore, the neutrino longitudinal momentum, which is required to reconstruct the invariant
mass of the W boson, cannot be determined.
From p~Te and ~uT , we can calculate three
q transverse observables for MW extraction: the
~/ )2 ), the electron transverse
/ )2 − (~
p e +E
transverse mass of the W boson (mT = (pe +E
T

T

T

T

momentum (peT = |~
pTe |), and the missing transverse energy (/
E T = | − p~Te − ~uT |) due to the
neutrino transverse momentum.
A fast Monte-Carlo (MC) model is developed to generate a series of templates for the above
three observables based on different MW hypotheses. The MW is determined, specially for each
observables, using a binned likelihood fit of the predicted templates to the data.
For the W → eν event selection, we require an electron in CC with peT > 25 GeV. The event
is required to satisfy E
/ T > 25 GeV, uT < 15 GeV, and 50 < mT < 200 GeV. The requirement
on uT is made to constrain the transverse boost of the W boson, since the transverse boost
of the W boson degrades the sharpness of the Jacobian edge in the peT distribution. However,
this treatment also translates certain uncertainties from the hadronic recoil modeling to the peT .
There are 1 677 394 candidate W → eν events after selection.
The Z → ee events are the control sample for tuning the fast MC, such as the electron
energy scale and the hadronic recoil model. The Z → ee events are selected by requiring two
electrons both with peT > 25 GeV. Events are also required to have uT < 15 GeV to constrain
the transverse boost of the Z boson, and 70 < mee < 110 GeV, where mee is the invariant mass
a

The electron energy resolution depends on the incident angle (or η) which characterizes the material budget
in front of the calorimeter.

of the electron pair. There are 54 512 Z → ee candidate events with both electrons in CC, which
are used for most of the model tuning. Events allowing one electron in the end calorimeter (EC,
with 1.5 < |η| < 2.5) are only used for measurements of the electron reconstruction efficiency.
3

Fast Monte-Carlo model

The fast Monte-Carlo (MC) model for template generation has to simulate W and Z boson
production and decay, the electron energy response, the hadronic recoil, the underlying events
contamination, the electron reconstruction efficiency, and the background.
3.1

Boson production and decay

The boson production and decay are simulated using RESBOS ? event generator combined with
PHOTOS ? . RESBOS is a next-to-leading order event generator including next-to-next-to-leading
order logarithm resummation of soft gluons. PHOTOS generates up to two final state radiation
(FSR) photons. Parton distribution functions are described using CTEQ6.6 ? . The boson
transverse momentum prediction in RESBOS is dominantly determined by the nonperturbative
parameter ? g2 . The g2 value ? 0.68 ± 0.02 GeV2 is used.
3.2

Electron energy response

The electron energy response is modeled by firstly modeling the energy responses that are not
a linear function of the electron true energy. Then, we assume the rest of the energy response
is a linear function of the electron true energy, fit to the Z → ee data sample to determine the
scale.
The energy loss correction, as one of the non-linear energy responses, is applied to the data.
There are also certain non-linear energy responses due to the high instantaneous luminosity to
be modeled in the fast MC.
One of them is the reduction of EM calorimeter gain due to a high voltage (HV) drop
caused by a large instantaneous pile-up energy deposition. A large current that flows through
the resistive coat of the HV pads of calorimeter cells creates a reduction of the HV. The HV
supplies are connected at both ends of the CC modules (at |η| = 1.2). Therefore, HV drop
is larger for cells at small |η| than for cells at large |η|. This gain loss is modeled as function
of instantaneous luminosity and detector η in the fast MC. The EM calorimeter calibration
at the cell level applied to the data is done in the absence of the knowledge of the HV drop.
Certain imperfections in such a calibration are expected. Thus, an addition model of the residual
miscalibration as a function of detector η is introduced in the fast MC.
Another non-linear energy response is understood as an effect of the electron reconstruction
cone. The electron energy is reconstructed as a sum of energies deposited in a cone consisting of
13 calorimeter towers. Not only the electron deposits its energy into this cone, but also some of
the hadronic recoil, pile-up, and spectator parton interactions. The energy deposition from the
latter sources does not come from the true electron but is reconstructed as part of the electron
energy in the data. This additional energy contribution is modeled in the fast MC as a function
of instantaneous luminosity, η, u|| (the ~uT projection to the electron direction), and SET (the
scalar sum of the transverse energy deposited all over the calorimeter with cells in the electron
reconstruction cone excluded).
After modeling of the non-linear responses, the linear response is modeled as E = α ·
(Etrue − 43 GeV) + β + 43 GeV, where, α is the energy scale, β is the energy offset, and 43 GeV
is an arbitrary offset introduced technically to improve the stability of the fit for α and β.
The parameters α and β are determined by a template fit to the mee versus fZ distribution
of the Z → ee events, where fZ = (E1 + E2 ) · (1 − cos ω)/mee , E1 and E2 are energies of
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the two electrons, and ω is the opening angle between the two electrons. The α and β are
determined separately for four instantaneous luminosity sub-samples, and are consistent with
each other, as shown in Figure ?? (c). After the electron energy scale tuning, a Z boson mass
fit returns MZ = 91.193 ± 0.017(stat) GeV, which is in good agreement with the world average
(MZ = 91.188 GeV). The MZ fit is shown in Figure ?? (a).
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Figure 1: (a) The dielectron invariant mass distribution in Z → ee data and from the fast MC, (b) the χ plot of (a),
and (c) the fitted scale and offset 1-sigma contours in bins of instantaneous luminosity (in units of 1032 cm−1 s−1 ).

3.3

Hadronic recoil

The hadronic recoil (~uT ) reconstructed from the data contains contributions from the hadrons
recoiling against the W boson, and additional components that are (mostly) independent of the
W boson boost. These additional components include spectator parton interactions, pile-up, a
small part of all the components above that enter the electron reconstruction cone, and the FSR
photons outside the electron reconstruction cone.
All these components are modeled separately in the fast MC, and a vectorial sum of them
gives the ~uT . Free parameters are reserved to tune the recoil model. The hadronic response
and resolution are tuned using the mean and width of the ηimb distributions, respectively, of
the Z → ee events in bins of pee
T , where ηimb denotes the projection of the sum of the dielectron
transverse momentum and ~uT vectors on the axis bisecting the dielectron directions in the
transverse plane ? .
3.4

Efficiency

The kinematic dependence of the electron reconstruction efficiency sculpts the distributions of
the observables used to measure the MW . The pile-up due to high instantaneous luminosity
and the hadronic recoil are the two major sources that contaminate the electron reconstruction
window and give inefficiency in the electron reconstruction. The effects of pile-up can indirectly
introduce kinematic dependence of the efficiency. For instance, under a given pile-up contamination, a high energy electron can be more easily identified than a low energy electron. The
hadronic recoil contamination depends on the amount of hadronic activity and also the relative
orientation of the hadronic recoil with respect to the electron.
The kinematic dependence of the efficiency is determined and modeled in the fast MC in
two steps. In the first step, we extract the efficiency dependence from a high statistics detailed
GEANT ? MC simulation (full MC) of the W → eν and Z → ee events generated using the
PYTHIA ? event generator, and model it in the fast MC. The full MC is overlaid at the cell level
with a dedicated pile-up collider data sample which is weighted according to the instantaneous
luminosity distribution (with random bunch crossings) of the data set used in this analysis.

This step simplifies the modeling of the complicated correlations among the various efficiency
dependencies with a data-based determination of the pile-up impacts. The second step is to
extract the dependence of the efficiency on the major variables (peT , u|| , SET , instantaneous
luminosity, etc.) from the data, and compare them with those from the full MC. Excellent
agreement is found between the full MC and collider data.
3.5

Backgrounds

Backgrounds in the W boson candidate sample modify the shapes of the distributions of the
three observables. The major backgrounds are Z → ee events where one of the electrons
escapes detection, multijet events where a jet is misidentified as an electron with E
/ T arising
from misreconstruction, and W → τ ν → eννν events. The fractions of the backgrounds in the
W boson candidate sample are 1.08% for Z → ee, 1.02% for multijet events, and 1.67% for
W → τ ν → eννν events. The impact of the uncertainties in the background model on the MW
measurement is found to be small.
4
4.1

Results and outlook
Systematic uncertainties

The systematic uncertainties of the MW measurements are listed in Table ??. They are divided
into two categories: from experimental sources and from boson production and decay modeling.
Among the experimental aspects, the uncertainties from electron energy calibration, electron
energy resolution model, and hadronic recoil model are driven by the limited statistics of the
Z → ee control sample. The shower modeling systematic uncertainties reflect the uncertainties
in the amount of uninstrumented material, and the energy loss systematic uncertainties arise
from the finite precision of the simulation of electron showers based on a detailed model of
the detector geometry. The systematic uncertainties of electron calibration, electron resolution,
electron reconstruction efficiency, hadronic recoil model and backgrounds are determined by
varying the corresponding parameters within the statistical uncertainties of their measurements.
The uncertainties due to boson production and decay modeling are dominantly due to the
PDFs. In principle, the transverse observables used in the MW measurement are insensitive to
the uncertainties of the (longitudinal) PDFs. However, our requirements on the lepton pseudorapidity (|η| < 1.05) is not invariant under longitudinal boosts. Changes in the PDFs can modify
the shapes of the transverse observables in the presence of the pseudorapidity requirements.
The PDF uncertainties are propagated to MW by generating ensembles of W boson events using PYTHIA with CTEQ6.1 ? . The QED uncertainties are estimated by comparing PHOTOS to
WGRAD ? and ZGRAD ? event generators, which provide a more complete treatment of electroweak
corrections at the one radiated photon level. The uncertainties from boson transverse momentum
modeling is determined by propagation of the uncertainty of the g2 parameter.
4.2

Results

The value of MW is extracted by fitting templates of the three observables (mT , peT , and E
/T )
generated by the fast MC to the distributions from the collider data. The fitting results are
shown in Table ??, together with optimized fit ranges, for the three observables. Figure ?? shows
the distributions of the three observables in data and the comparison with templates from fast
MC for the best fit MW . During the tuning of the fast MC to describe the collider data, an
unknown constant offset is added to the MW values returned from the fits, which is the same for
the three observables. This enables the tuning of the fast MC to be done without the knowledge
of the final results.

Table 1: Systematic uncertainties of the MW measurement.

∆MW (MeV)
mT peT E
/T
16 17 16
2
2
3
4
6
7
4
4
4
5
6
14
1
3
5
2
2
2
18 20 24
11 11 14
7
7
9
2
5
2
13 14 17
22 24 29

Source
Electron energy calibration
Electron resolution model
Electron shower modeling
Electron energy loss model
Hadronic recoil model
Electron efficiencies
Backgrounds
Experimental subtotal
PDF
QED
Boson pT
Production subtotal
Total

Table 2: Results from the fits to data. The quoted uncertainty is solely due to the statistics of the W boson
sample.

Variable
mT
peT
E
/T

Fit Range (GeV)
65 < mT < 90
32 < peT < 48
32 < E
/ T < 48

χ2 /dof
37.4/49
26.7/31
29.4/31

MW (GeV)
80.371 ± 0.013
80.343 ± 0.014
80.355 ± 0.015

Combining the results from mT and peT methods using the BLUE ? method, we obtain the
final result of the 4.3 fb−1 measurement:
MW

= 80.367 ± 0.013 (stat.) ± 0.022 (syst.) GeV

= 80.367 ± 0.026 GeV.
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The result from the E
/ T method is not used in the combination. In the combination, we assume
100% correlation for those uncertainties that are nonstatistical in nature, such as the QED
uncertainties, to protect them from being decreased. However, with this protection, the BLUE
combination gives a sizable negative weight for the MW value from the E
/ T method which has
relatively larger uncertainties. The interpretation is that the central values of MW from the
other more precise methods (mT and peT ) have also fluctuated apart from the true value of
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Figure 2: The (a) mT , (b) peT , and (c)E
/ T distributions for data and fast MC simulation with backgrounds, together
with the χ plots comparing data and fast MC. The fit ranges are indicated by the double-ended horizontal arrows.

MW in the same direction as the less precise E
/ T method. Given that it is our protection that
introduces the negative weight, and the contribution to the combined precision from the E
/T
method is negligible, we decide to only use the mT and peT methods in the above combination
to avoid the potential bias.
We combine our result with the earlier D0 measurement ? to obtain the D0 5.3 fb−1 result:
MW

= 80.375 ± 0.011 (stat.) ± 0.020 (syst.) GeV

= 80.375 ± 0.023 GeV.

The precision achieved is the same as the previous world average.
The combination with all previous measurements and the recent CDF measurement ? gives
the new world average ? :
MW

= 80.385 ± 0.015 GeV.

The indirect constraints ? on the Higgs boson mass based on this new world average is MH =
?
94+29
−24 GeV, with an upper limit of 152 GeV at 95% C.L.. A summary of the measurements
of the MW and their average is shown on Figure ?? (left). The world averages of MW and Mt
measurements with still allowed regions after direct searches of the Higgs boson are shown in
Figure ?? (right) ? .
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Figure 3: (left) Summary of the measurements of the W boson mass and their average as of March 2012. (right)
1-sigma contour in the (Mt , MW ) plane representing the current world averages of Mt and MW measurements.
The green bands show the possible Higgs boson masses that are not excluded by direct searches.

4.3

Outlook

D0 has another ∼ 5 fb−1 collider data to be analyzed. Including this last data set and still only
using electrons in CC, if we assume the uncertainties from boson production and decay model
would be unchanged, the precision of MW from the total ∼ 10 fb−1 D0 data is expected to be
∼ 18 MeV.
If the PDF uncertainties would be reduced by a factor of two by using new PDF sets (e.g.
Ref. ? ) including constraints from W charge asymmetry measurements, and also using electrons
in EC to extend the pseudorapidity coverage, the above precision can be improved to ∼ 16 MeV.
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MEASUREMENT OF THE W BOSON MASS AT CDF
BODHITHA JAYATILAKA
(on behalf of the CDF Collaboration)
Duke University, Department of Physics,
Durham, NC 27708, USA
The W boson mass is a crucial parameter in the standard model of particle physics, providing
constraints on the mass of the Higgs boson as well as on new physics models via quantum
loop corrections. We have measured the W boson mass using data corresponding to 2.2 fb−1
of integrated luminosity collected with the CDF II detector at the Fermilab Tevatron. The
measurement, performed using electron and muon decays of W bosons, yields a mass of 80387±
19 MeV/c2 . This represents the single most precise measurement of the W boson mass ever
performed, significantly surpassing the precision of all prior measurements combined.

1

Introduction

The mass of the W boson (MW ) is an important parameter of the standard model (SM). Precise
measurements of MW and of the top quark mass (mt ) significantly constrain the mass of the,
as yet, unobserved Higgs boson. Prior to the measurement presented here, the world average of
MW = 80.399 ± 0.023 GeV 1 and mt = 173.2 ± 0.9 GeV, yielded a limit on the SM Higgs boson
mass of MH < 161 GeV at 95% confidence level (CL).
The previous measurement of MW by the CDF collaboration was determined to be MW =
80.413±0.048 GeV 2 from 200 pb−1 of data while a recent measurement by the DØ collaboration
from 1 fb−1 of data gave MW = 80.401 ± 0.043 GeV 3 . Presented here is the most recent
measurement made by CDF, utilizing 2.2 fb−1 of data.
2

Analysis Strategy

At the Tevatron, W bosons are primarily produced in q q̄ annihilation, q q̄ → W + X, where X
can include QCD radiation that results in measurable hadronic recoil in events. W → lνl decays,
where l = e or µ, are selected with high purity by the CDF detector and used to measure MW .
As the longitudinal momentum of the neutrino is not measured, we use transverse 4 components
of charged lepton momentum (plT ), neutrino momentum (pνT ) and the transverse mass,
mT =

q

2pT (l)pT (ν)[1 − cos(φl − φν )],

(1)

which depend only on measurable quantities of the W decay, to measure MW . A Monte Carlo
simulation is used to predict the shape of these distributions as a function of MW . A binned
maximum-likelihood fit of these predictions to the data is used to determine the W boson mass.
These line-shape predictions depend on the kinematic distributions of the W decay products
and detector effects, which are constrained from control samples and theoretical calculations.

The kinematic distributions are determined by several effects including internal QED radiation, the intrinsic W boson transverse momentum, and the proton parton distribution functions
(PDFs). Detector effects include external bremsstrahlung and ionisation energy loss in the detector material, tracker momentum scale, calorimeter energy scale, resolutions of the tracker and
calorimeter, and the detector acceptance. A sophisticated, fast simulation has been developed
that enables a study of these effects at a level below 1 part in 104 .
3

Event Generation and Simulation

W boson events are generated with the resbos Monte Carlo 5 , which captures the relevant QCD
physics and models the W pT spectrum. QED processes, including final-state photon radiation,
are simulated using photos 6 , and are cross-checked against horace 7 .
Non-perturbative physics, which are described by parameters that must be determined from
experimental data, affect the shape of the W boson pT . We determine these parameters from a
fit to the dilepton spectra of Z → ee and Z → µµ candidate events.
Parton distribution functions (PDFs) affect the W boson mass measurement through their
effects on the kinematics of the decay charged lepton and because the measurement only uses
charged leptons in a restricted rapidity range. The uncertainty arising from the PDFs is evaluated using the 68% CL MSTW2008 11 error set. This is cross-checked by comparing the 90%
CL CTEQ6.6 12 error set with the 90% CL MSTW2008 error set.
The tracker and calorimeter response and the electron and muon acceptance are simulated
using a parameterized fast detector simulation. Tracks in the CDF drift chamber associated
with electrons and muons are simulated at the hit level. Electrons and muons are propagated
along a helical trajectory from the production point, stepping through the layers of passive
material, whose effects are simulated. The most relevant processes are ionisation energy loss
for muons, bremsstrahlung (e → eγ) for electrons, and conversion (γ → e+ e− ) for photons.
Multiple Coulomb scattering is simulated in order to incorporate its effect on track resolution.
The deposition of electromagnetic energy in the calorimeter for leptons and photons is simulated using parameterizations for the energy scale and resolution; energy loss in the solenoidal
coil and due to longitudinal leakage; and non-linear response. The parameters for the scale and
resolution, and the non-linearity, are fit from the data.
4

Momentum Scale Calibration

The high statistics J/ψ → µµ and Υ(1S) → µµ quarkonia decays, along with the Z → µµ
sample, are used to set the momentum scale. The momentum scale is extracted from a binned
maximum likelihood fit of the data to simulated invariant mass templates generated using the
world average values.
The J/ψ sample has the advantage that its cross section is sufficiently large to enable a study
of the momentum scale as a function of other variables. The Υ(1S) resonance has an invariant
mass three times larger than the J/ψ, and supplies an intermediate reference point to study the
momentum dependence of the momentum scale. The Υ hadrons also have the advantage that
they are all produced promptly, allowing a study of the momentum scale using tracks that are
beam-constrained in the same way as the tracks in the W and Z samples. The consistency of
the momentum correction obtained from fits to J/ψ and Υ data can be seen in Fig. 1. The
combined momentum scale obtained from the J/ψ and Υ samples is applied to the W and Z
samples.
The Z → µµ mass fit is shown in Fig. 3 (left), along with the statistical uncertainty and fit
2
χ . A value of mZ = 91180 ± 12stat ± 10syst MeV is obtained, consistent with the world average
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Figure 1: The fractional momentum correction for data as a function of the mean inverse momentum of muons
from J/ψ, Υ(1S), and Z boson data.
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Figure 2: The E/p distribution of the W → eν data (points) used to determine the calorimeter energy scale (left)
and to scale the radiative material in the simulation (right). The arrows indicate the fitting range used for the
electron energy calibration.

value of mZ = 91188 ± 2 MeV 13 . The final momentum scale applied to the W boson data is
obtained from combining the J/ψ, Υ, and Z measurements.

5

Energy Scale Calibration

The electron cluster is simulated by merging energies of the primary electron and proximate
bremsstrahlung photons and conversion electrons. The distribution of electron and photon
energy loss in the solenoid coil and leakage into the hadronic calorimeter are determined using
geant.
The electromagnetic calorimeter energy scale is set using the peak of the E/p electron
distribution from W → eν events (Fig. 2, left) and Z → ee events. The electromagnetic
calorimeter non-linearity is determined from E/p fits as a function of transverse energy from
the W → eν and Z → ee samples. The tail of the E/p distribution is used to tune the absolute
number of radiation lengths in the tracker material, as shown in Fig. 2 (right).
The Z → ee mass is fitted to cross-check the energy scale and the non-linearity (Fig. 3,
right). A value of mZ = 91230 ± 30stat ± 14syst MeV is obtained, consistent with the world
average. Thus, the measurements from E/p and the Z → ee mass are combined to obtain the
final energy scale, applied to W → eν data.
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Figure 3: The maximum likelihood fit to the Z → µµ (left) and Z → ee (right) mass peaks, with the fitted mass
values. The data (points) are shown along with the best-fit simulation template (histogram). The arrows indicate
the fitting range.
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6

Recoil Calibration

All particles recoiling against the W or Z boson are collectively referred to as the recoil. The
recoil vector u is defined as the vector sum of transverse energy over all electromagnetic and
hadronic calorimeter towers in the detector range |η| < 2.4. The calorimeter towers associated
with the leptons are explicitly removed from the recoil calculation. A combination of minimum
bias data and Z → ll data is used to model the behavior of the hadronic recoil, and W → lν
data is used to cross-check the data corrections and the simulation.
The response of the calorimeter to the hadronic recoil is described by a response function,
R, which scales the true recoil magnitude to simulate the measured magnitude.
The recoil resolution is assumed to have two components, which are summed vectorially: a
“sampling” term representing the calorimeter “jet” resolution, and an underlying event component from the spectator and additional pp̄ interactions.
Z → µµ and Z → ee events are used to tune the recoil response and resolution parameters.
The η axis is defined to be the geometric bisector of the two leptons and the ξ axis to be
perpendicular to η. We project the vector pT -balance onto the η and ξ axes and compare the
data distribution to the simulation. Fig. 4 shows the mean (left) and RMS (right) of the pT balancing in Z → ee events as a function of Z boson pT .
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7

Backgrounds

Backgrounds passing the event selection cuts have different kinematic distributions from the
W signal, and are therefore included in the template fits. The backgrounds to the W →
µν and W → eν samples come from hadronic jet production, decays in flight, Z production,
W → τ ν decays, and cosmic rays. The background rates and kinematics are determined using
a combination of Monte Carlo-based and data-based methods. Background fractions for the
muon (electron) datasets are evaluated to be 7.35% (0.14%) from Z decays, 0.88% (0.93%) from
W → τ ν decays, 0.04% (0.39%) from hadronic jets, 0.24% from DIF, and 0.02% from cosmic
rays.

8

Results and Conclusions

The W boson mass is measured by performing a binned maximum-likelihood fit to the lepton pT ,
neutrino pT , and mT distributions for each lepton channel. 1600 signal templates for MW are
generated between 80 GeV and 81 GeV and background templates are added with the shapes
and normalisations described in Sec. 7. The final fit values were hidden during analysis by
adding an unknown offset in the range [-75,75] MeV. The results of the fits to the mT (Fig. 5),
plT , and pνT kinematic distributions for both the electron and muon channels are summarized in
Table 1.
Fits of simulated data to Monte Carlo templates have been performed to measure the statistical correlation between the fits to the mT , plT and pνT distributions. The final results are
combined, taking these correlations into account, using the BLUE 14 method. Combining all six
fits, we obtain a result of
MW = 80 387 ± 12stat ± 15syst MeV,

(2)

or MW = 80 387 ± 19 MeV. The systematic uncertainties for the combined result are shown in
Table 2. In combination with the most recent measurement of MW from DØ15 , and previous
measurements from LEP and the Tevatron, the updated world-average W boson mass is MW =
80 385 ± 15 MeV. This updated world average impacts the global electroweak fits resulting in a
revised upper bound on the Higgs boson mass of MH < 152 GeV at 95% CL.

Distribution
mT (e, ν)
p`T (e)
pνT (e)
mT (µ, ν)
p`T (µ)
pνT (µ)

W -boson mass (MeV)
80 408 ± 19stat ± 18syst
80 393 ± 21stat ± 19syst
80 431 ± 25stat ± 22syst
80 379 ± 16stat ± 16syst
80 348 ± 18stat ± 18syst
80 406 ± 22stat ± 20syst

χ2 /dof
52/48
60/62
71/62
58/48
54/62
79/62

Table 1: Fit results and uncertainties for MW . The fit windows are 65 − 90 GeV for the mT fit and 32 − 48 GeV
for the p`T and pνT fits. The χ2 of the fit is computed using the expected statistical errors on the data points.

Source
Lepton energy scale and resolution
Recoil energy scale and resolution
Lepton removal
Backgrounds
pT (W ) model
Parton distributions
QED radiation
W boson statistics
Total

Uncertainty (MeV)
7
6
2
3
5
10
4
12
19

Table 2: Uncertainties for the final combined result on MW .
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Electroweak Measurements with the ATLAS and CMS Experiments

J. Kretzschmar on behalf of the ATLAS and CMS Collaborations
Department of Physics, Oxford St, Liverpool, L69 7ZE, UK
Highlights of ATLAS and CMS measurements involving the production of heavy electroweak
gauge bosons, W and Z, at the LHC are presented. Cross sections of single W and Z bosons
are studied with very high precision and differential in various kinematic variables. The
rapidity differential measurements are shown to have a so far unique impact on our knowledge
of proton structure with regards to the strange quark density. The production in association
with one or more light or heavy flavour jets is studied. Furthermore measurements of τ final
states, W polarisation and the weak mixing angle sin2 θW are presented. Various di-boson
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 corresponding LEP and Tevatron results.

1

Introduction

The first two years of operation of the Large Hadron Collider (LHC), 2010 and 2011, have
enabled the ATLAS 1 and CMS 2 collaboration to study a wealth of processes involving the
production of the heavy electroweak bosons, W and Z. These cover a wide range in cross
sections, starting from the inclusive production of single W and Z bosons and ending with the
rather rare production of di-boson final states like ZZ. The results are of exceptional quality
thanks to well understood detectors and quickly increasing integrated luminosity with about
40 pb−1 collected in 2010 and already 5 fb−1 in 2011.
The study of electroweak processes is indispensable to understand the background to new
physics signals. But accurate cross section measurements are interesting in their own right.
First, single W and Z boson production is a very sensitive probe of Quantum Chromodynamics (QCD). Inclusive production as well as production in association with heavy flavours is
sensitive to the proton structure as described by Parton Distribution Functions (PDFs). Production in association with many jets or at high boson transverse momentum challenges our
understanding of perturbative QCD calculations in extreme configurations.
Second, the single or double production of the electroweak bosons is used to study their
properties in details, for example their couplings to fermions or other gauge bosons. The selfcouplings of the bosons are predicted by the Standard Model and non-zero anomalous triple
gauge couplings would open a window to new Physics.
Due to the wealth of results only some of these can be highlighted here.
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Figure 1: Left: Example of total integrated W ± and Z cross section measurements and their ratios, compared to
theory prediction at NNLO. Very good overall agreement can be observed 4 . Right: Energy sharing variable Υ
in hadronic one prong τ decays from the process W → τ ν. The data is compared to templates corresponding to
right or left-handed τ polarisation, where the expected left-handed polarisation is clearly favoured 10 .

2

Production of Single W and Z Bosons

The inclusive production and leptonic decays of the heavy electroweak bosons, W → ℓν and
Z → ℓℓ in the electron and muon channels, ℓ = e, µ, are among the standard candles at hadron
colliders. Already with the 2010 data an experimental precision of 1 − 2% was reached 3,4 . These
measurements constitute a precision test of QCD at NNLO and are sensitive to the proton PDFs.
The results for integrated cross sections and their ratios are in general in good agreement with
the theory predictions, as shown for example in Fig. 1, left.
The W and Z cross sections have also been measured in τ decays 5,6,7,8,9 , where the cross
section precision is limited to typically 10 − 20%. An interesting recent application is the first
measurement of the τ polarisation in W decays at a hadron collider10 . Hadronic one-prong decays
of the τ boson are analysed concerning the energy sharing between neutral and charged decay
products, Υ = (ETπ− − ETπ0 )/(ETπ− + ETπ0 ), which has a strong dependence on the polarisation,
see Fig. 1, right. The measured polarisation of Pτ = −1.06 ± 0.04stat +0.05
−0.07 syst is compatible with
the SM expectation of Pτ = −1 and proves that this technique may be applied to determine
spin properties of new particles decaying to τ final states.
Constraints on the PDFs from W and Z production is maximised using differential cross
section information. The boson rapidity y is directly linked to parton momentum fractions as
√
x1,2 = MW,Z / s · e±y . As for the W the boson rapidity cannot be reconstructed, the charged
lepton pseudo-rapidity ηℓ used instead to yield correlated information. The CMS collaboration
has measured the W lepton charge asymmetry, A(η) = (dσ + (η)−dσ − (η))/(dσ + (η)+dσ − (η)) 11,12
as well as the normalised Z rapidity distribution 1/σ · dσ/dy 13 . The ATLAS collaboration has
instead measured absolute differential cross sections for Z, W + and W − with the full uncertainty
correlation information 3 . A few examples of these measurements and theory comparisons at NLO
or NNLO with various PDF sets are given in Fig. 2. A broad agreement between measurement
and predictions can be seen, however there are also significant differences, which indicate a
sensitivity of the measurements to the PDFs. Meanwhile CMS has made public new results on
differential Z/γ ∗ → µµ cross sections and W → eν asymmetries 14,15 .
ATLAS has recently performed a QCD fit at NNLO to their 2010 differential W and Z cross
section to demonstrate the impact of the new data on the PDF fits 16 . The fit also uses ep Deep
Inelastic Scattering cross section data from the HERA experiments in a setup similar to the one
used in the HERAPDF fit 17 . It is found, that especially the ATLAS Z data has a sensitivity
to the strange content of the proton. The strange density is quantified via its ratio to the down
¯
quark sea, rs = 0.5 · (xs(x) + xs̄(x))/xd(x).
It is often assumed, that the strange quark density
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Figure 2: Left: W → µν charge asymmetry as function on muon pseudo-rapidity compared to the predictions
with four different PDF sets 12 . Right: Boson rapidity differential cross section for the process Z → ℓℓ compared
to the predictions with four PDF sets 3 . Some PDF sets are clearly favoured over others by these measurements.
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Figure 3: Left: Determination of the ratio of strange to the down quark sea, rs , compared to the predictions with
four different PDF sets 16 . Right: Measurement of the ratio of of W +charm jet to W plus any jet compared to
the predictions with three different PDF sets. In both analyses a significant tendency for larger than expected
strange quark content of the proton can be observed.

is suppressed at low scales Q2 , rs < 1. With a conventional value of rs = 0.5 at Q2 = 1.9 GeV2
there is a significant tension observed and the χ2 /NDF = 44.5/30 for the ATLAS data is not
very good. Leaving the strange sea free, improves the χ2 by more than 10 units and gives a
2
2
result consistent with no strange suppression, rs = 1.00 ± 0.20exp +0.16
−0.20 sys at Q = 1.9 GeV
±
and x = 0.023. While the W data have little direct sensitivity to the strange, they improve
the impact of the ATLAS data, as the fit has to find a solution compatible with the absolute
normalisations of all the data points. Figure 3, left, compares this determination to the values
of rs extracted from other global PDF fits. Only the CT10 PDF set predicts a similarly large
strange content, while for other sets a ∼ 2σ tension is observed.
A complementary approach to determine the strange content of the proton is available
through measuring W production in association with charm jets. This gives a direct access
to strange quark content, as the final state is dominated by contributions from the Cabibbofavoured processes s̄g → W + c̄ and sg → W − c. CMS has performed first ratio measurements
of these final states using a W + jet selection and additional secondary vertex tagging 18 . For
example the ratio of c-tagged over all jets was determined to be Rc = σ(W c)/σ(W + jet) =

Events/10GeV

CMS
s = 7 TeV, L = 2.2 fb-1

1000

Data
Z+l
Z+c
Z+b
tt

800

600

400

200

0

50

100

150

200

250

Data/MC

pbT jet (GeV)
2
1.5
1
0.5
0

50

100

150

200

b jet

p

T

250
(GeV)

Figure 4: Left: Measurement of the transverse momentum spectrum of b jets produced in association with a
Z boson compared to the MadGraph+Pythia expectation. A reasonable, but not perfect agreement can be
observed 21 . Right: Measurement of the W − and W + boson polarisation at high transverse boson momentum
pT,W > 50 GeV. The expectation of predominantly left-handed and non-zero longitudinal W production are
confirmed.

0.143 ± 0.015 stat ± 0.024 sys . As can be seen in Fig. 3 right, this measurement is in agreement
with various global PDF sets, although there is an indication of a larger than expected strange
density at the ∼ 1σ level.
The production of W and Z in association of b-jets is a further interesting test of QCD,
determines a background to many new physics searches, and is potentially sensitive to the b
density in the proton. ATLAS has measured the W + b process 19 and both collaborations have
measured Z + b processes 20,21 . One example of a recent CMS result on the Z + b transverse
momentum spectrum is presented in Fig. 4, left. It can be seen, that the shape of the distribution
is in fair agreement with the MadGraph+Pythia generator, while the integrated measured cross
section is above the MCFM NLO prediction by more than 1σ.
The production of W and Z bosons in association with up to 4 jets can be compared to
various tree-level matrix element generators like Alpgen, MadGraph or Sherpa, or the NLO
QCD calculation provided by BlackHat+Sherpa. Both ATLAS and CMS have published many
different cross sections and ratios 22,23,24,25 . In general a very good agreement of all the data
with the MC or the NLO QCD predictions is found.
Massive spin 1 vector bosons like the W can be produced in three polarisation states: leftor right-handed or in longitudinal state. The corresponding fractions are denoted as fL , fR , and
f0 and can be measured by analysing the lepton transverse and angular momenta. Using only
transverse measurements, a quantity like LP = p~Tℓ · p~TW /|~
pTW |2 can be defined to approximate
the polarisation angle. ATLAS and CMS have measured the fractions fL − fR and f0 for
significant W boson transverse momentum pT,W 26,27 . The CMS results for W + and W − and
pT,W > 50 GeV are shown in Fig. 4, right. The predominantly left-handed W production and
non-zero longitudinal component as predicted by NLO QCD is confirmed.
Finally, the large amount of Z/γ ∗ bosons produced at the LHC can be used to determine
the weak mixing angle sin2 θW , one of the fundamental parameters of the Standard Model.

The world average of this quantity has reached a ∼ 0.1% relative uncertainty, but there is a
significant tension between the results entering the combination. CMS has measured the effective
mixing angle from the forward-backward asymmetry in the q q̄ → Z/γ ∗ → µ− µ+ process 28 .
Although the incoming quark/anti-quark direction is unknown on an event-by-event basis, it
can be disentangled on a statistical basis for non-zero boost, i.e. non-zero boson rapidity y. The
analysis uses a three dimensional fit in decay angle cos θ∗ , mass m and rapidity y. The result
reaches a ∼ 1% precision: sin2 θeff = 0.2287 ± 0.0020stat ± 0.0025syst .
3

Di-Boson Production

The main processes contributing to final states with multiple gauge bosons, W ± , Z or γ, are
in general t-channel quark exchange diagrams. In the case of final state photons, QED Final
State Radiation (FSR) is also significant. Finally, due to the non-Abelian gauge structure of
the Standard Model, SU (2)L × U (1)Y , there are also s-channel diagrams. These triple gauge
couplings (TGC) are however only present for vertices involving a W boson and are zero for the
“neutral” vertices involving only Z or γ bosons. It is possible to enhance the TGC contribution,
typically by requiring very high transverse momentum objects. Limits on TGCs different from
the SM prediction, so called anomalous TGCs (aTGCs), can be set. The published ATLAS and
CMS limits on aTGCs are typically derived from data sets of of ∼ 1 fb−1 . The limits are on
a similar level as obtained from Tevatron and LEP analyses, where the details depend on the
specific coupling, channel and model assumptions in the extraction. Finally, the cross sections
for di-boson production can be compared to the NLO predictions. This also serves to understand
important irreducible background to many searches for the SM Higgs boson.
Experimentally the measurement of di-boson production is more challenging than for single
bosons due to the smaller cross sections and diverse processes acting as source of background.
Concentrating on the leptonic decay channels and thanks to the excellent lepton identification
capabilities, the signal is usually quite well separated from the background.
The highest cross section of the di-boson processes is expected for W γ and Zγ production.
Here an additional well isolated photon (∆R(ℓ, γ) > 0.7) with high transverse momentum (typically ETγ > 15 GeV) is selected together with a W or Z candidate. Cross sections have been
measured with ∼ 10−15% uncertainty 29,31 . One example for cross sections measured in the W γ
channel is shown in Fig. 5. The agreement with NLO prediction depends significantly on the
momentum cut applied to the photon as well as the presence of additional jets in the event. For
low photon momentum selection ETγ > 15 GeV the agreement is reasonable irrespective of the
jet activity. But for high ETγ > 100 GeV the agreement is only good for an “exclusive selection”,
where events with additional jets are vetoed. Anomalous TGCs would enhance the cross section
for high ETγ .
The production of W W final states is measured in the leptonic decay channels with two
charged leptons (electron or muon) and two neutrinos. The background background from similar
final states, i.e. single Z/γ ∗ Drell-Yan and top quark decays, is quite significant. It can be
controlled exploiting the missing transverse momentum carried by the neutrinos, vetoing on
di-lepton masses near the Z resonance and additional jets typical for tt̄ production. Also here
cross sections have been measured with ∼ 10 − 15% uncertainty 32,33,34 . The ATLAS and CMS
results are both about 1σ above the NLO prediction. Limits on aTGC are mostly sensitive to
the leading lepton high pT tail, as can be seen in Fig. 6.
The final measurements to be discussed are for W Z and ZZ production. The cross section
times branching to the purely leptonic channels is very small and just a few 10 events are observed
per 1 fb−1 . The background is however very small with essentially no SM processes producing
events with 3 or 4 high pT isolated leptons. A highly efficient lepton identification is mandatory
to improve the event yield, as the current accuracy is most limited by candidate statistics
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reaching about ∼ 15%. The measurements are consistent with the SM NLO prediction 35,36,37,34 .
Figure 6 right shows the distribution of ZZ candidates as function of the leading and subleading
di-lepton masses. A clear enhancement in the Z resonance region is observed, as expected for
ZZ production. CMS has also considered ZZ final states with hadronic tau decays, where 1
additional event is observed and expected for 1 fb−1 . ATLAS has measured ZZ final states,
where one Z decays invisibly to two neutrinos 38 . While this has a higher branching ratio, the
Z bosons must have a significant transverse momentum to be detectable as missing transverse
momentum. The analysis suffers from larger backgrounds similar to the W W analysis and a
strong missing transverse momentum cut and jet veto are needed to control backgrounds. The
measurement has currently ∼ 30% total uncertainty and is consistent with the SM prediction
and ZZ → 4ℓ channel.
4

Summary

Thanks to the excellent performance of the LHC and the ATLAS and CMS detectors, there is
a wealth of high precision electroweak measurements already 2 years after the data taking has
started. The high production rate of single W and Z bosons have enabled the collaborations to do
many detailed studies, among which are various precise differential cross sections or production
in association with one or more light or heavy flavour jets. It has been shown, that measurements
using the first year of LHC data has an impact on our knowledge of proton structure, e.g. the
magnitude of the strange quark density. Also the measurements of fundamental parameters
of the electroweak sector of the Standard Model are advancing, e.g. of the weak mixing angle
sin2 θW .
Finally, the di-boson measurements have quickly surpassed the “observation phase”. The
measurements are now testing the non-Abelian gauge structure and limits on anomalous triple
gauge couplings are derived, which are of comparable quality to LEP and Tevatron results.
Given the continued excellent performance of the LHC also in 2012, many more interesting
results can be expected in the near future.
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NEW SPECTRA IN THE HEIDI MODELS
J.J. VAN DER BIJ
Institut für Physik, Albert-Ludwigs Universität Freiburg, H. Herderstr. 3,
79104 Freiburg i.B., Deutschland
We study the so-called HEIDI models, which are renormalizable extensions of the standard
model with a higher-dimensional scalar singlet field. We compare their predictions with the
recent results from the LHC. We show that the data can easily be described by the HEIDI
models. However more data are necessary in order to distinguish these models from the
standard model. A particular prediction is that the width of the Higgs could be in the GeV
range. Such a width could be difficult to establish at the LHC. Suggestions for experiments
beyond the LHC are made.

1

Introduction

The standard model is in very good agreement with the data. With the exception of the
Higgs sector all particles of the model have been seen and sofar there is no evidence for new
physics. There appear to be no new fermions, vectorbosons or new forces. The results from
the experiments at the LHC, presented in this conference, have put strong constraints on the
possibility of new physics. As there are strong theoretical arguments, that the standard model
is the only possible low-energy theory for the vectorbosons and the fermions 1,2,3 , this is not
surprising.
This leaves only the Higgs-sector for a possible discovery. In order to determine what one
should look for, let us discuss the situation before the presentation on 13 december 2011 at
CERN. What was known for sure is, that massive vectorbosons exist with non-abelian couplings.
For quantum mechanics to be valid this implies that a Higgs field has to exist 4,5 , otherwise
one violates unitarity. Since quantum field theory is correct, this implies that the Higgs field
must satisfy the Källén-Lehmann representation 6,7 , so it has a spectral density. Because of
renormalizability the integral over the spectral density must be one. Without this condition
the precision electroweak data cannot be described properly. Actually the precision electroweak
data show that the spectral density is concentrated in the low mass region; the Higgs boson
is light. This much is basically certain about the Higgs sector. Everything else is conjecture.
In particular the idea, that there is a single Higgs particle delta-peak in the spectrum is an
assumption, for which there is no basis in theory or experiment. As the Higgs field appears in
the theory in a different way from the other fields, it is not unreasonable to assume that the
Higgs field has a non-trivial spectral density. It is somewhat ironic that this possibility was
overlooked 8 in the 1960’s, when the Higgs particle was introduced, as in this period there was
a lot of research on the related subject of dispersion relations. The scientific goal regarding the
electroweak symmetry breaking is therefore to measure the Källén-Lehmann spectral density of
the Higgs field. Under circumstances this might be quite difficult at the LHC and one would

have to think about a Higgs-factory beyond the LHC. In the following we introduce the HEIDI
models, which form an elegant construction allowing for non-trivial spectral densities with a
minimum number of parameters. Then we compare the models with the new results from the
LHC and discuss future prospects.
2

Lagrangian and propagator

The fact that propagators in quantum field theory are described by a Källén-Lehmann spectral
density follows from fundamental principles of quantum mechanics and relativity and is mathematically rigorously true. Normally however one ignores this, since most fields correspond
directly to single particles and one takes a Breit-Wigner approximation for the propagator.
The general idea of a spectral density is somewhat abstract. In order to clarify the idea and
make contact with more usual descriptions I will below give Lagrangians, where such a KällénLehmann representation arises naturally. First we start with a discrete spectrum and then
generalize to a (partly) continuous spectrum. The basic ideas have been presented in Moriond
before 9,10 .
2.1

The Hill model

The simplest extension of the standard model, with only two extra parameters is the Hill 11
model. One adds to the standard model a single scalar field H with the following Lagrangian.
1
1
λ2
L = − (Dµ Φ)† (Dµ Φ) − λ1 /8(Φ† Φ − f12 )2 − (∂µ H)2 − (2f2 H − Φ† Φ)2 .
2
2
8

(1)

Here Φ is the standard model Higgs doublet. Important for the structure of the theory is that the
extra singlet has no self-couplings. Somewhat surprisingly this is consistent with renormalizability. After diagonalizing the Lagrangian one ends up with two particles similar to the standard
model Higgs particle, however with the couplings to the standard model particles reduced by
a common factor, so the branching ratios do not change. An alternative way to describe these
features is to use a modified propagator for the Higgs field, containing two poles.
DHH (k 2 ) =

cos2 α
sin2 α
+
k 2 + m2+ k 2 + m2−

(2)

Such a description is sufficient to study Higgs signals (interaction basis).
The generalization to more fields is straightforward. One introduces n Higgses Hi with
reduced couplings gi to the standard model particles. After diagonalizing one finds 12,13 the sum
rule:
2
Σgi2 = gStandard
(3)
model
This can straightforwardly be generalized to a continuum density ρ(s), with the relation:
Z

ρ(s)ds = 1

(4)

The density ρ(s) is the Källén Lehmann density, which has here been constructed from a tree
level Lagrangian.
2.2

HEIDI models

Given enough fields one can construct an arbitrary spectral density for the Higgs field, however
this involves an infinite number of parameters as well, which is not very satisfactory. The
question is whether there is a more elegant way. Indeed there is. Because the singlet fields have

no self-couplings all their interactons are superrenormalizable in four dimensions. Therefore one
can take a higher dimensional field for the Hill field without spoiling renormalizability. This
explains the name HEIDI (german for high-D, compare with SUSY for supersymmetry). One
can go up to six-dimensional fields without spoiling renormalizability and can even postulate
fields with a fractional dimension. With this procedure one still has only a few parameters,
but can get a fairly broad range of spectra. For deriving the propagator one assumes a torus
compactification giving rise top winding modes Hi ; however we will take the continuum limit in
the end.
In terms of the modes Hi the Lagrangian is the following:
M02 †
λ
†
2
4 Φ Φ − 8 (Φ Φ)
2
P
P
mk 2
1
(∂µ Hk )2 −
2
2 Hk
P
P
g †
ζ
Hk − 2 Hi Hj
2Φ Φ

L = − 21 Dµ Φ† Dµ Φ −
−
−

(5)

m2k = m2 + m2γ ~k 2 , where ~k is a γ-dimensional vector, mγ = 2π/L and m a d-dimensional
mass term for the field H.
In terms of continuum fields the last two terms can be described by the following action:
S=

Z

d4+γ x

γ
Y
i=1

2.3



δ(x4+i ) gB H(x)Φ† Φ − ζB H(x)H(x)



(6)

Propagators

Minimizing the potential, diagonalizing and taking the continuum limit, one finds the following
propagator:
DHH (q 2 ) =

q2 + M 2 −

!−1

µ8−d
(q 2 + m2 )

6−d
2

± ν 6−d

(7)

Here M is a fourdimensional mass, m a higher dimensional mass, µ a high-to-fourdimensional
mixing scale and ν a brane mass, mixing the higher-dimensional fields among themselves. This
term is new in the analysis and is needed, because it is induced by renormalization in any case.
To go to six dimensions one has to make a limiting procedure and finds a propagator in the
following form:
2

DHH (q ) =

log((q 2 + m2 )/m2 )
q +M +µ
1 + α6 log((q 2 + m2 )/m2 )
2

2

2

!−1

(8)

Given the form of the propagator it is straightforward to find the spectral density, by taking
the imaginary part. There are some constraints on the parameters, while tachyons must be
absent. Dependent on the parameters there are different possibilities. One can have zero, one
or two delta-peaks, corresponding to ”particles”. At a mass greater than the location of the
peak(s) there is a continuum, that starts at s = m2 .
3

Comparison with experiment

As reported in previous Moriond conferences 9,10 it is possible to compare the HEIDI models
with Higgs search experiments. We first discuss the situation before the LHC and then see how
the new data change the description compared to the previous results.

3.1

Before the LHC

Before the LHC data the HEIDI models were compared with the direct Higgs search at LEP200. Within the pure standard model the absence of a clear signal led to a lower limit on the
Higgs boson mass of 114.4 GeV at the 95% confidence level. Although no clear signal was found
the data had some intriguing features, that could be interpreted as evidence for Higgs bosons
beyond the standard model. There is a 2.3 σ effect seen by all experiments at around 98 GeV .
A somewhat less significant 1.7 σ excess was seen around 115 GeV . Finally over the whole
range s1/2 > 100 GeV the confidence level was less than expected from background. These
features were taken as evidence for a spread-out Higgs-boson 14,15 . The peak at 98 GeV was
taken to correspond to the delta peak in the Källén-Lehmann density. The other excess data
were interpreted as part of the continuum, that peaks around 115 GeV . Fitting the data with
this interpretation led to the picture that the Higgs signal would be a very broad enhancement
at low energies, that could escape detection at the LHC.
3.2

Interpretation of the LHC data

With the results for the Higgs search at the LHC the picture has changed. The excess at
115 GeV , that was present at LEP-200 has now disappeared; averaging between LEP, CMS
and ATLAS one is very close to pure background. However the somewhat more significant
peak at 98 GeV has not been affected by the LHC data, which are not sensitive in this range
yet. Actually the ATLAS experiment even sees an excess in the 101 GeV bin, which might be
related to the LEP peak. Of course this is not statistically very relevant, however we take it as
a motivation to keep the LEP peak at 98 GeV in the analysis. This leaves us with the excess in
the 116-130 GeV range. The interpretation of the data is not quite straightforward. Making a
naive average of the CMS and ATLAS measurements one finds a picture that can be interpreted
as a single peak, two peaks or a continuous signal with a bit of fluctuations. Clearly more data
are necessary. We will leave the question of the precise form of the signal open and interpret the
combined LEP and LHC data in the following way. There is no signal below 95 GeV , there is a
2.3 σ signal at 98 GeV , there is no further signal below 116 GeV and the bulk of the spectrum
is between 116 and 130 GeV . Allowing for uncertainties in the experiment we therefore impose
the following conditions on the spectral density:
95 GeV < mpeak < 101 GeV ,
m > 116GeV,
3.3

2
2
0.056 < g98
/gSM
< 0.144

Z

(9)

∞
(130)2

ρ(s)ds < 0.1

(10)

Fits to the data

We first attempt to fit the data with one peak around 98 GeV plus a continuum. The results
are shown in figures 1-4. The inner lines correspond to keeping a 10% peak at 98 GeV . For the
outer lines we vary the location and strength of the peak. From the figures it is clear that one
can fit the data easily without any particular fine-tuning of parameters.
How would the signal for a HEIDI Higgs differ from a standard model Higgs? First there
is of course the small peak around 98 GeV . Another interesting effect is, that the continuum
appears as a wide Higgs, with a somewhat weaker coupling than for a full Higgs particle peak.
A typical spectrum is presented in figure 5 for a five-dimensional and a six-dimensional model.
One sees that the width of the Higgs is much larger than in the standard model, it is roughly 2
GeV for the parameters in the figure. In principle one would like to use the data to distinguish
between the two curves in the figure, but this might be difficult because of the experimental
resolution at the LHC.

One can also fit the data with two peaks and a continuum, one peak at 98 GeV and the
second in the range 116-130 GeV . In the experiment one can probaly not separate the second
peak from the continuum, as the continuum starts very close to the second peak. The situation
is described in figure 6, where we plot the start of the continuum as a function of the strength of
the second peak, together with the mass average over the combination of the second peak and
the continuum. One would probably see a somewhat wider and asymmetric peak only.
Finally it is possible to have a pure continuum, but in this case one has to ignore the LEP
peak, assuming that it is a statistical fluctuation.
4

Future prospects

It is clear that the present data are not enough to come to definite conclusions. Below we discuss
some questions to be addressed in the near and far future
4.1

Questions for the LHC

Even with the planned running of the LHC this year it is unlikely that one can distinguish
the HEIDI models from the standard model in a definite way. What is clear from the above
discussion is that the first priority should be to clearly establish the presence of a signal, which
might be a bit weaker than a standard model Higgs signal. The present analysis should be
extended to lower energies, in order to get to the LEP peak at 98 GeV . Combined data from
ATLAS and CMS are highly desirable from the theoretical point of view. It would probably be
possible to already start with a ”model-independent” analysis for the spectral density ρ(s). A
somewhat crude first approach could be for instance to divide the range of 116-130 GeV in 7
bins of 2 GeV each and allow for a Higgs signal to be present in the bins for instance in steps of
1/6 of a Higgs signal. This would give rise to 1716 models, for each of which one can calculate
a probability how well it fits the data.
After that, determining the branching ratios with some precision is important to confirm
that one is dealing with a Higgs boson, that is similar to the standard model. However it is
particularly important to determine the width of the Higgs boson, or more general its spectral
density. The width should be studied in correlation with the strength of the Higgs signal, as
also invisible decay could lead to a wide Higgs16 . However in this case the branching ratio to
standard model particles is suppressed. The invisible decay particles could be candidates for
dark matter 17 . These latter two issues can probably be addressed with some accuracy only when
the LHC reaches its full design parameters. Even then the LHC will not be able to determine
the line shape of the Higgs boson to great accuracy, due to the resolution of the detectors.
4.2

A Higgs factory

Ultimately to determine the Källén-Lehmann density of the Higgs field precisely, the LHC is not
an optimal machine. One will need a Higgs factory. There are essentially three options, all of
them with some disadvantages. The first would be a muon-collider, where the Higgs is produced
directly and one can make an energy scan to probe the resonance region as in LEP with the
Z-boson. The disadvantage is that it is quite unclear if such a machine can be built, in particular
it would be difficult to get a high enough luminosity. The second possibility would be a 250-300
GeV linear collider. The problem here is that one needs a high precision on the momenta of
incoming and outgoing particles, as the spectrum has to be determined from the recoil in the
process e+ e− → ZH. Beamstrahlung would probably reduce the resolution to an unacceptable
level. However this should be studied in more detail. Most studies for a linear collider are
focused on 500 GeV . It would be useful to study an optimal design for Higgs physics.

The problem of beamstrahlung can be largely avoided by going to a very large circular
collider with a CM energy of 250-300 GeV . Synchrotron radiation drives up the radius of the
ring and the largest collider proposed sofar is the very large lepton collider at Fermilab, which
could have a 230 km circumference. The limiting factor could be the precision with which one
can measure the momentum of the outgoing leptons coming from the Z-boson. This is a detector
problem, that also plays a role for the linear collider option, and needs careful study.
Although the civil engineering cost of such a large tunnel will be high, from the accelerator
point of view a circular electron-positron collider is the easiest to build and could be achieved with
current technology. In the longer term, a facility of this size would make a very natural stepping
stone to study proton-proton collisions at very high energies, far beyond any LHC upgrade.
A facility of this type would provide an exciting physics program for O(40) years and would
require cooperation at an unprecedented level on the global scale. Given the long time scales
√
involved, it would be interesting to explore the physics case for a s ∼ 250 − 300 GeV electron
positron collider to fully explore a Higgs signal seen at the LHC, followed with a 50 − 100 TeV
proton-proton collider to probe the high energy frontier.
5

Conclusion

The conclusion can be short: Higher dimensions may be hidden in the Higgs lineshape.
Or somewhat more poetically:

Where is Heidi hiding ?
Heidi is hidden
in the high-D Higgs Hill !
Acknowledgments
This work was supported by the BMBF within the Verbundprojekt HEP-THEORIE.
References
1. J.J. van der Bij, Phys. Rev. D 76, 121702(R) (2007).
2. J.J. van der Bij, in XXI st Rencontres de Blois,
Windows on the Universe, 589 (2009).
3. J.J. van der Bij, Gen. Rel. Grav. 43, 2499 (2011).
4. B.W. Lee, C. Quigg and H.B. Thacker, Phys. Rev. Lett. 38, 883 (1977).
5. B.W. Lee, C. Quigg and H.B. Thacker, Phys. Rev. D 16, 1519 (1977).
6. G. Källén, Helv. Phys. Acta 25, 417 (1952).
7. H. Lehmann, Nuovo Cimento 11, 342 (1954).
8. F. Englert, private communication, this conference.
9. J.J. van der Bij, in XLII nd Rencontres de Moriond,
Electroweak Interactions and Unified Theories, 33 (2007).
10. J.J. van der Bij, in XLIII rd Rencontres de Moriond, QCD, 99 (2008).
11. A.Hill and J.J. van der Bij, Phys. Rev. D 36, 3463 (1987).
12. R. Akhoury, J.J. van der Bij and H. Wang, Eur. Phys. J. C 20, 497 (2001).
13. J.R. Espinosa and J.F. Gunion, Phys. Rev. Lett. 82, 1084 (1999).
14. J.J. van der Bij and S. Dilcher, Phys. Lett. B 638, 234 (2006).
15. J.J. van der Bij and B. Puliçe, Nucl. Phys. B 853, 49 (2011).
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Figure 1: Fit in 4.5 dimensions.

Figure 2: Fit in 5.0 dimensions.

Figure 3: Fit in 5.5 dimensions.

Figure 4: Fit in 6.0 dimensions.

Figure 5: Higgs line shape.

Figure 6: Two peak structure.

Single Z Production at the Tevatron
Thomas J. Phillips
for the CDF and D0 Collaborations
Physics Department, Duke University, Durham, NC USA
The production of single Z bosons has been studied at Fermilab’s Tevatron by the CDF and
D0 collaborations. Measurements include the weak mixing angle, vector and axial-vector
couplings between Z bosons and light quarks, and angular coefficients in electronic decays
which are sensitive to the spin of the gluon. The collaborations have looked for and indication
of new physics above the mass scale that can be directly produced at the Tevatron by studying
the interference between Z and photon propagators. All measurements are consistent with
Standard Model expectations.

1

Introduction

The Z boson provides a very clean system for studying electroweak physics and for searching for
new physics because the electronic and muonic decays of the Z can be identified with very little
background. The Tevatron now has substantial datasets of these decays, and these datasets
have been used to measure a number of Standard-Model parameters and to look for new physics
beyond the Standard Model (SM). Here we describe a number of these measurements that have
recently been completed.
1.1

Forward-Backward Asymmetry

Interference between Z-boson and photon propagators affect the direction of the electron resulting from the Drell-Yan process pp̄ → e+ e− . One way to quantify this effect is to measure the
forward-backward asymmetry of the electron. This asymmetry is measured in the Collins-Soper
frame 1 , which is defined as the rest frame of the electron pair, with the z axis defined as the
bisector of the directions of the incoming proton beam and the negative of the incoming antiproton beam. Forward is defined as cos θ∗ > 0 where θ∗ is the angle between the negative electron’s
direction and the positive z axis. Backward is when cos θ∗ < 0. The measured asymmetry
as a function of dielectron invariant mass is shown in Figure 1 for both the D0 and the CDF
collaborations.
The D0 collaboration has used this forward-backward asymmetry AF B measurement to
l
2
extract the value of the weak mixing angle sin2 θef
f = 0.2309 ± 0.0008 ± 0.0006 . This measurement is dominated by the high statistics in the Z pole region, and it is consistent with other
measurements of this quantity which average to 0.23153 ± 0.00016.
The direction of the electron is affected by whether the Z/γ propagator was produced by
an up or a down quark, so the D0 collaboration has used their asymmetry data to extract
limits on the vector (gV ) and axial-vector (gA ) couplings of light quarks to the Z boson 2 . They
used RESBOS 3 to make templates using different values of the couplings while the value of the

Figure 1: Forward-Backward asymmetry as a function of dielectron invariant mass. The left plot is the measurement from the D0 collaboration, and the right plot is the measurement from the CDF collaboration.

Figure 2: Sixty-eight percent C.L. limits on couplings between Z bosons and up quarks (a) and down quarks (b).
Limits are shown for both 2-D and 4-D fits, as well as the best fit 2-D values and the SM expected values,

l
coupling between electrons and Z bosons was fixed to its SM value and sin2 θef
f was set to its
global average. The results are shown in Figure 2, which shows the 68% C.L. allowed regions
for both 2-dimensional fits (where the couplings for the other light quark are fixed at their SM
values) and 4-dimensional fits, where all the light-quark couplings are allowed to vary at the
same time. All the fits are consistent with SM expectations.

AF B is sensitive to new physics at masses higher than could be directly produced at the
Tevatron. In the absence of new physics, AF B is expected to be approximately constant at
a value of 0.6 for dielectron invariant masses substantially above the Z mass. New physics
could interfere with the Zγ propagator and change this value. Both the D0 and CDF AF B
measurements (shown in Figure 1) are consistent with SM expectations, and therefore limit the
possibility of new physics such as a massive Z 0 that interferes with the SM propagators.
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Figure 3: Coefficients for the angular distribution of the final-state electron as measured by the CDF collaboration.
The data are the crosses, and the various lines correspond to different theoretical expectations.

2

Angular Distributions

The CDF collaboration has chosen to measure sin2 θW form the angular distributions of the
final-state electron rather than from the forward-backward asymmetry. The general expression
for the angular distribution of the final-state electron in the Collins-Soper frame 1 is:
dσ
d cos θ dφ

∝ (1 + cos2 θ)
1
A0 (1 − 3 cos2 θ) + A1 sin 2θ cos φ
2
1
+
A2 sin2 θ cos 2φ + A3 sin θ cos φ
2
+ A4 cos θ + A5 sin2 θ sin 2φ
+

+ A6 sin 2θ sin φ + A7 sin θ sin φ
Here the coefficients A0 to A7 are functions of the dielectron mass Mee , the transverse momentum
PT of the Z boson, and the rapidity y. In perturbative QCD, A5 , A6 , and A7 are near 0, A1
and A3 are small when integrated over ±y, A4 is sensitive to sin2 θW , and A0 = A2 . This last
expression is the Lam-Tung equation, and it is only valid for spin-1 gluons. Since this expression
is badly broken for spin-0 gluons, verifying that A0 = A2 provides evidence for spin-1 gluons.
The measured angular coefficients 4 are plotted as a function of PT in Figure 3. We see
that these measurements are consistent with the Lam-Tung expression and therefore with a
spin-1 gluon. A3 is close to 0 as expected for pQCD, and A4 is used to extract sin2 θW =
0.2329 ± 0.0008+0.0010
−0.0009 (QCD). All these results are consistent with SM expectations.
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the ResBos total cross section is 254 pb.

3

Z Transverse Momentum

The same dataset used by CDF to measure the angular coefficients was used to measure the
transverse momentum of the Z boson. At low PT , the measurement smearing is large (on order of
2.2 GeV/c) compared to the bin size of 0.5 GeV/c. The unfolding is done by first correcting the
input PT distribution for the Pythia Monte Carlo generator 5 until the ratio of data/simulation
is flat, and then using the simulation to determine bin-by-bin unfolding.
The unfolded PT distribution is shown in Figure 4 along with the NNLO theoretical prediction (FEWZ2) and the resummation prediction (ResBos3 ). The NNLO prediction is consistent
with the measured result for high PT , while the ResBos prediction does a good job of matching
the data over the entire PT range. A closer look at the ResBos prediction is shown in Figure 5, which plots the ratio of the data to the ResBos theory. THe deviation seen in the region
40 < PT < 90 GeV/c is where ResBos resummed, asymptotic, and perturbative cross sections
are matched. Apparently the modeling could be improved in this region.

4

Conclusions

The Tevatron experiments CDF and D0 have substantial datasets of well-identified Z bosons.
These datasets have been used to measure Standard Model parameters including the weak
mixing angle (D0: 0.2309 ± 0.0008 ± 0.0006; CDF: 0.2329 ± 0.0008+0.0010
−0.0009 (QCD)). Measurements
are consistent with Standard Model expectations, such as spin-1 gluons rather than spin-0
gluons. Measurements of the Z-boson PT are now precise enough to help refine Drell-Yan
phenomenology.
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DIBOSON PHYSICS AT THE TEVATRON
JADRANKA SEKARIC
for the CDF and DØ Collaborations
Department of Physics and Astronomy, 1082 Malott, 1251 Wescoe Hall Drive,
University of Kansas, Lawrence, Kansas 66045, USA
We present recent measurements of diboson production at the Tevatron Collider at
√
s = 1.96 TeV, analyzing fully leptonic and semileptonic final states in data collected by
the CDF and DØ detectors between 2002 and 2011. The analyzed final states in W γ, Zγ,
W W , W Z and ZZ production are of significant importance for testing the electroweak sector
of the Standard Model and they are directly relevant to searches for a low mass Higgs boson
and physics beyond the Standard Model.

1

Introduction

Precision measurements of diboson processes play an important role in electroweak physics and
searches for new physics which may exist at some high energy scale Λ. In the presence of
new physics, observables such as production cross sections, the trilinear gauge boson couplings
(TGCs) 1 , and various kinematic distributions, are expected to deviate from their Standard
Model (SM) predictions. The charged TGCs present in W W, W Z and W γ production are
∆g1V , ∆κV and λV (V = Z or γ) where ∆ represents the deviation from the SM prediction. In
the SM, ∆g1V = ∆κV = λV = 0. The neutral TGCs hVi (i = 3, 4), studied in Zγ production,
are not allowed in the SM at tree-level, and their values are predicted to be zero. Dibosons also
represent an important background in production of the top quark, Higgs boson(s) and exotic
particles. Thus, precise knowledge of diboson processes and their proper modeling is important
for current and future studies.
2
2.1

Diboson Production
W γ Production

Due to negative interference among the tree-level diagrams, the amplitude for SM W γ production
is expected to be zero around cosθ = -0.3 (θ is an opening angle between incoming quark and
outgoing W boson) known as the Radiation Amplitude Zero (RAZ). The effect is also evident
in the charge-signed lepton-photon rapidity difference as a dip around -0.3, shown in Fig.1. The
data analyzed by the DØ Collaboration correspond to 4.2 fb−1 . An isolated electron (muon)
is required to be in the region |ηe | < 1.1 or 1.5 < |ηe | < 2.5 (|ηµ | < 1.6) with ET > 25 GeV
(20 GeV). In both channels, the photon must be detected in |ηγ | < 1.1 or 1.5q< |ηγ | < 2.5 with

ET > 15 GeV and separated from the lepton by ∆Rlγ > 0.7 where ∆R = (∆φ)2 + (∆η)2 2 .
The event is required to have E
6 T > 20 GeV and a three-body transverse mass, Mlνγ , greater
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Figure 1: The charge-signed photon-lepton rapidity
difference for background-subtracted data and W γ
MC prediction.
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than 110 GeV. According to the number of selected signal events the measured cross section
corresponds to σW γ × BR(W → lν) = 7.6 ± 0.4 (stat) ± 0.6 (syst) pb which is in agreement with
the SM prediction of 7.6 ± 0.2 pb. The photon ET spectra shown in Fig. 2 were used to set onedimensional 95% C.L. limits on anomalous TGCs of -0.4 < ∆κγ < 0.4 and -0.08 < ∆λγ < 0.07
for Λ = 2 TeV 3 .
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Figure 2: Photon ET spectra for observed and predicted W γ events and the expected distribution in
the presence of anomalous TGCs.

Zγ Production

Figure 3: Unfolded dσ/dpT distribution for llγ
events compared to MCFM NLO prediction.

Figure 4: Unfolded dσ/dpT distribution for llγ
events used to set the 95% C.L. limits on TGCs.

The Zγ events are reconstructed from 6.2 fb−1 of DØ data using the llγ final states (l =
e, µ) 4 . In the electron channel at least one electron is required to have ET > 25 GeV (a
second electron ET > 15 GeV) and must be reconstructed within |ηe | < 1.1. In the muon
channel one muon is required to have pT > 20 GeV and the second must have pT > 15 GeV.
In both channels an event is selected if the invariant mass of the ll pair is larger than 60 GeV.
A photon candidate with ET > 10 GeV is reconstructed within |ηγ | < 1.1, separated from
the lepton by ∆Rlγ > 0.7, and from the jet by ∆Rlj > 0.5. After the final selection the
llγ cross section yields σZγ × BR(Z → ll) = 1089 ± 40 (stat) ± 65 (syst) fb. With a Mllγ
greater than 110 GeV applied to remove the FSR photon contribution, the cross section yields
σZγ × BR(Z → ll) = 288 ± 15 (stat) ± 11 (syst) fb. Both measurements are in agreement with
the NLO SM prediction given by MCFM generator 5 . The unfolded differential cross section for

Zγ → llγ production as a function of a photon pT , d(σ × BR)/dpT , is shown in Fig. 3. The
pT spectra of photon candidates with pT > 30 GeV shown in Fig. 4 were used to set the 95%
C.L. limits on neutral ZZγ and Zγγ TGCs, and combined with previously published results in
llγ 6 and ννγ 7 final states. The combined one-dimensional 95% C.L. limits are |hγ30 | < 0.027,
γ
Z
|hZ
30 | < 0.026, |h40 | < 0.0014 and |h40 | < 0.0013 for Λ = 1.5 TeV. Imposing more stringent
selection cuts on photon transverse energy ETγ > 50 GeV in llγ channel and ETγ > 100 GeV
in ννγ channel when analyzing 5 fb−1 of data, the CDF Collaboration sets the most stingent
one-dimensional 95% C.L. limits on γ/ZZZ TGCs, -0.022 < hγ3 < 0.022, -0.020 < hZ
3 < 0.021,
8.
|
<
0.0009
for
Λ
=
1.5
TeV
|hγ4 | < 0.0008 and |hZ
4
2.3

W Z → lνll Production

Selection of W Z events in lνll final states requires three highly energetic, isolated leptons and
significant E
6 T . The CDF and DØ Collaborations analyzed 7.1 fb−1 9 and 8.6 fb−1 10 of integrated
luminosity, respectively, in their W Z measurements. Even if these final states do not suffer from
large backgrounds, a NeuroBayes neural network (NN) was used at CDF to further select signal
from backgound and to extract the cross section by fitting the data to the shape of expected
SM processes in the NN output distribution, shown in Fig. 5. The measured W Z cross section
is σW Z = 3.9 +0.8
−0.7 (stat+syst) pb. The shape and normalization of Z pT distribution are used to
set the 95% C.L. limits on ZW W TGCs. The one-dimensional limits are -0.39 < ∆κZ < 0.90,
-0.08 < ∆λZ < 0.10, and -0.08 < ∆g1Z < 0.20 for Λ = 2.0 TeV. The DØ Collaboration measures
W Z cross section using the ratio of measured W Z to the inclusive Z cross sections, and the
theoretical prediction for the production of the Z boson, both for 60 < Mll < 120 GeV, while
fitting the MT distribution shown in Fig. 6. This results in cancellation of the uncertainties due
to lepton reconstruction and identification, and trigger efficiency measurement. The measured
W Z cross section is σW Z = 4.5 +0.6
−0.7 (stat+syst) pb.
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Figure 5: The NN output for W Z → lνll signal,
backgrounds and data collected by CDF.
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Figure 6: The transverse mass distribution for
W Z → lνll signal, backgrounds and data collected
by DØ.

ZZ Production

CDF has studied ZZ production in llll and ννll (l = e, µ) final states using 6.1 fb−1 and
5.9 fb−1 of integrated luminosity 11 , respectively. As the ννll final states suffer from large DrellYan background, a NeuroBayes NN was used to separate signal from backgound and to extract
the cross section by fitting the data to the shape of expected SM processes in the NN output
distribution, shown in Fig. 7. The combined ZZ cross section measured with ννll and llll final
states yields σZZ = 1.64 +0.44
−0.38 (stat+syst) pb. A new variable is built in the analysis of ννll final

states at DØ, effectively discriminating against Drell-Yan events. Its purpose is to minimize
the mismeasurement of the transverse momentum of either the charged leptons or the hadronic
recoil system which contributes to the reconstructed E
6 T . The NN output distributions shown in
Fig. 8 were used to extract the ZZ cross section in the likelihood fit with the predicted number of
ZZ events being allowed to float. The cross section measured in ννll final states and combined
with previous result from llll final states is σZZ = 1.44 +0.35
−0.34 (stat+syst) pb. Both CDF and
DØ measurements are consistent with the NLO SM prediction.
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Figure 7: NN output distribution for the processes
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values of the fit to the CDF data.
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Figure 8: NN output distribution for the processes
contributing to the llνν sample, scaled to the best
values of the fit to the DØ data.

W W + W Z → lνjj Production

Analyses of the W W + W Z dijet final states have been performed at CDF and DØ applying
b-tagging algorithms to maximize the separation between overlaping W Z and W W signals. The
lνjj (l = e, µ) candidates, selected from 7.5 fb−1 of CDF data, are required to have a single
isolated lepton with pT > 20 GeV, significant 6 ET and exactly two jets with pT > 20 GeV.
Events are divided into four categories based on lepton quality, detector coverage and number
of b-tagged jets. The dijet mass distributions are used to extract the cross section by fitting
to data using events with 1 and 2 b-tagged jets. The dijet mass distributions for events with
1 and 2 b-tagged jets are shown in Fig. 9. The combined cross section for W W and W Z
production yields σW W +W Z = 1.1 +0.3
−0.4 × σSM (stat+syst) pb resulting in observed significance
12
of 3σ . The event selection at DØ requires a minimum of two jets with pT > 20 GeV,
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Figure 9: Invariant dijet mass distributions for 2 different event cathegories containing 1 (left) and 2 (right)
b-tagged jets after the best MC fit to data.
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and the electron (muon) with pT > 15 (20) GeV, and significant 6 ET . Because of the large
W +jets background contamination a Random Forest (RF) classifier is used to separate signal
from background. The information on the number of b-tagged jets is used as an input to the
RF. The signal cross section is determined from a fit of signal and background RF templates
to the data with respect to variations in the systematic uncertainties and is measured to be
σW W +W Z = 19.6+3.2
−3.0 (stat+syst) pb with observed significance of 7.9σ (Fig. 10). Consistent
results were obtained from the fit to the dijet mass distribution. The dijet mass peak in events
with 0-tag jets, after background subtraction from data is shown in Fig. 11 compared to the MC
prediction. When two signals, W W and W Z are treated separately in the fit of RF templates,
+4.1
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the cross sections yield σW W = 15.9+3.7
−3.2 (stat+syst) pb and σW Z = 3.3−3.3 (stat+syst) pb .
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Figure 11: A comparison of the measured W W and
W Z signals to background-subtracted data in the
dijet mass distribution (electron+muon) for 0, 1,
and 2-tag sub-channels after the combined fit to
data using the dijet mass distribution.
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To validate the Tevatron low-mass SM Higgs boson search strategies, the Tavtron H → bb̄
searches (W H → lνbb̄, ZH → llbb̄ and ZH → ννbb̄) were adapted to measure the W Z + ZZ
cross section where Z boson decays into pair of heavy flavor jets, originating from c- and bquarks. The event selection for the cross section measurement is the same as that used in the
low mass Higgs analyses, described in 14,15,16,17,18,19 . Each collaboration combines the three final
states to measure W Z + ZZ cros section and finally, the measurement is performed combining
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the six channels from both experiments. In these measurements only 1 and 2 b-tag sub-channels
were used; the ratio of cross sections for W Z and ZZ productions is fixed by the SM while the
W W cross section is constrained to its SM value, accounting for ± 7% theoretical uncertainty
within which the W W rate is allowed to fluctuate. The final discriminant MC templates from
individual final states were fit to data and yield the cross section of σW Z+ZZ = (1.6 ± 0.8) × σSM
in DØ lνbb final states 14 , σW Z+ZZ = (0.1 ± 0.6) × σSM in DØ llbb final states 16 , and σW Z+ZZ =
(1.5 ± 0.5) × σSM in DØ ννbb final states 18 .
The combined cross section measurement at DØ yields σW Z+ZZ = (1.13 ± 0.36) × σSM with
observed significance of 3.3 σ 20 . The final discriminant with bins of individual discriminants
have been ordered in s/b is shown in Fig. 12. The dijet mass peak in 1-tag and 2-tag subchannels combined, after background subtraction from data is shown in Fig. 13 compared to the
MC prediction. Similar distributions for CDF combined W Z + ZZ cross section measurement
are shown in Fig. 14 and Fig. 15. The combined cross section measurement at CDF yields
σW Z+ZZ = 4.1+1.4
The combination of
−1.3 (stat+syst) pb with observed significance of 3.2 σ.
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Figure 14: Comparison of the measured W Z + ZZ
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Figure 17: Comparison of the DØ+CDF measured
W Z and ZZ signals to background-subtracted data
in the dijet mass distribution for the 2-tag subchannel.

six individual CDF and DØ final discriminants yields a W Z + ZZ cross section of σW Z+ZZ =
4.47 ± 0.64+0.73
−0.72 (stat+syst) pb with an observed significance of 4.6 σ. The final discriminant
with bins of individual discriminants ordered in s/b and the dijet mass peak in 1-tag and 2tag sub-channels combined, after background subtraction from data are shown in Fig. 16 and
Fig. 17, respectively.
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Summary

The CDF and DØ Collaborations have presented recent results of diboson production studies
using the data collected at the Tevatron between 2002 - 2011. Measured cross sections and TGCs
are in agreement with the SM predictions. We also present the first evidence for the production of
W Z + ZZ with heavy flavor jets in final states, separately achived by each Tevatron experiment
and combined. This clearly demonstrates the ability of the CDF and DØ Collaborations to
measure a cross sections of the same order of magnitude as that expected for Higgs boson
production in association with a vector boson at the Tevatron and validates the background
modeling and analysis techniques used in the Tevatron low-mass Higgs boson searches.
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SUPERSYMMETRY SEARCHES WITH ATLAS AND CMS
Steven Lowette
University of California, Santa Barbara, USA
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Highlights are presented of current searches for supersymmetry produced in proton-proton
√
collisions at the LHC, operating at s = 7 TeV. Searches with missing transverse energy
are summarized from both the ATLAS and CMS experiments. A wide range of final states
is covered, including recent searches with photons, leptons, and purely hadronic final states.
Future developments are anticipated with extra focus on exclusive searches in electroweak and
third-generation supersymmetry production.

1

Searching for supersymmetry at the LHC

Supersymmetry 1 (SUSY) postulates a new symmetry, linking bosons and fermions. As such,
SUSY brings an extension to the Standard Model (SM) of particle physics, in which a whole
spectrum of new particles is predicted. Indeed, the non-observation of supersymmetric partners
thus far requires supersymmetry to be a broken symmetry, and several breaking mechanisms
have been proposed, like gravity mediation, gauge mediation, or anomaly mediation, each giving
rise to models with specific characteristic phenomenological properties.
Supersymmetry is appealing, and remains to date, because it potentially solves several problems of the Standard Model. SUSY can provide an elegant solution to the apparent need for
fine-tuning in the calculation of the Higgs boson mass; it leads to a unification of the gauge
coupling strengths at a common scale; and when imposing so-called R parity to restore proton stability, the lightest supersymmetric particle (LSP) becomes stable, providing an excellent
dark-matter candidate.
Supersymmetry has been searched for at the Large Hadron Collider (LHC) in proton-proton
collisions at 7 TeV centre-of-mass energy, from 2010 onwards. At first, only squark and gluino
pair production provided viable SUSY production search modes, with the coloured nature of
these particles resulting in a sizeable production rate early on. Because of the complex decay
phenomenology, driven by the large diversity in possible SUSY mass spectra, the searches were
typically designed not to focus on particular models, but rather to look for deviations from SM
background expectations for a diverse set of experimental signatures.
With the advent of more than hundred times larger data samples in 2011, production modes
with lower cross sections have become accessible. This opens up the possibility for more dedicated searches in exclusive channels, like electroweak chargino and neutralino production, or
direct stop or sbottom production.
In these conference proceedings, we summarize a few highlights of the searches for supersymmetry as they were at the moment of the conference, at both the ATLAS 2 and CMS 3 detectors.
All searches reported here look for signatures including missing transverse momentum (6ET ), in-

duced by the LSP escaping detection. Non-6ET -based SUSY searches were presented elsewhere 4,5 ,
and third-generation SUSY results from ATLAS can be found in a dedicated contribution 6 .
More specifically, we report on searches with photons from both experiments 7,8 , an ATLAS
search for disappearing tracks 9 , a glimpse of hadronic analyses for both CMS 10 and ATLAS 11 ,
inclusive searches with same-charge (same-sign) lepton pairs 12,13 , searches from both experiments with three or more leptons 14,15 , and a CMS analysis looking for same-sign dileptons in
the presence of b-tagged jets 16 . This overview only attempts to discusses a selection of results, and since then many more have become available. The complete and up-to-date lists of
supersymmetry results from both experiments can be found here 17,18 .
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Searches with photons
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A search for supersymmetry in final states with photons was pursued in CMS with two selections.
One selection requires a single photon to be accompanied by two jets, with 6ET > 100 GeV; a
second selection asks for two photons, in this case relaxing the other requirements by asking a
single jet and 6ET > 50 GeV. The former analysis was performed with an integrated luminosity
of 4.3 fb−1 , while the latter used 4.7 fb−1 of data. The ATLAS experiment pursued a similar
search with 1.07 fb−1 of data, in this case using a two-photon selection, requiring one additional
jet and E
6 T > 100GeV.
Standard Model backgrounds for all three analysis are mainly arising from QCD multijet
production, with real photons or jets faking photons, and from electroweak processes in the
form of electrons faking photons. The multijet background is determined by extracting the
E
6 T distribution from an appropriate control sample, where the ATLAS analysis in addition
cross-checked their prediction by modelling the 6ET spectrum with a Z → e+ e− control sample.
Electron backgrounds are predicted using e → γ misidentification rates measured in data, while
other smaller backgrounds are estimated from simulation.
Signs of new physics were sought by looking for an enhancement of the tail of the 6 ET
distributions. The data was found to be in good agreement with the predicted E
6 T spectra.
Interpretations of the results were made within a general gauge mediation context, with the
gravitino as low-mass LSP. In such scenarios the phenomenology of the models is driven by
the next-to-lightest supersymmetric particle (NLSP). Simplified models were considered with
squark and gluino production, followed by decay through a bino-like neutralino NLSP (onephoton selection) and a wino-like neutralino NLSP (two-photon selections). In Figure 1 the
resulting parameter space excluded at 95% confidence level (CL) is shown for the different
analyses, as a function of squark, gluino, and NLSP mass. The limits are found to be mainly
driven by the production cross section, with little impact from the neutralino mass.
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Figure 1: Exclusion limits at 95% CL for the single photon (left) and diphoton selection (middle) for the CMS
analyses, and for the diphoton search from ATLAS (right).
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Search for disappearing tracks
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The ATLAS experiment performed a dedicated search for disappearing tracks. The phenomenology is motivated by an anomaly-mediation scenario (AMSB), where the first chargino χ̃±
1 and
neutralino χ̃01 differ in mass by only about 200 MeV. This results in the chargino possibly being observed travelling a significant distance within the tracker volume before decaying to the
neutralino, leading to 6ET , a high-momentum track that apparently “disappeared”, and a soft
pion. Charginos are considered here to be produced in cascade decays from gluinos and squarks.
The selection therefore requires the presence of three jets, accompanied by 6ET > 130 GeV, and
a track with less than 5 hits in the outer part of the transition radiation tracker (TRT), the
outermost layer of the ATLAS inner tracking system.
Backgrounds to this signature arise from high-momentum tracks interacting with the TRT
material, producing at the point of interaction a non-reconstructed kink or shower, or from
low-momentum charged particles with a bad momentum measurement, due to large multiple
scattering. An estimation of these backgrounds from data was developed, applying a combined
shape fit with components determined in appropriate control samples. The momentum spectrum
of “disappearing” tracks is shown for data and the background prediction in Figure 2 (left), for
a data sample of 1.02 fb−1 . In Figure 2 (right) an interpretation in an AMSB model is made
(with parameters as given in the figure), showing 95% CL exclusion limits as a function of the
chargino mass and lifetime.
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Figure 2: Spectrum of the “disappearing” tracks in data, on top of the prediction from data (left); 95% CL limits
in the considered AMSB scenario as a function of the chargino mass and lifetime (right).
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Inclusive and multijet searches

On the side of the hadronic searches for squark and gluino production, an inclusive analysis was
performed with the so-called “razor” variables R and MR , using 4.4 fb−1 of integrated luminosity.
The analysis is actually sensitive beyond hadronic searches, because it combines exclusive singlelepton and dilepton data samples in a global fit. The razor R, sensitive to the ratio of missing
and visible momentum in the event, is used to suppress backgrounds, in particular QCD multijet
events. MR , on the ohter hand, peaks broadly at the characteristic scale of the physics process.
The tails of both the R and MR distributions can be described excellently with a two-component
exponential for all backgrounds.
The background strategy consists of fitting such a background description in both R and
MR dimensions, simultaneously using samples with zero, one, and two leptons. This function
is then extrapolated into the signal region. The data is found to be in good agreement with
the background description, and limits on new physics were derived in the Constrained Minimal

Supersymmetric Standard Model (CMSSM), as shown in Figure 3 (left) as a function of the
model parameters m0 and m1/2 .
While most hadronic analyses, like the “razor”, are mostly sensitive to low jet multiplicities,
longer decay chains can give rise to multijet final states. The ATLAS experiment performed a
−1
dedicated hadronic analysis with
√ between 6 and 8 jets in the events, using 1.34 fb of data. The
search variable used here, 6ET / HT , with HT the scalar sum of the jet momenta, is a measure
of the significance of the E
6 T in the event.
The particular challenge for this analysis is the presence of a large number of events from
QCD multijet production. This background is estimated from data in control samples with a
lower
jet multiplicity, and is normalized
to the data in a background-dominated region of low
20
11 Summary
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6 T significance. Data was found to be in good agreement with the background predictions, and
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No significant excess over the background expectations was observed and the results were
presented as a 95% CL in the (m0 , m1/2 ) CMSSM parameter space. We exclude up to 1.35 TeV
squarks and gluinos for m(q̃) ⇠ m( g̃) and for m(q̃) > m( g̃) we exclude gluinos up to 800 GeV.
These results significantly extend the current LHC limits.
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Figure 10: Observed (solid curve) and median expected (dot-dashed curve) 95% CL limits in
the (m0 , m1/2 ) CMSSM plane with tan b = 10, A0 = 0, sgn(µ) = +1 from the razor analysis.
The ± one standard deviation equivalent variations in the uncertainties are shown as a band
around the median expected limit.
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Figure 3: Interpretation of the CMS inlusive razor search (left) and the ATLAS multijets analysis (right) in the
CMSSM (m0 , m1/2 ) plain.
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Search with same-sign dileptons

Searches for supersymmetry with leptons make it possible to evade the large backgrounds from
multijet production, while keeping the 6ET requirements modest. This is in particular the case
for the search for same-charge (same-sign) leptons, a signature which can arise in decays from
gluino pair production as well as same- or opposite-sign squark production. In addition, the
use of low-momentum leptons makes it possible to more easily probe compressed SUSY spectra,
where the LSP is close in mass to heavier states, and little energy from the SUSY decays remains
observable in the event.
Both CMS and ATLAS carried out searches for same-sign dileptons. In the case of CMS an
integrated luminosity of 4.7 fb−1 was analysed in several search regions, each probing different
mass splitting scenarios (high and low HT and 6 ET , low-momentum leptons), including tau
leptons. The ATLAS collaboration analysed 2.05 fb−1 of data, in a search region with electron
or muon same-sign pairs, four jets and E
6 T > 150 GeV.
The main analysis challenge comes from the need to estimate the background of non-prompt
leptons arising from jets, and the one from lepton charge mis-identification. Multiple methods
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were developed to measure both backgrounds from data, confirming the charge mis-identification
to be very small. Apart from the non-prompt leptons, a second background component contributes from rare processes giving rise to final states with prompt leptons, like diboson (including same-sign WW) and tt̄W/Z production. These processes with low cross sections are gaining
importance with the growing data samples. They are estimated from simulation.
Across all search regions, the data is found to be in good agreement with the expected
background, and limits on new physics have been obtained within a variety of models with
same-sign dilepton production. The exclusion obtained in a projection of the CMSSM parameter
space is shown in Figure 4.
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Figure 4: Interpretation of the same-sign CMS search (left) and ATLAS search (right) in the CMSSM (m0 , m1/2 )
plain.
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Multilepton searches

When searching for supersymmetry with three or four leptons, the number of possible search
regions grows large. In CMS an analysis was performed with 4.7 fb−1 of data, searching in
exclusive bins of electron, muon or tau lepton multiplicity, comparing small versus large HT and
E
6 T , the presence of an opposite-sign same-flavour lepton pair or not, and such a lepton pair
falling in our out of a window around the Z-boson mass.
The backgrounds to this search depend on the selection bin considered, but analogies can
be drawn with the same-sign dilepton search: Z+jets and tt̄ contribute when an additional
non-prompt lepton is present, while rare diboson and tt̄W/Z production provide backgrounds
of prompt leptons. In addition, Z-boson production contributes in another way as well, when
leptonic decay products radiate a virutal or real photon, which then in turn converts respectively
“internally” or “externally”. The former case provides an equal abundance of electron and muon
conversions, in particular asymmetric ones, while the latter creates only electron-positron pairs
within material, rarely contributing because of the displacement of the resulting tracks.
The analysis’ multi-bin approach provides simultaneous sensitivity to many possible newphysics scenarios, with both strong and electroweak production. One interpretation was carried
out in a gauge-mediation inspired simplified model, with degenerate sleptons as NLSP, such that
multilepton final states are obtained from decays of bino-like neutralinos through the sleptons
to the gravitino LSP. In Figure 5 (left) the 95% CL limit for this model is shown, obtained from
a combined fit over all selection bins. The limit is driven by a few bins that happen to show
some discrepancy between data and background expectation, yielding a worse observed than
expected limit. Over all search bins, though, the data is in fair agreement with the expectation.

A recent ATLAS analysis took a different approach, with a selection of three electrons and/or
muons, 6ET > 50 GeV and in particular no requirement on hadronic activity (with a b-jet veto
for events without Z-boson candidate). This selection was devised to obtain sensitivity for the
low-cross section electroweak chargino-neutralino production, as opposed to the strong gluino
and squark production.
The backgrounds to consider are of similar nature as in the CMS analysis. The data was
found to be in good agreement with the expected background, and the result was interpreted
in a simplified model with only electroweak production yielding a three-lepton final state. The
0
mass of the produced χ±
1 and χ2 are assumed the same, with slepton masses exactly in the
0
middle between the mass of χ1 and χ02 . In Figure 5 (right) the 95% CL limit is shown as a
function of the mass of the lightest chargino and neutralino.
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Same-sign dileptons search with b-tagged jets

With the LHC collision dataset growing, access opens up to rarer production modes, like the
electroweak production touched upon in the ATLAS multilepton analysis. At the same time,
also more exclusive final states now gain focus, in particular in the context of a light third
generation, rendered plausible through arguments of naturelness.
An example of such a search is the same-sign analysis in CMS, but now executed with an
additional requirement of two or three b-jets. Asking for two b-jets reduces the already small
top background further with a factor of 10. Indeed, because of the selection of two same-sign
leptons in top events, the non-prompt isolated lepton will mostly come from one of the two b
jets, hence suppressing the probability for that b jet to be identified as such. This background
reduction yields further handles to define appropriate search regions as a function of HT and
E
6 T . For all defined search regions the data was found to be in agreement with the expected
background.
Two interpretations are of immediate interest for supersymmetry with a light third generation. One considers direct sbottom production, yielding a tt̄W+ W− + E
6 T final state with a
decay through an intermediate chargino. In Figure 6 (left) the 95% CL exclusion limit is shown
for this simplified model, as a function of the sbottom and chargino mass, for an LSP mass of
50 GeV. It is observed that the mass of the intermediate chargino does not influence the sensitivity of the search. The other interpretation considers gluino pair production, where various
decay chains can result in a four-top+ E
6 T final state. In Figure 6 (right) the corresponding limit
is shown for a simplified model with gluino decay through an intermediate stop, as a function of

the gluino and stop masses. Also here it is observed that the sensitivity is driven by the mass
of the mother particle, and that the intermediate stop mass plays little role for the sensitivity
of the search. In the same vein it was observed that also the exact decay chain leading to the
four-top final state only marginally influences the search reach.
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8

Conclusions

Both the ATLAS and CMS collaborations pursue a vibrant supersymmetry search program.
With two orders of magnitude more collision data delivered by the LHC in 2011 compared
to 2010, the existing wide variety of searches keeps covering ground rapidly; so far all data has
been observed to be compatible with the expected Standard Model backgrounds. As shown with
a few examples, search strategies are becoming more advanced, diverse, and targeted, aiming
to cover more corners of the SUSY phase space. In particular, dedicated attention is gearing
up towards rare electroweak SUSY production, complementing the existing strong production
searches, and towards third generation SUSY, which could show up at low masses, favoured by
arguments of naturelness. The data currently being collected by the LHC in the 2012 run, now
operating at 8 TeV centre-of-mass energy, will provide ample opportunity to continue the quest
for new-physics signals of supersymmetry.
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Beyond the Standard Model

SUSY and BSM Higgs Boson Searches with ATLAS and CMS
S. Dasu
for the ATLAS and CMS Collaborations
Department of Physics, University of Wisconsin,
Madison, Wisconsin, USA
Results of searches for super-symmetric and other beyond the Standard Model Higgs boson
searches from ATLAS and CMS experiments at the LHC are presented. Some Standard
Model (SM) higgs searches are reinterpreted in SM with four quark generations and fermiophobic models. Stringent limits, covering a large portion of the allowed parameter space in
(MA , tan β) plane are set for MSSM neutral higgs bosons decaying to τ -lepton pairs, and
charged higgs boson decaying to τ ν. Limits are set on a light NMSSM neutral higgs boson
and on doubly charged higgs bosons predicted in some models are also set.

1

Introduction

Spontaneous electroweak symmetry breaking is introduced in the standard model (SM) ?,?,?
to incorporate the massive vector bosons (W ± and Z) that mediate weak interactions, while
keeping the photon massless. This mechanism results in a single scalar, the Higgs boson, in
the SM ?,?,?,?,?,? , which has not yet been observed. Although the mass of the Higgs boson is a
free parameter in the SM, its couplings to the massive vector bosons and Yukawa couplings to
fermions are well defined, and Higgs boson production cross sections in proton-proton collisions
and decays are well understood theoretically ? . Gluon fusion (GF), weak vector boson fusion
(VBF) and associated production (AP) with weak bosons are top three Higgs boson production
mechanisms at the LHC. The SM decays to γγ, W W, ZZ, τ τ and bb̄ are explored. However, the
SM higgs particle has not yet been observed by experiments narrowing down the allowed mass
region to the range: 115 < MH < 127 GeV at 95% CL ?,?,?,? .
Although the SM contains an elegant minimal model with a single complex doublet of scalar
fields to provide masses for both the weak vector bosons and the fermions, nature could have
picked a more complicated Higgs sector. Several models have been prepared. Moreover, the
mass of the Higgs boson is quadratically divergent at high energies ? in the SM and its variants.
Supersymmetry ? is a well known extension to the SM which allows the cancellation of this
divergence. The supersymmetric models necessarily have a more complicated Higgs sector.
In this presentation the SUSY and BSM Higgs boson searches made by ATLAS and CMS
experiments at the LHC are presented.
2

Higgs in SM with 4 Generations

Extensions to the SM such as those with fourth generation fermions (SM4) can increase the
predicted cross sections significantly, because of the additional heavy quark loops in the gluon

95% CL limit on σ/σSM4

fusion production process. The SM searches ? , which include the five prominent decay modes
γ, γ, W W , ZZ, bb̄ and τ, τ from CMS are reinterpreted in terms of the SM4, using the increase
cross sections. The SM4 benchmark parameters recommended by the LHC Higgs cross section
group in Ref. ? : mD4 = mL4 = 600 GeV and mU 4 − mD4 = (50 + 10 · ln(mH /115)) GeV. Here
mU 4 and mD4 are the masses of the “up” and “down” quarks of the 4th generation, and mL4 is
the mass of the 4th generation charged lepton.
10

CMS Preliminary
s = 7 TeV
L = 4.6-4.8 fb-1

Observed
Expected (68%)
Expected (95%)

1

10-1

100

200

300

400 500

SM4 Higgs boson mass (GeV)
Figure 1: The 95% CL limits, expected and observed, on the ratio of measured to the predicted SM4 cross section,
are shown as a function of the Higgs boson mass.

Following the LHC Higgs cross section group prescription, the theoretical uncertainties on
the production and decay of the SM4 Higgs boson are kept the same as for the SM Higgs boson.
For the SM4 Higgs boson search, for each of the production-decay modes, a signal acceptance
as used in the SM interpretation is assumed. The 95% CL limit on the ratio of measured to the
predicted SM4 cross section, for the combination of all modes considered, is shown in Fig. ??.
Essentially the entire parameter space, 120-600 GeV, is excluded at 95% CL. The observed limits
are within 2σ of the expected values.
3

Fermiophobic Higgs

Keeping the crucial spontaneous symmetry breaking mechanism but turning off the direct
Yukawa couplings to fermions also results in a modified model that is dubbed the fermio-phobic
model (FP). SM searches in γγ and W W modes in vector boson fusion and associated production
channels can be reinterpreted in terms of FP models.
Both ATLAS ? and CMS ? experiments have used their di-photon data to search for FP
higgs. CMS has used dijet-tagged class to enhance weak vector boson fusion process, and muon
and electron tagged classes to enhance associated production process. These processes are quite
clean as seen in the Fig. ??. Lack of any pronounced signal contribution in these distributions
and in the inclusive category, enable setting of limits on FP higgs. ATLAS experiment has
used the low and high di-photon PT classes, to search for FP higgs contribution. The diphoton
invariant mass distributions from ATLAS for their two categories are shown in Fig ??. The 95%
CL cross section limit ratio to the FP higgs cross section from ATLAS using di-photon mode
only is shown as a function of Higgs mass in Fig. ??. The CMS experiment combined ? their
di-photon analysis with that of the W W analysis in weak vector boson fusion production mode,
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Figure 2: CMS diphoton invariant mass for di-jet, electron and muon tag categories.

to obtain a combined 95% CL cross section limit ratio to the FP higgs prediction as shown in
Fig. ??. The 95% CL exclusion region for the fermio-phobic model extends to MH < 190 GeV.
However, there is small excess compared to the expected exclusion region at around MH = 125
GeV.
4

Minimal Supersymmetric Standard Model

The minimal supersymmetric standard model (MSSM) contains two Higgs doublets, giving rise
to five physical states: a light neutral CP-even state (h), a heavy neutral CP-even state (H),
a neutral CP-odd state (A), and a pair of charged states (H ± ) ?,?,?,? . The mass relations
between these particles depend on the MSSM parameter tan β, the ratio of the Higgs fields
vacuum expectation values. In this model the lightest neutral higgs has similar properties to
the SM higgs and its mass is restricted to be below ≈ 130 GeV for reasonable values of its other
parameters. The decays of neutral higgses to τ -lepton pairs, and charged higgs produced in
decays of top to τ ν are important especially at large values of tan β. MSSM parameter space
(MA , tan β) is explored.
?,? benchBecause the parameter space is rather large, a particular case is chosen: the mmax
h
mark scenario is the one in which MSUSY = 1 TeV; Xt =2MSUSY ; µ = 200 GeV; Mg̃ = 800
GeV; M2 = 200 GeV; and Ab = At . Here, MSUSY denotes the common soft-SUSY-breaking
squark mass of the third generation; Xt = At − µ/ tan β is the stop mixing parameter; At and
Ab are the stop and sbottom trilinear couplings, respectively; µ the Higgsino mass parameter;
Mg̃ the gluino mass; and M2 is the SU(2)-gaugino mass parameter. The value of M1 is fixed via
the unification relation M1 = (5/3)M2 sin θW / cos θW . In this scenario for values of tan β & 15,
if mA . 130 GeV the masses of the h and A are almost degenerate, while the mass of the
H is around 130 GeV. Conversely, if mA & 130 GeV, the masses of the A and H are almost
degenerate, while the mass of the h remains near 130 GeV. This will thus always lead to one
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Conclusion neutral Higgs boson at 130 GeV and two neutral Higgs bosons with almost degenerate mass of
mA .

A search for a fermiophobic Higgs boson in the diphoton final state using data corresponding to an integrated luminosity of 4.9 fb−1 collected by the ATLAS experiment has been presented. In the considered
benchmark model the4.1
HiggsMSSM
boson has
vanishing
couplings to all fermions and the coupling strengths
Neutral
Higgs
to bosons are the same as in the SM. Furthermore, the Higgs pT distribution is larger compared to the
SM case, which givesInadditional
discrimination
from the
background.
Theproduction
largest excessprocesses
with respect
the MSSM
neutral higgs
case,
two main
contribute to pp → φ+X, where
to the background-only
hypothesis
is found
at 125.5
GeV, through
with a significance
1.6 standard
deviations
φ=
h, H, or
A: gluon
fusion
a quarkofloop
and direct
bb̄ annihilation from the b-quark
when taking the look elsewhere effect into account. The data exclude this benchmark model in the ranges
content of the beam protons. In the latter case, there is a significant probability that a b-quark
110.0 – 118.0 GeV and 119.5 – 121.0 GeV at 95% confidence level, compared to an expected exclusion
jet is produced centrally in association with the Higgs boson due to the enhanced bbφ coupling.
from 110.0 – 123.5 GeV.

Requiring a b-quark jet detection increases the sensitivity of the search by reducing the Z+jets
background.
7
The τ -leptons from the φ also decay within the beam pipe resulting in final states composed
entirely of leptons or leptons plus hadrons. Three independent τ -lepton pair final states where
one or both τ -leptons decay leptonically are studied: eτh +X, µτh +X, and eµ+X, where we
use the symbol τh to indicate a reconstructed hadronic decay of a tau by both CMS ? and
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Figure 5: CMS di-tau mass distribution for non b-tagged and b-tagged categories.

ATLAS ? . ATLAS has also included the contribution in which both τ -leptons decay hadronically.
The CMS collaboration has analyzed the full 2011 data set using both non b-tagged and btagged categories. They have also invented a method ? to reconstruct the di-τ invariant mass
using missing transverse energy and τ -decay kinematics to increase sensitivity. The di-τ mass
distributions are shown in Fig. ?? for both categories analyzed. There is no excess seen over the
SM background prediction thus resulting in tight limits on the MSSM parameter space.
4.2

MSSM Charged Higgs

If the mass of the charged Higgs boson is smaller than the difference between the masses of the
top and the bottom quarks, i.e., mH + < mt − mb , the top quark can decay via t → H + b. For
values of tan β > 5, the charged Higgs boson preferentially decays to a τ -lepton and a neutrino,
H + → τ + ν. Both ATLAS ? and CMS ? experiments placed limits on the branching ratio of top
decay to H + b.
The search begins essentially with tt̄ sample. Missing transverse energy due to energetic
neutrinos in the final state, or transverse mass of the charged higgs when one of the tops decays
fully hadronically, is examined for evidence for charged higgs production. The distributions for
the full 2011 data sample from ATLAS for τ + e, τ + µ and τ + jets are shown in Fig. ??. The
transverse mass of τh , ETmiss for the case of hadronic channel with 2 fb−1 data from CMS is
also shown in Fig. ??. Since the data is in agreement with SM prediction limits are set on the
branching ratio of top decay to H + b and are shown in Fig. ??.
4.3

MSSM Summary

The production cross section limits for MSSM neutral higgs (φ) and top branching fraction to
charged higgs (H + b) are interpreted in the MSSM parameter space (mA , tan β) in the mmax
H
scenario. The exclusion regions from both ATLAS and CMS searches, and past results from
other experiments are shown in Fig. ??. A large portion of the parameter space is excluded.
It is noteworthy that the low MA region is almost excluded for most of the values of tan β. A
potential discovery of SM like Higgs boson below . 130 GeV will further motivate MSSM φ and
H ± searches in closing in on this gap and exploring the large MA region in the coming years.
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5

Next to Minimal Supersymmetric Standard Model

The MSSM has an ad hoc µ term in the superpotential and very large stop masses are needed if
the LHC hints of a SM-like Higgs boson with mass near 125 GeV survive ?,? . Both problems are
solved in the next-to minimal supersymmetric standard model (NMSSM) ? , which extends the
MSSM by introducing a complex singlet superfield with a scalar field component. Associated
super- and scalar-potential terms generate an effective µ parameter and easily raise the mass
of the light Higgs boson above 125 GeV. The added scalar field expands the Higgs sector to
three CP-even scalars (h1 , h2 , h3 ), two CP-odd scalars (a1 , a2 ) and two charged scalars (H + ,
H − ). The a1 is a superposition of the MSSM doublet pseudoscalar and the additional singlet
pseudoscalar of the NMSSM: a1 = cos θA aM SSM + sin θA aS . The NMSSM has two very natural
symmetries, which if imposed (e.g. at the GUT scale) imply a small mass for a1 , even ma1 < 2mB
(where mB is the B meson mass) with | cos θA |  1. However, the couplings Ca1 bb̄ = Ca1 µ+ µ− =
Ca1 τ + τ − = tan β cos θA can be sizeable for large values of tan β, even if cos θA is small. More
generally, superstring modeling suggests the possibility of many light a’s, at least some of which
couple to µ+ µ− , τ + τ − and bb̄ ? . The CMS experiment has searched for the generic NMSSM

B t → bH +
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1
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Expected
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± 1σ
± 2σ
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Figure 7: ATLAS and CMS branching ratio limits for top decays to H + b.

light pseudoscalar a in its decays to muon pairs.
The CMS search ? for new resonances in the di-muon spectrum has yielded no excess over the
SM expectation from the Drell-Yan process both above and below the large upsilon resonances.
Therefore, limits are set on the upper limit on production cross section σ(pp → a → µµ) and
are shown in Fig. ??. These cross section limits are interpreted in the NMSSM parameter space
(mA , tan β, | cos θA |). The CMS limits are shown along with those from the BaBar experiment
in Fig. ??.
6

Doubly Charged Higgs

Models of higgs sectors with triplet of complex scalar fields are interesting. They contain doubly
charged scalar particles that decay to same charge leptons. The observation of a doubly charged
scalar particle could establish the type II seesaw mechanism which is a promising framework
for generating neutrino masses ? . The minimal type II seesaw model ?,?,?,? is realized with an
additional scalar field that is a triplet under SU (2)L and carries U (1)Y hypercharge Y = 2.
The triplet contains a doubly charged component Φ±± , a singly charged component Φ± and a
neutral component Φ0 . The doubly charged Φ±± is either pair produced through a virtual Z,
resulting a four lepton final state with pairs of like sign leptons forming Φ±± , or as Φ±± Φ± -pair
through a virtual W ± , resulting in three lepton final state, with the like sign leptons forming
the Φ±± .
Search for Φ++ is made in its decays to like sign lepton pairs under the assumption that
their direct coupling to leptons dominates. The CMS experiment searched ? for like sign ee, eµ,
µµ, eτ , µτ , τ τ pairs and the ATLAS experiment searched for like sign µµ events. The CMS
like-sign di-lepton invariant mass is plotted for 3-lepton events in Fig. ?? at pre-selection level.
Additional cuts on total lepton PT , Z mass window veto and a cut on the azimuthal angular
separation between the leptons are imposed. No events survive the selection as also shown in
Fig. ??. Similarly, the like sign lepton invariant mass is plotted for 4-lepton events in Fig. ??.
The background for these 4-lepton events is small in the signal region even at the pre-selection
level. Further cuts yield zero events in the Φ±± mass window resulting in limits.
The 95% CL Φ±± mass limits from CMS under the assumption of 100% branching ratio for
the searched mode, and various other branching fraction assumptions are all set and shown in
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Figure 9: CMS NMSSM pseudoscalar higgs production cross section limits are shown as a function of di-muon
invariant mass.

Fig. ??. The lower luminosity results from ATLAS and CMS, and those from Tevatron, are also
shown. Typical 95% CL mass limit is at the level of 400 GeV, with purely τ -mode at 200 GeV.
7

Summary

Results of searches for super-symmetric and other beyond the Standard Model Higgs boson
searches from ATLAS and CMS experiments at the LHC are presented. Some Standard Model
(SM) higgs searches are reinterpreted in SM with four quark generations and fermio-phobic
models. Stringent limits, covering a large portion of the allowed parameter space in (MA , tan β)
plane are set for MSSM neutral higgs bosons decaying to τ -lepton pairs, and charged higgs boson
decaying to τ ν. Limits are set on a light NMSSM neutral higgs boson and on doubly charged
higgs bosons predicted in some models are also set.
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SUSY STATUS AFTER ONE YEAR OF LHC
S. KRAML
Laboratoire de Physique Subatomique et de Cosmologie, UJF Grenoble 1, CNRS/IN2P3, INPG,
53 Avenue des Martyrs, F-38026 Grenoble, France
I review the status of supersymmetry after the 2011 LHC search results. I concentrate in
particular on interpretations beyond the conventional CMSSM, including i) natural SUSY with
light stops, and ii) the so-called phenomenological MSSM, which is a general parametrization
of the MSSM at the weak scale, without boundary conditions imposed by specific SUSY
breaking schemes. We will see that the current searches are not yet sensitive to some of the
theoretically most interesting scenarios.

1

Introduction

Before the LHC turn-on, we had a very optimistic view: if SUSY is light (as we of course all
expected) it will be discovered early on, in particular much earlier than the Higgs, which is
√
much harder to find. Today, with about 5 fb−1 of data per experiment collected at s = 7 TeV,a
the situation is quite different. Tantalizing hints of a Higgs signal are emerging [1], but there
is no signal of new physics whatsoever. Indeed, the direct search limits from ATLAS and CMS
are pushing the SUSY mass scale to MSUSY > 1 TeV [2–4], at least in simplistic models like
the constrained MSSM (CMSSM), see Fig. 1. Even worse, precision measurements in the flavor
sector are pushing the (flavor) scale of new physics out into the multi-TeV range [5].
So is SUSY in trouble? To assess this question, let us first (re)consider the main arguments
why we generally like to expect MSUSY < 1 TeV.
• A solution to the naturalness and gauge hierarchy problems: this relies on the cancellation
of quadratic divergencies of the Higgs mass, when embedded in e.g. a GUT theory, see
e.g. [6]. For this the superpartners of the particles which have a large coupling to the
Higgs should be not too heavy. Therefore we expect in particular light stops, but also
light higgsinos, and a somewhat light gluino (to keep the stop light). The rest of the
spectrum may however be heavier, above a TeV.
• Gauge coupling unification: this needs first of all new TeV-scale fermionic states (in addition to a light Higgs doublet). In the MSSM this means light gauginos and higgsinos.
The scalars could be heavy—even superheavy like in split SUSY [7, 8]
• Radiative electroweak symmetry breaking (REWSB) and a light Higgs [6]: to my mind
an extremely attractive feature of the MSSM. However, once the particle content of the
model is supersymmetric, REWSB is essentially is a heavy top effect, independent of
the exact values of the soft-breaking terms. Besides, mh > 115 GeV prefers somewhat
a

And, at the time of writing, more data coming and being analyzed at
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Figure 1: Observed limits from several 2011 CMS SUSY searches plotted in the CMSSM, from [4].

heavy stops (the so-called finetuning prize of LEP [9, 10]), which will get only more severe
if mh ' 125 GeV is confirmed, see e.g. [11]. Furthermore, electroweak (EW) precision
measurements prefer heavy SUSY [12].
• Dark matter candidate: if R-parity is conserved, the lightest SUSY particle (LSP) is an
excellent dark matter candidate. However, a TeV-scale LSP could very well do the job,
it just needs some efficient annihilation mechanism. Indeed, a pure higgsino LSP, for
instance, should weight about 1 TeV to have Ωh2 ' 0.1.
Another very important point to keep in mind is that most SUSY mass limits have been
obtained within the CMSSM, which is characterized by just four-and-a-half parameters: a universal scalar mass m0 , gaugino mass m1/2 and trilinear coupling A0 defined at the GUT scale
MGUT ∼ 1016 GeV, plus tan β and sign(µ). The complete spectrum is then determined from
renormalization group running. The CMSSM thus features a very specific mass pattern.
First of all, the assumption of gaugino-mass universality leads to M1 : M2 : M3 ' 1 : 2 : 7
with M1 ' 0.4 m1/2 at the electroweak scale. Moreover, for not too large scalar soft terms m0
and A0 , |µ|2 & m21/2 . The lightest neutralino is then mostly bino, the second-lightest mostly
0 . Likewise, χ̃± ∼ W̃ 3
wino, and the heavier ones mostly higgsinos: χ̃01 ∼ B̃, χ̃02 ∼ W̃ 3 , χ̃03,4 ∼ H̃1,2
1
±
and χ̃±
2 ∼ H̃ . Light higgsinos and large gaugino–higgsino mixing occur only for large m0 , in
the so-called focus-point or hyperbolic branch region.
2 ≈
Furthermore, for the first two generations of squarks one finds MŨ2 ,D̃ ≈ m20 + Km21/2 , MQ̃

m20 + (K + 0.5) m21/2 with K ∼ 4.5 to 6.5. This means that also the squark masses are tightly
related to the gluino mass. To be more concrete, mq̃ ≈ mg̃ unless m0 is very large. In turn,
the gluino mass limit in the CMSSM strongly depends on m0 , as can be seen in Fig. 1. In fact,
for mq̃  mg̃ , the gluino mass limit goes down to about 750 GeV. Furthermore, interpretations
within “Simplified Models” show [13] that allowing the gluino–LSP mass difference to vary, the
limit can become as low as mg̃ & 400–500 GeV.
The simplifying assumption of universality at the GUT scale makes the model very predictive
and a convenient showcase for SUSY phenomenology. Indeed, it is interesting to present limits
within the CMSSM because it provides an easy way to show performances and compare limits
or reaches. On the other hand, the interpretation of experimental results in the (m0 , m1/2 ) plane
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Figure 2: Natural electroweak symmetry breaking constrains the superpartners on the left to be light. Meanwhile,
the superpartners on the right can be heavy, M  1 TeV, without spoiling naturalness. From [14].

risks imposing unwarranted constraints on SUSY, as many mass patterns and signatures that
are possible a priori are not covered in the CMSSM.
2

Natural SUSY

Natural electroweak symmetry breaking is the leading motivation for why we might expect
to discover SUSY particles at the LHC. For the MSSM, the naturalness requirement can be
summarized by the tree-level relation
−

m2Z
= |µ|2 + m2Hu .
2

(1)

Evidently, the contributions to the right-hand side of eq. (1) must be tuned against each other
to achieve electroweak symmetry breaking and the correct mZ . For SUSY being “natural”, this
tuning should not be too severe. Equation (1) thus provides guidance as to which superpartners
are required to be light—namely those with the strongest coupling the Higgs. In particular, the
higgsinos should not be too heavy because their mass is controlled by µ. The stop and gluino
masses, correcting m2Hu at one and two-loop order, respectively, also cannot be too heavy. By
SU(2), this also constrains the left sbottom to be light. The masses of the rest of the superpartners, including the squarks of the first two generations, are not important for naturalness and
can be much heavier than the present LHC reach. This defines the spectrum of “natural SUSY”
as depicted in Fig. 2.
The question to what extend current LHC results constrain (or invalidate) natural SUSY
was investigated in [14]. It turned out that the strongest limits come from searches for jets plus
missing energy. The result of the analysis is shown in Fig. 3. There is a stronger limit on the
left-handed stop (left plot) than the right-handed stop (right plot), because of the additional
presence of a sbottom, in the left-handed case, leading to an overall larger production crosssection than for the right-handed stop. In both cases the limits are set by both stops and
bottoms decaying to b-jets and chargino or neutralino respectively.
The limits based on 1 fb−1 at 7 TeV are roughly mt̃L & 260 GeV and mt̃R & 190 GeV. We
conclude that LHC searches do not yet significantly constrain natural SUSY.
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1

3

Phenomenological MSSM

The question to ask next is what current LHC data really tell us, and do not tell us, about
the SUSY in general. Of course the & 100 parameters of the general MSSM are too many to
scan over, not to speak of extensions of the MSSM. With a few well-motivated assumptions
we can, however, greatly reduce the dimensionality of the problem: assuming that R-parity
is conserved, there are no new CP phases, the sfermion mass matrices and trilinear couplings
are flavor-diagonal, the first two generations of sfermions are degenerate and their trilinear
couplings are negligible, we arrive at the so-called phenomenological MSSM (pMSSM) [15]. (We
also assume that the lightest neutralino is the LSP.) The pMSSM has 19 free parameters defined
√
at the SUSY scale, MSUSY ≡ mt̃1 mt̃2 :
• the gaugino mass parameters M1 , M2 , and M3 ;
• the ratio of the Higgs VEVs tan β = v2 /v1 ;
• the higgsino mass parameter µ and the pseudo-scalar Higgs mass mA ;
• 10 sfermion mass parameters mF̃ , where F̃ = Q̃1 , Ũ1 , D̃1 , L̃1 , Ẽ1 , Q̃3 , Ũ3 , D̃3 , L̃3 , Ẽ3
(imposing mQ̃1 ≡ mQ̃2 , mL̃1 ≡ mL̃2 , etc.), and
• 3 trilinear couplings At , Ab and Aτ ,
in addition to the SM parameters, and is thus independent of any SUSY breaking scheme. Indeed
it is important to note that [16] “the pMSSM leads to a much broader set of predictions for the
properties of the SUSY partners as well as for a number of experimental observables than those
found in any of the conventional SUSY breaking scenarios such as mSUGRA [CMSSM]. This
set of models can easily lead to atypical expectations for SUSY signals at the LHC.”
In [17], taking a Bayesian approach, we interpreted the results of SUSY searches published
by the CMS collaboration based on the first ∼1 fb−1 of data at 7 TeV within the pMSSM, thus
deriving constraints on the SUSY particles with as few simplifying assumptions as possible. To
be concrete, we used the results from three independent CMS analyses: the αT hadronic [18],
the same-sign (SS) dilepton [19] and the opposite-sign (OS) dilepton [20] analyses.
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Figure 4: Marginalized 1D posterior densities of sparticle and Higgs masses.
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The initial sampling was done by means of a Markov Chain Monte Carlo (MCMC), for which
we used a number of “preLHC” constraints such as BR(b → sγ), BR(Bs → µµ), ∆aµ , and Higgs
mass limits, see [17] for details. (Note that we not to impose any constraint on Ωh2 .) From
1.5×107 collected Markov-chain points we then drew a subset of 5×105 points, for each of which
we generated 10K events using PYTHIA6 [21]. The response of the CMS detector was mimicked
using Delphes [22]. The simulated event count for the αT hadronic, SS and OS dilepton analyses
(with selection criteria as described in [18–20]) was then compared to the observed event counts
and background estimates from the official CMS results [18–20]. The final posterior probability
is then approximated by weighting each pMSSM point by the “CMS likelihood” from each of
the three analyses.
Figure 4 shows marginalized 1-dimensional (1D) posterior probability density functions of
various sparticle and Higgs masses resulting from this analysis. The light blue histograms
represent the preLHC probability densities. (The χ̃±
1 and ẽL /µ̃L are bound to be light by the
∆aµ constraint.) The blue, green and red lines show, respectively, the effects of the OS di-lepton,
SS di-lepton and αT hadronic CMS analyses. The dashed black lines show the final posterior
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Figure 6: Marginalized 1D posterior densities of gluino, squark, etc. masses comparing the effect of 1 fb−1 (black
lines) and 5 fb−1 (green lines) of data. For the 5 fb−1 results, we use simple rescaling.

densities after inclusion of the results of all three analyses. It is evident that with current LHC
data-sets, the di-lepton analyses have very little effect on the posterior densities, while the αT
hadronic analysis pushes the gluino and 1st /2nd -generation squark masses towards higher values.
(What is relevant here is any change in the onset of the posterior distribution, not the high-mass
behavior.) We also note the slight effect on the χ̃01 LSP mass. The masses of other sparticles,
including charginos, sleptons and 3rd -generation squarks, are basically unaffected by the current
LHC results. This contrasts with the CMSSM case, in which all these masses are correlated
through their dependence on m1/2 and m0 .
Finally, we see that the Higgs mass distributions, including that of mh , remain unaffected
by current SUSY searches. It is interesting to note that the Higgs mass window of mh =
123–128 GeV has 27.4% probability in our analysis; this decreases only marginally to 26.4%
when requiring Ωh2 < 0.136. Likewise, it is interesting that the SUSY mass distributions in
Fig. 4 remain unaffected by requiring mh = 123–128 GeV; the only impact is in fact on At and
the stop mixing parameter Xt /MS [23]. For a discussion of the implications of a 125 GeV Higgs
for SUSY, let me refer to the talk by Nazila Mahmoudi [24].
The probability of finding Ωh2 < 0.136 is 55%, while 0.094 < Ωh2 < 0.136 has 1% probability,
see the right-most plot in Fig. 5. The other plots in this figure show the 1D posterior distributions
of tan β, µ, BR(b → sγ) and BR(Bs → µ+ µ− ). Note that the tan β distribution is almost flat for
tan β ≈ 10–50, and that we observe an only marginal preference for µ > 0 with p(µ > 0) ≈ 0.53,
both pre- and post-LHC results.
The effect of going from 1 fb−1 to 5 fb−1 is illustrated in Fig. 6. Here we use simple rescaling
to obtain results corresponding to 5 fb−1 , assuming that the analyses do not change too much.
As can be seen, the improvement in sensitivity is of the order of 200 GeV for g̃ and q̃L masses,
and a bit more for q̃R masses. The sensitivity to other sparticles hardly improves.
Our approach also allows us to study correlations between sparticle masses in a straightforward way, as illustrated in Fig. 7. As can be seen, the sensitivity to the gluino mass corresponds
to that found in the CMSSM only for light charginos and neutralinos. As the gluino : chargino
(or gluino : neutralino) mass ratio decreases, one looses in sensitivity. For mχ̃01 , mχ̃± & 400–
1
500 GeV, no limit other than that the gluino must be heavier than the LSP can be derived with
1 fb−1 . This only marginally changes with 5 fb−1 at 7 TeV.
Let me stress finally that pMSSM points with low signal significance, such that they escape
the current searches, do not necessarily have low cross section. This is illustrated in Fig. 8,
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Figure 7: Marginalized 2D posterior densities of gluino versus neutralino (top row) and of gluino versus chargino
(bottom row) mass; on the left preLHC, in the middle for the 1 fb−1 analyses, on the right the same rescaled to
5 fb−1 of data. The grey and black contours enclose the 68% and 95% Bayesian credible regions, respectively.

where we show the signal significance versus total SUSY cross section both preLHC and after
the three CMS analyses. As one can see, points that escape LHC detection (significance < 2)
can still have cross sections as large as ≈1 pb. In Fig. 8, about 2/3 of the points with large cross
section but low signal significance have dominantly EW-ino production with small χ02 – χ01 mass
splitting, so that the decay products are too soft to pass the analysis cuts. Another important
class is small q̃L,R – χ01 mass splitting, leading to soft jets and low ETmiss .

4

Conclusions

Current SUSY searches at the LHC are pushing squark and gluino mass limits beyond 1 TeV
within constrained models. However, they still provide rather limited constraints on supersymmetry in general. With the currently available data and searches, we have indeed been able to
probe only a small portion of the vast MSSM parameter space, while many regions are still waiting to be explored. These are in particular “natural SUSY” scenarios, scenarios with dominantly
EW production, and scenarios with small mass splittings (compressed spectra). There is hence
ample of room for SUSY to hide from discovery during the first phase of LHC. A complementary
study [25] based on flat scans comes to analogous conclusions.
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SUSY and a 125 GeV Scalar
F. Mahmoudi
CERN Theory Division, Physics Department, CH-1211 Geneva 23, Switzerland
Clermont Université, Université Blaise Pascal, CNRS/IN2P3,
LPC, BP 10448, 63000 Clermont-Ferrand, France
An excess of events at a mass of ∼ 125 GeV has been reported by both ATLAS and CMS
collaborations using 5 fb−1 of data. If this excess of events is confirmed by further searches with
more data, it will have extremely important consequences in the context of supersymmetric
extensions of the Standard Model. We show that for a Standard Model like Higgs boson with
a mass 122.5 < Mh < 127.5 GeV, several unconstrained or constrained MSSM scenarios would
be excluded, while the parameters of some other scenarios would be severely restricted.

1

Introduction

The search for supersymmetry (SUSY) constitutes the main focus of new physics searches at
the LHC. With no signal detected so far, these searches have imposed strong limits mainly in
the constrained SUSY scenarios. However a lot of solutions compatible with all present limits
still remain 1,2 , and even if the bounds are becoming stronger, it is not possible to validate or
falsify supersymmetry as a viable extension of the Standard Model (SM). An alternative path to
tightly constrain and test the MSSM at the LHC is through the Higgs sector. Searches for the
Higgs boson have now narrowed down the possible window for an SM–like Higgs to only a few
GeV around 125 GeV, where an excess over background in several channels has been observed
3,4 . If this excess is confirmed, it will have extremely important consequences for the MSSM,
and we highlight here some of the main outcomes. This write-up is based on 5,6,7 where more
details about the analyses can be found.
2

Higgs mass predictions

In the SM, the Higgs boson mass is basically a free parameter. In the MSSM however the lightest
Higgs mass is bounded from above:
Mhmax ≈ MZ | cos 2β| + radiative corrections . 110 − 135 GeV .

(1)

Imposing Mh places therefore very strong constraints on the MSSM parameters through their
contributions to the radiative corrections. The most sensitive parameters to the Higgs mass
√
are tan β, the CP–odd Higgs mass MA , the SUSY breaking parameter MS = mt̃1 mt̃2 and the
mixing parameter in the stop sector, Xt = At − µ/ tan β. In the decoupling regime, the Higgs
mass can be approximated by:



MS2
3m4t
Xt2
Xt2
2
2 MA MZ
2
≈
MZ cos 2β + 2 2 log 2 + 2 1 −
Mh
.
(2)
2π v
mt
MS
12MS2

Figure 1: The maximal Mh defined as the value for which 99% of the scan points have a mass smaller than it,
shown as a function of tan β for various constrained MSSM models.

model
Mhmax

AMSB
121.0

GMSB
121.5

mSUGRA
128.0

no-scale
123.0

CNMSSM
123.5

VCMSSM
124.5

NUHM
128.5

Table 1: Maximal Mh value (in GeV) in various constrained MSSM scenarios.

The maximal Higgs mass can therefore be reached in the decoupling regime with large MA ,
for large
√ values of tan β (& 10), for heavy stops (large MS ) and for the stop mixing parameter
Xt = 6MS corresponding to the so–called maximal mixing scenario.
3

Implications for MSSM

We first consider the implications of a Higgs boson mass determination for the constrained
MSSM scenarios. For this purpose, we perform extensive scans in the parameter spaces of several constrained MSSM scenarios and generate the spectra using Suspect 8 . Since the various
parameters which enter the radiative corrections to the MSSM Higgs sector are not all independent, it is not possible to freely tune the relevant weak–scale parameters to obtain a given value
of Mh . In particular, a Higgs mass of around 125 GeV can have drastic consequences on the
constrained MSSM scenarios as can be seen from Fig. 1 where we restricted MS to be below 3
TeV in order to have an “acceptable” finetuning. Table 1 gives the maximal Higgs mass reached
in different constrained MSSM scenarios. Only scenarios such as mSUGRA and NUHM can
provide a sufficiently large mass for the Higgs. On the other hand, scenarios such as AMSB and
GMSB are disfavoured in their minimal versions as the term At /MS is rather small and we are
almost in the no–mixing regime. However, by relaxing the condition on MS , larger values for
Mh could also become possible in these scenarios (at the cost of increasing the finetuning) as
can be seen in Fig. 2. The definitions of the different models and more detailed discussions can
be found in 5 .
Next we study the consequences for the phenomenological MSSM (pMSSM) 9 , where no
universal boundary condition is assumed. The pMSSM with CP and R-parity conservation
involves 19 free parameters. To study the pMSSM, we perform flat scans over the parameters
as described in 5 . In Fig. 3 we show the light Higgs mass as a function of Xt /MS . As can be
seen from the figure, scenarios
√ with large Xt /MS values and, in particular, those close to the
maximal mixing Xt /MS ≈ 6 are favoured by the Higgs mass constraints. On the other hand,

Figure 2: The maximal Mh in function of MS in mAMSB and mGMSB. For comparison the results in mSUGRA
are also given.

Figure 3: Light Higgs mass Mh as a function of Xt /MS in the pMSSM (left) and the contours for 123 < Mh <
127 GeV in the (Mt̃1 , Xt ) plane for some selected ranges of tan β values (right).

the no–mixing scenario (Xt ≈ 0) is strongly disfavoured for MS . 3 TeV, and the typical mixing
scenario needs large MS and moderate to large tan β values. The requirement of having the
lightest Higgs in the range 123 < Mh < 127 GeV does not necessarily correspond to very large
stop masses. Indeed, stops as light as 350 GeV can be possible in the pMSSM as can be seen
from the right hand side of Fig. 3.
It is possible to further constrain the parameter space by combining the information from
direct Higgs and SUSY searches with those from flavour physics and dark matter. For this
purpose, we calculate the flavour constraints, dark matter relic density and muon (g − 2) using
SuperIso Relic 10 , the SUSY spectra using SOFTSUSY 11 , the Higgs decay rates using HDECAY 12 .
To assess the observability of each of the pMSSM scan points we generate events with PYTHIA
13 which are passed through fast detector simulation using Delphes 14 . More details about the
scans and the employed tools can be found in 1,6 .
Fig. 4 shows the fraction of pMSSM points which pass all the constraints and are compatible
with the direct SUSY searches by CMS with 1 fb−1 of data 15 and the projection for 15 fb−1
as a function of the masses of the lightest squarks of the first two generations q̃1,2 and tan β
1,6 . As can be seen from the plots 15 fb−1 of LHC data should provide a powerful constraint to
MSSM solutions. In the right hand side of Fig. 4, we impose in addition constraints from the
discovery of an SM–like Higgs at the LHC. A comparison between the right and left handed plots
shows that the fraction of accepted points is strongly reduced, and values of tan β ≤ 6 become
disfavoured, while the shape of the mass distributions of squarks is not significantly affected.

Figure 4: Fraction of accepted pMSSM points not excluded by the SUSY searches on 1 and 15 fb−1 of LHC data
as a function of the mass of the lightest squark of the first two generations (upper left) and of tan β (lower left),
and with the Higgs constraint in addition in the right hand side.

In Fig. 5 the points fulfilling the Higgs constraints are displayed in the plane (MA , tan β).
We observe that imposing the value of Mh selects a broad wedge at relatively large MA and
moderate to large values of tan β, extending beyond the projected sensitivity of the searches for
the A0 → τ + τ − decay but also that of direct DM detection and would be compatible with an SM–
like value for the rate of the Bs0 → µ+ µ− decay. Imposing in addition that the yields in the γγ,
W + W − and Z 0 Z 0 final states satisfy the conditions 1≤ Rγγ <3 and 0.3< RW + W − /Z 0 Z 0 <2.5,
the wedge in the (MA , tan β) plane is further restricted, as can be seen from the right hand side
of Fig. 5.
Finally we highlight the consequences of the h0 mass limit for three benchmark scenarios,
namely the maximal, typical and no-mixing scenarios. The results in the plane (MA , tan β)
are presented in Fig. 6, where for comparison we show also the LEP Higgs search limits 16 and
the CMS limits from A0 → τ + τ − searches with 4.6 fb−1 of data 17 . In addition, we apply
flavour physics constraints from Bs → µ+ µ− , B → τ ν and b → sγ. As expected, the no-mixing
scenario is excluded for MS = 1 TeV by the combination of LEP and CMS limits, and there
is no solution for Mh in the accepted interval for MS = 2 TeV. The situation is similar for the
typical mixing scenario for MS = 1 TeV where no solution is found, whereas for MS = 2 TeV
a small corner survives at large tan β and large MA . On the other hand, as we have shown
earlier, the maximal mixing scenario provides more solutions especially for MS = 1 TeV. For
larger MS only a narrow band remains at small tan β (around 5). Flavour physics constraints
further exclude this region where MA . 160 GeV. The remaining allowed region in the (MA ,
tan β) plane is therefore strongly narrowed down when one takes into account the constraints
from Mh .
4

Conclusions

The Higgs boson searches at the LHC, in conjunction with the flavour physics limits place highly
constraining bounds on the MSSM parameters. The impact is very strong in particular in the

Figure 5: pMSSM points in the (MA , tan β) plane giving 123 < MH < 127 GeV. The different shades of blue
show the points in the pMSSM without cuts and those allowed by the 2011 data and by the projected 2012 data,
assuming no signal beyond the lightest Higgs boson is observed. The lines represent the regions which include 90%
of the scan points for the A → τ + τ − and Bs → µ+ µ− decays at the LHC and the dark matter direct detection
at the XENON experiment.

constrained MSSM scenarios and several scenarios such as mAMSB and mGMSB are disfavoured
as they lead to a too light h0 (for MS < 3 TeV). In the pMSSM on the other hand, strong restrictions can be set on the mixing in the top sector. In the (MA , tan β) plane we observe a favoured
wedge corresponding to rather large values of the A0 mass and moderate to large values of tan β.
Further imposing the yields in the Higgs decay rates, the wedge becomes more pronounced and
the fraction of accepted points gets reduced preferentially at large sparticle masses. Focussing
more on specific benchmark scenarios we see that the no-mixing and typical mixing scenarios
are severely restricted, while the maximal mixing scenario provides more solutions, and imposes
competitive constraints with the CP-odd and charged Higgs searches on MA and tan β.
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SUPERSYMMETRIC MODELS WITH LIGHT HIGGSINOS
F. BRÜMMER
Deutsches Elektronen-Synchrotron DESY, Notkestraße 85,
D-22607 Hamburg, Germany
In the Minimal Supersymmetric Standard Model, the higgsinos can have masses around the
electroweak scale, while the other supersymmetric particles have TeV-scale masses. This
happens in models of gauge-mediated SUSY breaking with a high messenger scale, which are
motivated from string theory. For particular choices of the messenger field content, multi-TeV
squark and gluino masses naturally lead to a much lower electroweak scale, somewhat similar
to focus point supersymmetry. They also induce Higgs masses of 124–126 GeV, while making
the discovery of supersymmetry at the LHC unlikely. The light higgsinos will be difficult to
see at the LHC but may eventually be discovered at a linear collider.

1

Introduction

When attempting to reconcile the Minimal Supersymmetric Standard Model (MSSM) with the
latest LHC results, one is confronted with two major puzzles. Why have no squarks and gluinos
been observed yet? And, taking seriously the indications for a 124–126 GeV Higgs, how can
the Higgs be so heavy without spoiling naturalness? Furthermore, given that the hopes for an
early discovery of supersymmetry were disappointed, the all-important question regarding the
ongoing SUSY searches becomes once more: What can we expect to see?
This article presents an attempt to provide answers to these questions. We review models 1,2,3 in which soft SUSY breaking terms are generated by an interplay of gauge-mediated
and gravity-mediated supersymmetry breaking. This, as we will argue, leads to mass spectra
in which all supersymmetric particles can be very heavy, up to multiple TeV. The only exception are two higgsino-like neutralinos and a higgsino-like chargino, whose masses are around the
electroweak scale. First-generation squarks and gluinos have evaded detection so far because
they are out of reach. Heavy third-generation squarks contribute large radiative corrections to
the lightest Higgs mass, enough to increase it to around 125 GeV. Some of the models predict the electroweak symmetry breaking scale to be far below the typical soft mass scale, thus
alleviating the naturalness problem in a similar way as focus point supersymmetry. Finally,
should our scenario be realized in Nature, supersymmetry will be difficult to find at the LHC.
It should however be possible to find the light higgsinos at a future linear collider, and possibly
to constrain our models using LHC searches for monojets and missing energy.
2

Gauge mediation versus gravity mediation

In the MSSM there is a single dimensionful parameter which is allowed by unbroken supersymmetry: the higgsino mass µ. All other mass parameters originate from supersymmetry breaking,
and are therefore naturally all of the same order of magnitude msoft . By contrast, a priori one

might expect µ to be either zero, or of the order of MPlanck . However, µ . 100 GeV is excluded
by direct chargino searches, and µ  1 TeV considerably increases the fine-tuning required to
obtain the proper electroweak scale (and tends to spoil unification). A realistic model of supersymmetry breaking should give a µ term of the order of the electroweak scale. This is the
famous “µ problem”.
In gravity-mediated supersymmetry breaking, the SUSY-breaking hidden sector is connected
to the MSSM by MPlanck -suppressed higher-dimensional operators. This induces soft SUSY
breaking terms which are generically of the order of the gravitino mass,
msoft ' m3/2 .

(1)

The µ problem can be solved if an effective µ ' m3/2 is induced after SUSY breaking, either
from Kähler potential terms 4 or from superpotential terms 5 .
By contrast, in minimal gauge-mediated SUSY breaking 6 , soft masses are induced by loops
of massive messenger states, which couple to the MSSM only through their gauge charges. The
soft terms are of the order
1
MPlanck
·
.
(2)
msoft ' m3/2 ·
Mmess. 16π 2
This mechanism does not induce a nonzero µ. Additional superpotential couplings between the
Higgs fields and the messengers are required to obtain µ 6= 0, but it is difficult to explicitly
construct a realistic model in this way, because such additional couplings generically induce a
too large Higgs mass mixing parameter Bµ 7 .
It is possible to combine the mechanisms of gravity mediation and gauge mediation, whereupon µ is induced by gravity mediation alone, while the soft SUSY breaking parameters receive
contributions both from gravity mediation and from gauge mediation. Models of hybrid gaugegravity mediation are not commonly encountered in the literature for several reasons:
1. The main advantage of gauge mediation is that it generates flavour-universal soft terms. In
gravity mediation, on the other hand, the flavour structure of the soft masses and trilinear
parameters is not predicted, and unacceptably large flavour-changing neutral currents can
result unless there is some other mechanism ensuring flavour universality.
2. Within gauge-mediated models, gravity-mediated effects are always present, but negligible
unless the messenger mass scale is around Mmess. ' MPlanck /(16π 2 ). Comparable effects
from gauge and gravity mediation thus require a coincidence of scales which needs to be
explained.
3. Gauge-mediated models are predictive, in the sense that they can be constructed as fully
renormalizable theories with fixed particle content and few parameters. Allowing for sizeable gravity-mediated contributions to the soft terms spoils this predictivity by introducing
more parameters.
This article is concerned with a particular class of models of hybrid gauge-gravity mediation
in which all of these points can be addressed. They are motivated by string-theoretic constructions aiming to obtain the MSSM from heterotic orbifold compactifications or from F-theory.
Their most characteristic feature is that they contain, besides the MSSM matter and Higgs
fields, also “exotic matter” in incomplete vector-like representations of the Grand Unified gauge
group. The multiplicities of these exotics can be quite large, O(few dozen). They obtain masses
by coupling to MSSM singlet fields which take non-vanishing expectation values. In a complete
model, these singlets would be part of the hidden sector, whereupon the exotics become gauge
mediation messengers. This framework naturally leads to hybrid gauge-gravity mediation. As
to the above points, we note that

Table 1: Left, the messenger content of a heterotic orbifold model, with their charges under SU(3) × SU(2) × U(1).
Right, the MSSM mass spectrum of the same model, for a typical choice of parameters. Note that the higgsinos
χ01,2 and χ±
1 are significantly lighter than the other supersymmetric particles, and nearly degenerate in mass.

field
d
d˜
`
`˜
m
s+
s−

representation
(3, 1)−1/3
(3, 1)1/3
(1, 2)1/2
(1, 2)−1/2
(1, 2) 0
(1, 1)1/2
(1, 1)−1/2

multiplicity
4
4
4
4
8
16
16

particle
h0
χ01
χ±
1
χ02
χ03
χ04
χ±
2
H0
A0
H±
g̃
τ̃1
other sleptons
squarks

mass [GeV]
117
137
140
144
799
1296
1296
856
857
861
1453
713
910 − 1290
950 − 1750

1. The SUSY flavour problem must be addressed within the underlying string model. For
instance, certain heterotic compactifications exhibit suitable flavour symmetries 8 .
2. The scale MPlanck /(16π 2 ) ≈ MGUT is a natural scale for the messengers to decouple. It
can be related to the volume of the compact internal space in some string model, thus
naturally setting the GUT scale in models where the GUT symmetry is broken to the
MSSM gauge group by compactification. Its dynamical origin may be traced back 9 to the
appearance of field-dependent Fayet-Iliopoulos terms, whose characteristic size is indeed a
loop factor below MPlanck .
3. Since the messenger multiplicities are large, gauge mediation dominates over gravity mediation. The additional parameters introduced by gravity mediation affect the resulting
MSSM spectrum only at the subleading level, except for the µ parameter which is solely
induced by gravity mediation.
The resulting soft mass patterns show some very distinctive features, three of which are
especially remarkable. To start with, there is no gaugino mass unification (i.e. the ratios Ma /ga2
are not universal, unlike in many other SUSY GUT models), because the messenger fields form
incomplete GUT multiplets. Secondly, the ratio tan(β) of Higgs expectation values is large, as
a consequence of the gravity-mediated Bµ parameter being small. And finally, two higgsino-like
neutralinos and a higgsino-like chargino are by far the lightest MSSM states. The reason is that
soft SUSY-breaking masses are dominated by gauge-mediated contributions, which are enhanced
by large messenger multiplicities. On the other hand, the higgsino mass µ is induced by gravity
mediation, and therefore naturally an order of magnitude smaller. Indeed, the higgsino masses
can naturally be of the order of 100 GeV, with all other superparticles heavier than a TeV.
3

An example model

Table 1 contains a sample spectrum of exotic states from a particular heterotic string model 9 ,
along with a typical mass spectrum which results from taking these exotics as the messenger
sector. The masses were obtained by choosing 1 µ = A0 = 150 GeV, Bµ = (240 GeV)2 , m3/2 =

mH2u +| µ| 2 [TeV 2]
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Figure 1: Sketch of the RG evolution of m2Hu + |µ|˛2 , whose value at the TeV scale determines the electroweak
breaking scale according to m2Z = −2 (m2Hu + |µ|2 )˛TeV . Left: Generically, for TeV-sized soft parameters at the
GUT scale, the predicted mZ would also be O(TeV). Right: If the GUT-scale soft masses are subject to suitable
relations, the RG trajectories for different GUT-scale values may focus at the TeV scale, and lead to small mZ .

100 GeV, and Mmess. = 5 · 1015 GeV. A goldstino mixing angle φ, which is also a free parameter
in this model, is chosen such that tan φ = 1.9.
This spectrum, however, is on the brink of being ruled out by direct superparticle searches,
and it predicts a Higgs boson which is not compatible with the recent evidence 10,11 for a 124–126
GeV Higgs mass. Unless the candidate Higgs signal turns out to be a mere fluctuation, and
unless the LHC finds evidence for squarks and gluinos very soon, the above choice of parameters
will be ruled out.
While both the Higgs mass and the superpartner masses can be raised by increasing the
fundamental SUSY breaking scale, this would, as usual, come at a cost: The fine-tuning required
to reproduce the correct electroweak scale increases. This motivates the search for more natural
models, which is the topic of the next Section.
4

Fine-tuning and focus points

In the MSSM at large tan β and in the decoupling limit mA0  mZ , the lightest Higgs mass is
given by
!!
m2t̃
A2t
A2t
3 4 2
2
2
+ ...
(3)
mh0 = mZ + 2 yt v log 2 + 2 1 −
4π
mt
mt̃
12 m2t̃
where mt̃ is the average stop mass and At is the trilinear stop mixing parameter. To significantly
increase mh0 above mZ , large one-loop corrections from heavy stops are needed. On the other
hand, the stop masses feed into the renormalization group equations for the Higgs mass parameters with large coefficients, because of the large top Yukawa coupling. The most natural size of
the Higgs mass parameters, and thus of the electroweak symmetry breaking scale, is therefore
around mt̃ . A multi-TeV mt̃ (as needed for a 125 GeV Higgs, in the absence of large stop
mixing) while maintaining an EWSB scale around 100 GeV requires considerable fine-tuning;
this observation is sometimes called the “little hierarchy problem”.
More precisely, expressing the EWSB order parameter mZ in terms of the dimensionful
GUT-scale parameters, one has

m2Z ≈ 2.25 M32 − 0.45 M22 − 0.01 M12 + 0.19 M2 M3 + 0.03 M1 M3
+ 0.74 m2t̃R + 0.65 m2t̃L − 0.04 m2b̃ − 1.32 m2Hu − 0.09 m2Hd

(4)

R

+ 0.19 A20 − 0.40 A0 M3 − 0.11 A0 M2 − 0.02 A0 M1 − 1.42 |µ|2


MGUT

Table 2: Some selected masses in GeV for models with “focus point” messenger multiplicities, for typical choices
of parameters 3 . While the higgsinos χ01,2 , χ±
1 are light, all other states are likely beyond the reach of the LHC.

particle
h0
χ01
χ±
1
χ02
τ̃1
H0
A
H±
χ03
χ04
χ±
2
g̃
t̃1
ũ1
d˜1

(N2 , N3 ) = (23, 9)
123
205
207
208
1530
1470
1480
1480
2500
3800
3800
3800
2500
3700
3400

(N2 , N3 ) = (28, 11)
124
164
166
167
1890
2200
2200
2200
2700
4100
4100
4200
2700
4000
3700

(here tan β is large, tan β ≈ 50, and mt̃ ≈ 1 TeV). Clearly, if the typical size of the GUT-scale
soft terms is  1 TeV, then large cancellations are needed to reproduce mZ = 91 GeV.
It is an intriguing observation 12,13 that for M1,2,3 and µ of the order of the electroweak
scale, and for universal GUT-scale scalar soft masses mt̃L,R = mb̃R = mHu = mHd given by some
m0 , the coefficients in the second line of Eq. (4) sum up to nearly zero. Therefore, m0 can be
several TeV without requiring large cancellations. Pictorially speaking, the RG trajectories of
the parameters governing mZ , for various values of m0 , “focus” close to zero near the electroweak
scale. This is sketched in Fig. 1.
In our hybrid gauge-gravity mediated models, m0 is not universal, and the gaugino masses
are not small. However, a similar focus point can nevertheless appear when also the gaugino
masses participate in the cancellation 14 . In the simplest of our models 3 , the gauge-mediated
(and thus dominant) contributions to mZ are determined solely by the messenger content and
by the SUSY breaking scale. In a model with N3 pairs of colour triplet messengers and N2 pairs
of weak doublet messengers, they are given by

∆m2Z ≈ 2.25 N32 − 0.45 N22 + 0.19 N2 N3 + 3.80 N3 − 1.16 N2 m2GM ,
(5)
2

g
Planck
where mGM ≡ m3/2 · M
Mmess. · 16π 2 is of the order of the electroweak scale for m3/2 ≈ 100 GeV. The
individual soft terms are parametrically larger than mGM , because they are enhanced
√ by large
messenger numbers N2,3 : Gaugino masses scale as N · mGM , and scalar masses as N · mGM .
In models where (N2 , N3 ) = (23, 9) or (28, 11), the terms on the RHS of Eq. (5) once again
cancel out to great precision. Such models therefore predict an EWSB scale much lower than
the typical soft mass scale. They can therefore accommodate a Higgs boson around 125 GeV
without sacrificing naturalness, see the mass spectra in Table 2. It would be interesting to find
models with these messenger contents in actual string constructions, such as the ones of the
“heterotic mini-landscape” 15 .
It should be noted that the focus point is rather sensitive to the (measured) values of the
dimensionless MSSM parameters, in particular to the gauge couplings. Changing the unified
gauge coupling by only a few percent would lead to other messenger numbers being preferred
for the cancellation in Eq. (5).

5

Cosmology and collider phenomenology

The lightest superparticle in our models can naturally be the gravitino, whose abundance makes
it a good dark matter candidate for high reheating temperatures (as also required by thermal
leptogenesis) 16 . The χ01 higgsino is the NLSP. Its relic density is exceptionally small because of
0
the tiny the χ±
1 –χ1 mass splitting, leading to efficient chargino coannihilation. This alleviates
the BBN problem which one usually faces with gravitino dark matter and a higgsino NLSP.
Should the Higgs boson turn out to have a mass below about 120 GeV, evidence for our
models should be found by the standard SUSY searches at the LHC. Using dedicated cuts, it
may even be possible to discriminate between our models and more generic SUSY scenarios 2 .
On the other hand, if the evidence for a Higgs around 125 GeV solidifies, the soft terms in
our model would have to be in the multi-TeV range. While the naturalness problem may be
ameliorated by the focus point mechanism, as explained in Section 4, such heavy superparticle
masses would make our models very difficult to test. The only kinematically accessible states
would be the light higgsinos χ01,2 and χ±
1 (in some cases, the τ̃1 can also be sub-TeV). Because
of the small mass splittings, decays from one higgsino into another would be near-impossible to
detect since they would only give rise to extremely soft jets or leptons 17,2 .
In that case, the most promising channel to constrain our models at the LHC may be
searches for monojets or monophotons, where higgsinos are pair-produced in electroweak processes together with initial-state radiation. The higgsinos invisibly decay into χ01 which leaves
the detector, and a single jet or photon plus missing energy is detected. Deciphering the details
of the higgsino spectrum will however require a linear collider.
Acknowledgements
The author thanks S. Bobrovskyi, W. Buchmüller, and J. Hajer for enjoyable collaboration.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
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PHENOMENOLOGY OF SUSY WITH INTERMEDIATE SCALE PHYSICS
C. BIGGIO
Institut de Fı́sica d’Altes Energies
Universitat Autònoma de Barcelona, 08193 Bellaterra, Spain

The presence of fields at an intermediate scale between the Electroweak and the Grand Unification scale modifies the evolution of the gauge couplings and consequently the running
of other parameters of the Minimal Supersymmetric Standard Model, such as gauginos and
scalar masses. The net effect is a modification of the low energy spectrum which affects both
the collider phenomenology and the dark matter relic density.

1

Introduction

The presence of new physics at a scale intermediate between the electroweak (EW) and the
grand unified theory (GUT) scale is common to many supersymmetric (SUSY) models. For
example, in order to give mass to the neutrinos, the minimal supersymmetric standard model
(MSSM) must be extended. The simplest extension consists in the addition of 2 or 3 chiral
superfields which are singlets under the standard model (SM) gauge group (type I seesaw 1 ), but
other extensions are possible, such as the addition of a pair of 15 + 15 SU(5) representations
(type II) 2 or 1 (or 2 or 3) 24 (type III) 3,4 . Except for the singlet case, the presence of new
chiral superfields (and, in general, of new fields) at an intermediate scale, affects the running of
the MSSM parameters, with a consequent distorsion of the low energy SUSY spectrum. Other
examples are models where the breaking of the GUT symmetry to the SM one is realized through
intermediate steps or flavour models with messengers. In the present work we restrict to consider
only chiral superfields at the intermediate scale: as we will see, their main effect is to increase
the value of the unified gauge coupling. The presence of gauge fields would drive the result
in the opposite direction. However, as long as the net effect is the enhancement of the unified
coupling, the results shown here will be qualitatively valid also in the presence of vector fields.
In the following we will describe the main effects on the running of the MSSM parameters as
well as some phenomenological consequences. We redirect the readers to Ref. 5 for an extended
analysis.
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Figure 1: Left: modification of the gauge couplings running in the presence of matter at the intermediate scale
MI = 1013 GeV with ∆b = 5 (corresponding, for instance, to a copy of 24); the dashed lines correspond to the
MSSM running. Right: contours on the plane MI -∆b of the inverse of the unified gauge coupling 1/αU .

2

MSSM running with intermediate scale

In order to maintain gauge coupling unification, we assume that only chiral superfields in complete vector-like representations of SU(5) are present at the intermediate scale MI . Even if the
unification is preserved, the running of gauge couplings is deflected, above the scale MI , by the
presence of the new fields, as can be observed in the left panel of Fig. 1. The net effect is an
increment of the unified gauge coupling, as can be seen by solving 1 loop RGEs:
1
1
bSM
MS
b0
MGUT ∆b MGUT
1
∆b MGUT
=
− i ln
− i ln
−
ln
≡ 0 −
ln
,
αU
αi (MZ )
2π
MZ
2π
MS
2π
MI
2π
MI
αU

(1)

0 is the unified coupling in the MSSM without intermediate scale (α0 ' 1/25), bSM =
where αU
i
U
(41/10, −19/6, −7) and b0i = (33/5, 1, −3) are respectively the SM and MSSM β-function coefficients for αi (i = 1, 2, 3), ∆b is the universal contribution of the additional fields at MI , given by
the sum of the Dynkin indexes of the SU(5) representations, and MS is the typical low-energy
SUSY scale. From Eq. (1), we see that, since ∆b ≥ 0 for chiral superfields, the unified coupling
αU is in general larger than the MSSM one.
The increment of αU is the principal effect of the presence of the intermediate scale and the
one which drives all the others. Moreover, by requiring the perturbativity of αU up to the GUT
scale, a large portion of the parameter space can already be excluded, as it is shown in the right
panel of Fig. 1, where the white area corresponds to a Landau pole below MGU T . Notice that
we are considering 1 loop RGEs. We have checked 5 that the consequence of two loops running is
to strengthen the effect especially close to the Landau pole, while it is almost irrelevant for low
∆b and/or large MI . The perturbativity bounds are then slightly stronger than the ones shown
here and the allowed region is consequently smaller (also for the other plots in the following).
Let us now move to consider the effect of the intermediate scale on the other MSSM parameters. Since the RGEs of gaugino masses Mi are strictly related to the ones of the gauge
couplings, the increase of αi above MI will determine a faster running of each Mi . However,
since we are assuming gaugino mass unification, the MSSM low energy ratio of gaugino masses
will be maintained and the same MSSM low energy spectrum could be obtained by a simple
rescaling of the unified gaugino mass M1/2 , which would become larger. Then, if only gauginos
were there, no interesting observable effect would be produced.
On the other hand, if we consider scalar masses, we observe a different situation: the increment of gauge couplings and gaugino masses above MI will determine an increase of the low
energy scalar masses with respect to the MSSM case, for the same low energy gaugino mass
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Figure 2: Ratio of the 1st or 2nd generation LH squarks over the gluino mass M3 for mQ̃ /M3 = 0, 1, 2 at MGUT .

spectra. This is because, to obtain the same low energy gaugino masses, a higher value for M1/2
is needed which, together with the larger values of αi above MI , enhances the gauge part of
the running of scalar masses in the upper part of the RG flow, generating larger values for low
energy masses. In a nutshell, the net effect of the intermediate scale is to increase the ratio
of scalar over gaugino masses. This is shown in Fig. 2, where the ratio of the first generations
left-handed squark over the gluino mass is plotted.
This has interesting phenomenological consequences, both for what concerns SUSY searches
at the LHC and for the dark matter (DM) phenomenology.
3

LHC Observables

By looking at the ratio of the first generation left-handed squark over gluino masses in Fig. 2,
we already see a potential consequence of the presence of intermediate scale for SUSY collider
searches: the configuration M3 ≈ mQ̃ , that gives the highest sensitivity at the LHC, could be
never reached, since the tendency is to have heavier squarks. However, if this will be the case,
no definite conclusion will be extract, since a similar behaviour could be obtained simply by
increasing the value of the high energy scalar mass (see the right panels of Fig. 2). On the other
hand, if the case M3 ≈ mQ̃ will be observed, this would give an upper bound on αU and strongly
constrain the intermediate scale parameters.
In order to obtain clear information on the intermediate scale physics, observables as much
indipendent as possible of the high energy parameters are necessary. If we assume gaugino mass
unification and consider one loop RGEs, the gaugino and first generations sfermion masses can
be written as:
Mi (MS ) = Ai (MS , ∆b, MI ) M1/2

(2)

2
m2f˜(MS ) = m2f˜(MGUT ) + Bf˜(MS , ∆b, MI ) M1/2
,

(3)

where the coefficients Ai and Bf˜ are functions of ∆b, MI and MS . It is then clear that in the
combination
m2f˜ − m2f˜0
ff0
∆i ≡
(4)
Mi2
the explicit dependence on the GUT-scale parameters drops, if m2f˜0 (MGUT ) = m2f˜(MGUT ) ≡ m20
as in CMSSM-like scenarios or, more in general, in the case of GUT-symmetric initial conditions
(a well-motivated assumption in our setup, as we are requiring unification).
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Figure 4: Left panel: an example of cascade decay. Right panel: maximum number of edges.

As in Ref. 6 , where it has been suggested to use these invariants to discriminate among
different SUSY seesaw models, we consider the SU(5)-inspired combinations:
≡
∆QU
1

m2Q̃ − m2Ũ
M12

,

≡
∆QE
1

m2Q̃ − m2Ẽ
M12

∆DL
≡
1

,

m2D̃ − m2L̃
M12

.

(5)

Contours for these quantities on the (MI , ∆b) plane are shown in Fig. 3 (taking MS = 1 TeV).
As we can see, the invariants rapidly grow for increasing αU . If the SUSY spectrum will be
measured at the LHC with enough precision, from these invariants it should be possibile to
test if the spectrum is MSSM-like or not, and, in the latter case, even to distinguish between
the presence of intermediate scale physics or non-universal boundary conditions, if correlation
among these invariants are verified.a
A possible way to measure sparticle masses at the LHC is through cascade decays like the
one depicted in Fig. 4. The intermediate particles are real if
mQ̃ > mχ̃0 > m`˜L,R > mχ̃0 .
2

1

(6)

In this case the invariant mass distributions of the outgoing SM particles (jets and isolated
leptons) exihibit sharp kinematic end-points. By measuring the position of these endpoints in
different invariant mass distributions, the masses of the involved sparticles can be measured 7 .
The presence of intermediate scale physics moves the position of the edges and, if independent
a

In Ref. 5 also another set of invariants is considered, namely ratios of differences of scalar masses. These have
the advantage of being less dependent on the scale MS . Analogous plots can be obtained.

Figure 5: Left: region on the (MI , ∆b) plane where the correct relic density for χ̃01 is obtained via τ̃ coannihilation
(blue points corresponds to tan β = 10, red to tan β = 30). Right: the same for the A-funnel region.

measurements of sparticle masses and edges were available, then important information on the
intermediate scale could be extracted.
Moreover, notice that, depending on the spectrum, zero, one or two sharp edges can be
present. Indeed, this depends if the above condition is satisfied by both m`˜L and m`˜R or by
one of them (typically m`˜R ) or none. Since the effect of the intermediate scale is precisely that
of enhancing the ratio of scalar over gaugino masses, the above inequality will be more hardly
satisfied in the presence of intermediate scale physics. In the right panel of Fig. 4 the maximum
number of edges on the plane (MI , ∆b) is depicted. It is then clear that the observation of two or
one edge in the mass invariant distributions would rule out a large portion of parameter space.
4

Neutralino Dark Matter

The modification of the SUSY spectrum described in the previous sections can destabilise the
regions of the parameter space where precise relations among the parameters are required in
order to fulfill the WMAP bound on DM relic abundance. Indeed the lightest neutralino χ01 is
overproduced in the early universe and the measured DM relic density is not obtained unless the
neutralino (co)annihilation cross section is enhanced by particular conditions. Such conditions
define few regions in the parameter space where the WMAP bound is satisfied: (i) the τ̃ coannihilation region, where the correct relic density is achieved thanks to an efficient τ̃ -χ̃01 coannihilation, which requires mτ̃1 ≈ mχ̃0 ; (ii) the “focus-point” region, where the Higgsino-component
1
of χ̃01 is sizable, i.e. µ ≈ M1 ; (iii) the A-funnel region, where the neutralino annihilation is enhanced by a resonant s-channel CP-odd Higgs exchange, if mA ' 2 × mχ̃0 . Notice that typically
1

the neutralino is B̃-like, which means mχ0 ≈ M1 . Then it is clear that, since the intermediate
1
scale tends to increase the ratio of scalar over gaugino masses, the high-energy parameter space
regions where the above conditions are satisfied will be distorted and could eventually disappear.
We first consider the τ̃ coannihilation region. In the constrained MSSM it usually corresponds to a thin strip on the border of an area excluded because it gives a τ̃ lightest SUSY
particle. It has already been noticed in specific models 8,9,3,4,10 that the introduction of new
physics at intermediate scale distorts this region. If the effect is large enough the τ̃ will never
be ligher than χ01 and the coannihilation region will disappear. In the left panel of Fig. 5 the
blue points represent the area on the (MI , ∆b) plane where the coannihilation is possible for
tan β = 10, while the red ones correspond to tan β = 30 (grey dots correspond to the region
allowed by the perturbativity bounds).b Even if the allowed area can be enlarged for even higher
tan β, for αU ≥ 0.1 the coannihilation region will anyway disappear.
b

The results of this section have been obtained performing numerical two loops computations.

A similar fate will follow the A-funnel region, as it is shown in the right panel of Fig. 5 for
tan β = 45. Indeed in this case the mass of the CP-odd scalar Higgs is given by m2A ≈ m2Hd −m2Hu
and, since the ratios |m2Hu,d |/M1 grow with αU , mA /M1 gets increased too. Again, for large
enough αU , the correct neutralino relic density cannot be obtained with such a mechanism.
The situation with the focus point region is a bit different. Even if the intermediate scale
tends generically to increase the ratio µ/M1 rendering the neutralino more and more B̃-like,
it is always possible to find configurations with µ ≈ M1 , such that the Higgsino component of
χ̃01 is sufficiently large to give a sizeable annihilation cross-section. The focus point region is
therefore the only DM branch which is not destabilised by the intermediate scale, if CMSSM-like
boundary conditions are assumed.
5

Conclusions

In this talk we have discussed the main consequences of the presence of chiral superfields at
a scale intermediate between the EW and the GUT scale. The main effect is the increment
of the unified gauge coupling, which causes the increment of the ratio of scalar over gaugino
masses. This has interesting phenomenological consequences that we have discussed here. In
particular it destabilises the regions of the parameter space where the correct DM relic density
can be achieved; only the focus-point region is practically unaffected. The presence of such new
physics can be tested indirectly at the LHC by looking at the (number of) edges in cascade
decays and/or by building mass invariants, once the sparticle spectrum is measured. Therefore
we have shown that precious information, i.e. mainly constraints, on intermediate scale physics
can be obtained by considering the appropriate low energy observables.
Acknowledgments
I thank the organisers of this conference for the pleasant and exciting atmosphere.
References
1. P. Minkowski, Phys. Lett. B 67 421 (1977); M. Gell-Mann, P. Ramond and R. Slansky, in
Supergravity, edited by P. van Nieuwenhuizen and D. Freedman, (North-Holland, 1979),
p. 315; T. Yanagida, in Proceedings of the Workshop on the Unified Theory and the Baryon
Number in the Universe, edited by O. Sawada and A. Sugamoto (KEK Report No. 79-18,
Tsukuba, 1979), p. 95; R.N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44 (1980)
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Searches for third generation SUSY in ATLAS
Antoine Marzin on behalf of the ATLAS Collaboration
University of Oklahoma, USA
Recent results on searches for third generation supersymmetry carried out by the ATLAS
√
collaboration with 2.05 fb−1 of s = 7 TeV pp collisions recorded with the LHC in 2011 are
reported. These analyses focus on search for gluino- and squark-mediated stau production,
direct scalar bottom pair production and gluino-mediated sbottom and stop pair production.

1

Introduction

Supersymmetry (SUSY) 1 provides an extension of the Standard Model (SM) by introducing
supersymmetric partners of the known bosons and fermions. In the framework of an R-parity
conserving minimal supersymmetric extension of the SM (MSSM), SUSY particles are produced
in pairs and the lightest supersymmetric particle (LSP) is stable, providing a possible candidate
for dark matter. An important motivation for SUSY third generation searches is the fact that
SUSY can naturally resolve the hierarchy problem, by preventing “unnatural” fine-tuning in the
Higgs sector, provided that superpartners of the top quark (t̃, stop) have relatively low masses.
This condition requires that the superpartner of the gluon (g̃, gluino) is not heavier than about
1.5 TeV due to its contribution to the radiative correction of the stop mass. Furthermore, in the
MSSM the scalar partners of right-handed and left-handed fermions, f˜R and f˜L , can mix to form
two mass eigenstates. This mixing is proportional to the corresponding SM fermion masses and is
therefore more important for the third generation. Large mixing can yield stau (τ̃1 ), sbottom (b̃1 )
and stop (t̃1 ) mass eigenstates which are significantly lighter than other sparticles. Consequently,
they could be produced with large cross sections at the LHC. Depending on the SUSY particle
mass spectrum, the cascade decays of gluino-mediated and pair-produced sbottoms or stops
result in complex final states consisting of missing transverse momentum ( E
/ T ), several jets,
among which b-quark jets are expected, and possibly leptons.
In this document, several ATLAS searches for third generation supersymmetry carried out
√
using 2.05 fb1 of LHC pp data at s = 7 TeV are reported. No significant excess above the
SM expectation has been observed and exclusion limits at 95% confidence level (C.L.) on SUSY
parameters or masses of SUSY particles are derived.
2

Search for gluino- and squark-mediated stau production

Two searches for events with large E
/ T , at least two jets and at least one 2 or two 3 hadronically
decaying tau leptons (τ ) have been carried out. The results have been interpreted in the framework of minimal gauge mediated supersymmetry breaking (GMSB) which can be described by
six parameters : the SUSY breaking mass scale felt by the low-energy sector (Λ), the messenger
mass (Mmess ), the number of SU(5) messengers (N5 ), the ratio of the vacuum expectation values

s=7 TeV

40
35

Theory excl.

~ (1400 GeV)
g

ATLAS
45

~ (1200 GeV)
g

~ (1000 GeV)
g

GMSB: Mmess=250 TeV, N5=3, µ>0, Cgrav =1

LEP 95% CL ( ∼τ1, prel.)
∼ , prel.)
LEP 95% CL ( µ
R
OPAL 95% CL

~ (800 GeV)
g

tan β

50

CL s 95% CL limit:
2 leptons (1 fb-1, prel.)
obs. limit
exp. limit

~ (600 GeV)
g

30

≥ 1 tau (2 fb-1 )
obs. limit
exp. limit

~ (400 GeV)
g

25
20

≥ 2 taus (2 fb-1 )
obs. limit
exp. limit

∼τ
1

15

CoNLSP
10
5
10

∼0
χ

~
lR

1

20

30

40

50

60

70

Λ [TeV]

Figure 1: Expected and observed exclusion limits at 95% C.L. on the minimal GMSB model parameters Λ and
tan β assuming Mmess = 250 TeV, N5 = 3, µ > 0 and Cgrav = 1. The dark grey area indicates the region which
is theoretically excluded due to unphysical sparticle mass values. The different NLSP regions are indicated. In
the CoNLSP region the τ̃1 and the ℓ̃R are the NLSP.

of the two Higgs doublets (tan β), the Higgs sector mixing parameter (µ) and the scale factor
for the gravitino mass (Cgrav ). Assuming Mmess = 250 TeV, N5 = 3, µ > 0 and Cgrav = 1,
squarks and/or gluino pairs are expected to be copiously produced at the LHC. These sparticles then decay directly or through cascades into the next-to-lightest supersymmetric particle
(NLSP), which subsequently decays into its SM partner and the LSP (light gravitino G̃). The
experimental signature of the final state is thus driven by the nature of the LSP, which is the
stau (τ̃1 ) for a large part of the parameter space at large tan β.
The dominant backgrounds in the 1-τ analysis arise from top-pair plus single top production,
vector boson production (W /Z + jets) and multi-jets production, either with real τ leptons or
mis-reconstructed τ from hadronic activity in the final state. These backgrounds are estimated in
a semi-data-driven way, by normalizing the Monte Carlo (MC) event yield to the observed event
yield in dedicated control regions, and then using the simulation to extrapolate into the signal
region. In the 2-τ analysis, the main backgrounds are from top-pair, single top and W events
with one real τ lepton correctly reconstructed and one mis-reconstructed τ . Their contributions
are also estimated using a control region enriched in top and W events. The subdominant
contribution due to the background from Z → τ τ events is extracted from simulations.
Figure 1 shows the expected and observed exclusion limits at 95% C.L. on Λ and on tan β
as derived with the one and two τ leptons analyses. These results significantly improve the
exclusion limits obtained with the previous ATLAS search in two opposite-sign leptons and the
LEP results.
3

Search for direct sbottom pair production

As search 4 for direct sbottom pair production has been performed assuming sbottom decay into a
bottom quark plus a neutralino (LSP) with a branching ratio 100%. Selected events are required
to have exactly two b-tagged jets with pT > 130, 50 GeV and E
/ T > 130 GeV. Electrons (muons)
with pT > 20 GeV (10 GeV) are vetoed, and events are rejected if a third jet with pT > 50 GeV
is found. The cuts on the leading jet and the E
/ T are driven by the trigger thresholds. The
kinematic variable used to further discriminate the signal from the background is the boosted-
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Figure 2: Left : mCT and E
/ T distributions before the final mCT cuts. Right : Expected and observed 95% C.L.
exclusion limits in the (mb̃ , mχ̃0 ) plane resulting from the analysis searching for sbottom quark pair production,
1
1
assuming sbottom to bottom plus neutralino decay.

corrected contransverse mass mCT 5,6 . The contransverse mass for two pair produced heavy
particles with semi-invisible decay is defined as ([ET (v1 ) + ET (v2 )]2 − [pT (v1 ) − pT (v2 )])1/2 ,
where v1 and v2 are the visible products of each decay chain. In the case of the considered
signal, the mCT distribution has an end-point at [m(b̃1 )2 −m(χ̃01 )2 ]/m(b̃1 ). The boosted-corrected
contransverse mass is corrected for recoils in the transverse plane against initial state radiation
to preserve the expected end-point in the distribution. Three signal regions are defined with
mCT > 100, 150 and 200 GeV to maximize the sensitivity for different mass splitting between
the sbottom and the neutralino.
The dominant SM background processes are top-pair plus single top production and associated production of W /Z bosons with heavy flavour jets. The tt̄ background is dominant in the
signal region with mCT > 100 GeV due to the end-point at 135 GeV in the mCT distribution
for tt̄ events. The two tighter signal regions are dominated by Z → νν + heavy flavour events,
followed by W → τ ν + heavy flavour events. The sum of the top and W plus heavy flavour
contributions is estimated in a 1-lepton control region, while the contribution from Z plus heavy
flavour production is estimated in a 2-leptons control region. The background yield in each
signal region is then obtained by multiplying the number of events observed in the corresponding
control region by the transfer factors defined as the ratio of the MC predicted yield in the signal
region to that in the control regions. Subdominant backgrounds from diboson, tt̄ + bb̄ and tt̄ +
W /Z are estimated from MC simulations. The contribution from multi-jet events with possibly
large E
/ T is obtained by smearing jet energies in low E
/ T “seed” events according to jet response
functions extracted from MC simulation and tuned to data. This prediction is then normalised
to the observed event yield in a multi-jets dominated control region.
Figure 2 (left) shows the mCT and E
/ T distributions before the final mCT cuts for data
and SM background as predicted by the semi-data-driven method. Figure 2 (right) shows the
expected and observed exclusion limits at 95% C.L. in the (mb̃ , mχ̃01 ) plane. For each signal
1
point, the signal region leading to the best expected limit is chosen to extract the exclusion
limits. In the most conservative hypothesis, sbottom masses up to 390 GeV are excluded for
neutralino masses below 60 GeV, which significantly extends the previous results from the CDF
and D0 experiments.
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Figure 3: Left : Expected and observed 95% C.L. exclusion limits in the context of a MSSM model in the
(mg̃ , mb̃1 ) plane. Right : Expected and observed 95% C.L. exclusion limits in the context of a simplified model
in the (mg̃ , mχ̃0 ) plane.
1

4

Search for gluino-mediated sbottom pair production

ATLAS also searched 7 for gluino-mediated sbottom pair production assuming on-shell or offshell sbottom decay into a bottom quark plus a neutralino (LSP) with a branching ratio of 100%,
leading to a final state of four b-jets plus E
/ T . In this analysis, events are selected by requiring
at least three jets with pT > 130, 50, 50 GeV, E
/ T > 130 GeV and no lepton, the thresholds
on the leading jet and E
/ T being driven by the trigger requirement. Six signal regions are then
characterized by the number of b-tagged jets (> 1, 2) and the cut on the effective mass mef f
(> 500, 700, 900 GeV) defined as the scalar pT sum of all selected objects in the event.
The strategy employed to estimate the SM backgrounds is similar to the semi-data-driven
method used in the direct sbottom search. The dominant top background is estimated using
two control regions which differ only in the number of b-jets required. These control regions
are defined by applying the same selection cuts as for the signal regions, but requiring exactly
1 isolated lepton (e,µ). The multi-jets background is estimated with the jet smearing method
described above and the remaining contribution from W and Z production in association with
heavy flavour jets is estimated using MC simulations.
Results are first interpreted in the context of a MSSM scenario where the b̃1 is the lightest
squark and all other squarks are heavier than the gluino (with mg̃ > mb̃1 + mb ) such that the
branching ratio for g̃ → b̃1 b is 100%. In this case, the sbottom is produced in gluino decays
of via direct pair production and is assumed to decay exclusively via b˜1 → b + χ̃01 , where the
neutralino mass is set at 60 GeV. The expected and observed 95% C.L. exclusion limits in the
(mg̃ , mb̃1 ) plane are shown on Figure 3 (left). Gluino masses below 920 GeV are excluded for
sbottom masses up to about 800 GeV.
Results are then interpreted in the context of a simplified model where the b̃1 is the lightest
squark but with a mass above the TeV scale such that pair production of gluinos is the only
process taken into account. A three-body final decay g̃ → bb̄χ̃01 is assumed for the gluino
with a branching ratio of 100% via an off-shell sbottom decay b̃∗1 → b + χ̃01 . Such a scenario,
defined in a (mg̃ , mχ̃0 ) plane at fixed (large) sbottom mass, can be considered complementary to
1

the previous one, defined in the (mg̃ , mb̃ ) plane at fixed χ̃01 mass. The expected and observed
1

95% C.L. exclusion limits and the maximum 95% C.L. upper cross section limits in the (mg̃ , mχ̃0 )
1
plane are shown on Figure 3 (right). Gluino masses below 900 GeV are excluded for neutralino
masses below 300 GeV.
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Figure 4: Expected and observed 95% C.L. exclusion limits in the context of a constrained MSSM model in the
(mg̃ , mb̃1 ) plane as obtained with the 1-lepton (left) and 2-leptons (Right) analyses.

5

Search for gluino-mediated stop pair production

Finally, two analyses targeting gluino-mediated stop pair production have been performed selecting events with one 7 or two 8 isolated leptons (e,µ). Assuming the stop decays t̃1 → t + χ̃01
and t̃1 → b + χ̃±
/T.
1 , the final state consists in many jets, including b-jets, leptons and large E
In the one lepton analysis, events are selected if they contain exactly one isolated lepton and
at least four jets with pT > 60, 50, 50, 50 GeV, amongst them a least one b-tagged jet. The
transverse mass mT between the lepton and the E
/ T must be larger than 100 GeV and the effective mass greater than 700 GeV. Two signal regions are then defined applying a cut on the E
/T
at 80 GeV or 200 GeV. In the two leptons analysis, the selection requires at least two leptons
with the same charge, at least four jets with pT > 50 GeV and E
/ T greater than 150 GeV. Two
signal regions are then defined by applying or not a cut at 100 GeV on the transverse mass mT
between the highest pT lepton and the E
/T.
The SM background in the 1-lepton analysis is dominated by tt̄ events, followed by W
events produced in association with heavy flavour jets. In the 2-lepton analysis, the dominant
SM background processes are tt̄W , tt̄Z and tt̄W W (reffered as tt̄+X), followed by multi-jets
production with a non-prompt lepton arising from b/c decay, γ conversion or jet misidentification.
The number of multi-jets events is estimated in both analyses using a matrix method based on
the event count in two data samples which differ only by the lepton selection criteria. The
contribution from other SM background sources in the 1-lepton analysis is normalized using the
same semi-data-driven method as in the previous analyses. The control region is defined by
reverting the mT cut and by relaxing the cuts on the mef f and the E
/ T to 500 GeV and 80 GeV,
respectively, to increase the statistics and minimize the contamination from hypothetical signal
events. The contribution of background events with charge misidentification in the 2-leptons
analysis is estimated using a partially data-driven technique. This background is dominated by
electron producing hard bremsstrahlung with subsequent photon conversion, the contribution
from muon with incorrect charge assignment being negligible. The method consists in applying
the probability of charge misidentification, measured in MC and tuned to data, to simulated tt̄
events with e± ℓ∓ in the final state. The other SM background processes, namely tt̄+ X and
diboson, are extracted from simulations.
Results are first interpreted in the context of a MSSM scenario where the t̃1 is the lightest
squark and all other squarks are heavier than the gluino (with mg̃ > mt̃1 + mt ) such that the
branching ratio for g̃ → t̃1 t is 100%. In this case, the stop is produced in gluino decays of via
direct pair production and is assumed to decay exclusively via t˜1 → b + χ̃±
1 , with the neutralino
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Figure 5: Expected and observed 95% CL exclusion limits in the context of a simplified model in the (mg̃ , mχ̃0 )
1
plane as obtained with the 1-lepton (left) and 2-leptons (right) analyses.

mass fixed at 60 GeV. Figure 4 shows the expected and observed 95% C.L. exclusion limits in
the (mg̃ , mt̃1 ) plane for both 1-lepton (left) and 2-lepton analyses (Right). Gluino masses below
660 GeV are excluded for sbottom masses up to about 460 GeV.
Results are then interpreted in the context of a simplified model where the t̃1 is the lightest
squark but with a mass above the TeV scale such that pair production of gluinos is the only
process taken into account. A three-body final decay g̃ → tt̄χ̃01 is assumed for the gluino with
a branching ratio of 100% via an off-shell stop decay t̃∗1 → t + χ̃01 . Such a scenario, defined in
a (mg̃ , mχ̃0 ) plane at fixed (large) stop mass, can be considered complementary to the previous
1

one, defined in the mg̃ , mt̃ mass plane at fixed χ̃01 mass. Resulting limits in the (mg̃ , mχ̃01 ) plane
1
are shown on Figure 5 for the 1-lepton (left) and 2-leptons analyses (Right). Gluino masses
below 750 GeV are excluded for neutralino masses up to about 50 GeV. The 2-leptons analysis
has the best sensitivity at low t̃1 − χ̃01 mass splitting due to softer kinematic cuts.
6

Conclusion and prospects

ATLAS has carried out several searches for superpartners of third generation fermions with an
integrated luminosity of 2.05 fb−1 . No excess in data with respect to the SM expectation has
been observed so far. However, large regions of the parameter space for “natural” SUSY are still
not excluded. In particular, no direct limits on the stop mass have been derived yet. Searches
for direct stop pair production are currently in progress. These searches are challenging due to
similarity with the tt̄ final state for low stop masses, and due to the low cross sections for higher
stop mass values. In this respect, new results obtained with the full 2011 data set, corresponding
√
to 4.7 fb−1 , and the 2012 data at s = 8 TeV will be very important.
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GLUINOS LIGHTER THAN SQUARKS AND DETECTION AT LHC
L. Velasco-Sevilla
CINVESTAV-IPN, Apdo. Postal 14-740, 07000, México D.F., México
We explain how physics in the kaon sector proves useful in setting constraints in models where
all the supersymmetric particles, except the gluino, are in the range ∼ (3 − 10) TeV. We also
discuss the signals of these models at colliders, in particular at LHC.

Introduction
Here we discuss two important features of scenarios where there are three families of heavy
squarks, while the mass of the gluino is considerable lighter than the rest of the other supersymmetric particles. The two features we discuss are: (i) bounds that can be obtained from flavour
changing neutral currents (FCNC) in the kaon sector and (ii) the signatures of these models at
colliders. In section I we disambiguate our scenario from others existing in the literature. In
section II we present the restrictions from kaon physics, that can prove useful in setting some
bounds of these models, together with typical conditions set by an underlying family symmetry.
Then in section IV, we discuss the signatures at colliders, specifically at the LHC.
1

Models with lighter gluinos than squarks

Since there are many models in the literature with gluinos lighter than squarks, we disambiguate
the scenario that we consider here with those in the literature and specify here our interest on it.
Gauge Anomaly Mediation Symmetry Breaking (GAMSB) scenarios set soft terms, at tree level,
equal to zero at a high-scale before the symmetry is broken. Then, loop corrections induce non
zero masses and, in particular, the masses of the gauginos, Mi , i = 1, 2, 3, are different (e.g. 1 ).
On the other hand, G2-MSSM models, based on supergravity, achieve at MP , m0 = m3/2 = A0 ,
while also achieving a split among the gaugino masses (e.g. 2 ). Both models, however, typically
have the common feature that M2 > M1 > M3 , which sets a lower mass to the gluino, while
leaving heavier scalars. How large is the split between the squarks and the gluino, depends on the
details of the particular models. However, in fact this kind of spectra is not difficult to obtain
from effective supergravity scenarios coming from string compactifications where the overall
modulus, and not the dilaton, gives the main contribution to gaugino masses 3 . On the other
hand, generic split supersymmetry models 4 set, as a working condition, a split between scalars
and fermions, but one has some freedom in setting the precise split, as long as an agreement with
all the observable physical quantities is satisfied. Models based on an underlying U (2) family
symmetry (e.g. 5 ) achieve a split between the masses of two families of heavier squarks and one
lighter, together with a split of the gluino mass, which is also light.
The scenario that we consider here sets the following ranges for the masses of the gluino and

the squarks, respectively,
900 GeV ≤ mg̃ ≤ 2000 GeV,

3000 GeV ≤ mq̃ ≤ 10000 GeV.

(1)

Spectra of this type agrees with all the observable physical quantities if 4 . tan β . 20. The
exact details of achieving electroweak symmetry breaking conditions require a small fine tuning,
as is expected as soon as one starts increasing the scale of some supersymmetric particles.
However, as mentioned before, these models could arise from some supergravity scenarios, so if
the conditions in Eq. 1 are a result from boundary conditions at a high-scale, the fine-tuning
would be controlled by the underlying scenario.
2

Limits from kaon physics

It is well known that if physics, beyond the SM, in the kaon sector would contribute at tree level,
then the effective hamiltonian measuring the ∆S = 2 transitions would require a new physics
scale of about Λ = 104 TeV. In the general MSSM, the contribution to ∆S = 2 comes at the loop
level, so the scale decreases, nevertheless it could be used to put constraints of FCNC processes
from scenarios where only some particles are heavier (O(10) TeVs) and other are much lighter.
The values of ∆mK and the flavour violating parameter ǫK can be used to set limits on the overall
scale of the mass of the scalars and of course in the off-diagonal masses. ∆mK is proportional
∆S=2 |K 0 i, while ǫ
to the effective Hamiltonian of the ∆S = 2 transitions, ∆mK = 2Re hK 0 |Heff
K
√
0
∆S=2 |K i |/( 2∆S = 2). The values of
is proportional to the imaginary part, |ǫK | = |Im hK 0 |Heff
∆mK experimentally and in the SM are respectively
∆mK = (3.483 ± 0.0059) × 10−15 ,

−15
∆mNNLO
GeV,
K(SD) = (3.1 ± 1.2) × 10

(2)

which we can see that they agree at the one sigma C.L. so the use in physics beyond the SM is
to set limits in the contributions that the new processes can give. On the other hand, it is well
known that long distance effects contributing to ∆mK cannot be precisely calculated, so the best
we can do is to use the most precise values of the short distance effects, which we have denoted
6
as ∆mNNLO
K(SD) and whose value has been calculated in . Despite the uncertainties due to the
unknown long distance effects, one can still use ∆mK to set limits on the masses of the squarks
d ) , X, Y = L, R (left, right), the contributions to ∆m
because for generic values of (δXY
ij
K can
−15
easily overcome values of ×10 . So effectively what we can do is to use use then ∆mNNLO
K(SD)
i
h
exp
S
SM
and its corresponding uncertainty as δ∆mK < Abs ∆mK − ∆mK + 2(σ∆mSM + σ∆mexp ) , to
K

K

set a limit on the supersymmetric contribution, δ∆mSk . The values of ǫK experimentally and in
the SM 6 are respectively
|ǫk | = (2.228 ± 0.11) × 10−3 ,

N LO
| = (1.81 ± 0.28) × 10−3 ,
|ǫN
k

(3)

although these values also agree within the 2σ C.L., and there are many uncertainties in all
the quantities involved in the calculation of |ǫK | (6 and Hoelbling’s talk), we can use them
to constraint the contributions from supersymmetric processes, because just as in the case of
∆mK , they can easily overcome the experimental value. This time, however, we could still
hope that supersymmetric contributions would prove useful
bringing P
closer the SM and the
Pin
5
3
eff
a
experimental values. The effective Hamiltonian, H =
i Ci Oi ηi +
i C̃i Õi ηi , depends,
d
through the Wilson coefficients Ci only
q on the flavour violating parameters (δXY )12 , which can

d2
d )
d2
d2
d2
be defined as (δXY
ij = (m̂XY )ij / m̂XX )ii m̂Y Y )ij , where m̂XY represent the effective mass
a

For the exact expressions of all the quantities mentioned here, please check 7 . The details of the QCD evolution
is going to be presented in 8 .

terms appearing in the effective 6 × 6 squared mass matrix giving masses to the six d squarks,
d ) , we have
in the basis where Yukawa couplings are diagonal. For the parameters (δLR
12
d
(δLR
)12 = q

−ad12 vd
d2
m̂d2
LL )11 m̂RR )22

≈

Ad mb r
ǫ ≤ 10−2 ,
m23/2

(4)

where of course the term proportional to the µ term disappears since it is proportional to the
Yukawa coupling. The term proportional to the trilinear term ad = Y d Ad can still be off-diagonal
because proportionality to Yukawa couplings is just a boundary condition at MP and whenever
the terms Af 6= 0, then ad runs different than Yijf . The parameter ǫ in Eq. 4 refers to a FS
parameter and so depending on the value of r, they can saturate the value of O(10−2 ). To get
this maximum value, O(1) parameters in going from the third expression after the initial = sign
d )
d
d
were taken into account. The parameters (δLL
12 and (δRR )12 cannot be expressed as (δLR )12
because they are more model dependent than it, however in FS both, imaginary and real parts,
typically do not exceed O(10−1 ).
Another important motivation for this work is to reassess the importance of QCD contributions. Naively, one would think that at few TeVs, LO corrections would be enough, however
as it was pointed out in 9 , in the context of two heavy families of squarks, NLO effects can still
have an important impact. In this context, where the three families of squarks are of the same
order of magnitude, the case is not different. Then, according to the motivations above, what
do here, as a complement of 8 , is to
1. Assess the importance of considering NLO effects in setting the limits of the masses of
d )
d type squarks and the flavour violating parameters (δXY
12 for the case of three heavy
squarks families and a light gluino.
2. Check that the values of squarks masses, in the range considered, and the real parts of
d )
(δXY
12 satisfy the bounds set by ∆mK .
d ) .
3. Put constraints on the imaginary parts of (δXY
12

In Fig. 1 we show a plot of the mass of the gluino mg̃ versus the common mass scale of the
three heavy squarks families. In this plot we have included: (i) a solid (blue) continue line
corresponding to the NLO evolution, (b) a medium dashed (red) line corresponding to the LO
approximation, (c) a small-dashed (orange) light line corresponding to the LO evolution using
VIA approximation for bag parameters and (d) a dot-dashed (light blue) line corresponding to
the results without QCD corrections. For comparison, we have additionally plotted a mediumdashed dark (black) line representing the NLO evolution of the case where only two families
where decoupled at the scale mq̃ , one is light and we have followed a similar QCD evolution to
the three heavy family case. Apart from showing the importance of NLO QCD corrections, the
curves in Fig. 1 show that for the scenarios in the present discussion, the proper QCD evolution,
sets a safe limit on the masses of the squarks of the type d considered.
In Fig. 2 we present curves for fixed values of mq̃ , plotting mg̃ against the limits on
d ) ]|. Note then that, according to Eq. 4, at the scale of squarks of the type d of
|Re[(δXY
12
d )
≤ O(10) TeV, the use of ∆mK proves relevant since for (δLL
12 one have cases where indeed the
d
limit set by ∆mK , saturates the maximum value of (δLL )12 . The same happens when contribud )
d
d
tions from (δRR
12 are present. For other cases, where only (δLR )12 and/or (δRL )12 contribute,
we can check that these models give non-dangerous contributions to ∆mK . Finally, in Fig. 3
d ) ]. As exwe present curves for fixed values of mq̃ , plotting mg̃ against the limits on Im[(δXY
12
d
pected, the limits on Im[(δXY )12 ] from ǫK prove to be indeed relevant, since the limits lie above
the maximum values that in principle FS can achieve, so these limits are a useful constraint for
these scenarios.
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Figure 1: Limits on the mass of the squarks of the type d, mq̃ , as a function on the mass of the gluino, mg̃ ,
d
d
for a case where only (δLL
)12 and (δRR
)12 contribute, with a value equal to 0.1. The solid (blue) continue line
corresponds to the NLO evolution, while the medium dashed (red) line corresponds to the LO approximation.
Note that the difference between NLO and LO is of the O(15%), which proves the importance of the QCD NLO
determination for these cases of heavy squarks. For the rest of the lines, please refer to the text.
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Analogously for the limits when |Im[δRL ]| = |Im[δLR ]|. The different curves correspond, from bottom to top, to
mq̃ = 4, ..., 10 TeV.

3

Signatures at the LHC

This scenario features the same kind of signatures at colliders, as the models cited in section 1,
which are mainly the following:
1. ∆mχ = mχ̃± − mχ̃01 = O(100) MeV, where mχ̃± and mχ̃01 are, respectively, the masses of
1
1
the lightest chargino and the lightest neutralino. The order of magnitude of ∆mχ leads to
the existence of soft pions.
2. 4 SM fermion final states as a result of the gluino decays
pp →
g̃

g̃g̃,

χ̃01 χ̃±
1,

∓
χ̃±
1 χ̃1

Decays of the secondary charginos/neutralinos
→ χ̃02 tt̄
0
∗ → χ± ℓν ,
′
→ χ̃1 bb̄
χ̃02 → χ±
χ±
ℓ
1W
1
1 qq
±
0
0
0
0
′
→ χ̃1 q q̄
 χ1 → χ̃1 → χ1 ℓνℓ , χ1 qq
¯ + h.c. .
→ χ̃− du

(5)

1

3. Effective supersymmetric cross section at . 2 TeV, produced mainly by gluinos, that could
be easily tested at the LHC.
The first of the items above ocuurs whenever there is a large |µ| parameter. At zeroth order,
(0)
(0)
in fact mχ̃± − mχ̃0 =M2 , at the first loop level they receive corrections from mixing with the
1

1

Higgsino, then, at next order, there will be a mixing with the U (1)Y gaugino, enhanced by
(2)

(2)

1

1

tan β and dependent on the difference of M1 and M2 : mχ̃± − mχ̃0 =

m4W tan2 θW
(M1 −M2 )µ2

sin2 2β. This

condition then, produces the decay of the charginos into neutralinos and soft-pions, χ± → χ0 π ± ,
then there would be displaced vertices with a track of few centimeters long. However, current
strategies of long-lived charged particles that make it all the way through the detector seem to
evade the detection of the kind of decays generated by this kind of neutralinos (e.g. 10 ). However,
if experimental techniques can overcome the difficulties in detection, this could provide indeed
an interesting discerning criteria for these models. For systematic studies of this signature,
although in different models than the present, see for example 11 . The second of the conditions
above, although not unique for the scenario discussed here, are interesting because they clearly
signal a split of the supersymmetric scalars. The difficulty in detection of course arises from the
fact that it would be difficult at the LHC to disentangle the QCD background from a possible

signal. Finally, for the third of the items above, LHC is already setting limits on what the
effective supersymmetric cross section of related models it should be. We find that a typical
supersymmetric cross section, produced only by gluinos of mg̃ = 650 GeV,
√ is σSUSY ≈ 0.2 pb,
at a luminosity L ≤ 800pb−1 , and an energy, at the center of mass, of 7 TeV. For gluinos
of mg̃ = 850 GeV, σSUSY decreases to ≈ 0.04 pb, for finally decreasing to σSUSY ≈ 0.001 pb
for mg̃ = 1 TeV (check 12 for similar results in the context of the G2-MSSM models). In fact,
ATLAS and CDF have already put limits on related scenarios, where they set the mass of all
the supersymmetric particles at 10 TeV, except of course the gluino mass. They have improved
the previous exclusion of 2010 of gluinos with mg̃ = 580 GeV. In particular, ATLAS (see M. D.
Joergensen talk and 13 ) has determined that gluinos with a mass lower than mg̃ = 810 GeV are
excluded. As explained before, the scenario considered here, sets the values of the squarks of the
type d below, so the limits on the gluino masses from the experimental cross sections already
determined, serve just as an illustration of the capacity of the LHC in setting bounds for the
gluino mass. A detailed study at the LHC will require specific details of the kind of models
presented here.
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SEARCH FOR PHYSICS BEYOND THE STANDARD MODEL
AT ATLAS AND CMS
D.L. Adams
Brookhaven National Laboratory, Upton NY, USA
On behalf of the ATLAS and CMS collaborations

Data taken in 2011 with the ATLAS and CMS detectors at the LHC have been used to search
for physics beyond the Standard Model. Results are presented based on up to 5 fb−1 of
√
s = 7 TeV proton-proton collisions. No evidence of new physics is seen.

1

Introduction

In a very successful year of operation, the CERN LHC (Large Hadron Collider) delivered more
√
than 5 fb−1 of proton-proton collisions at s = 7 TeV to each of the ATLAS and CMS detectors
in 2011. Results from BSM (beyond the Standard Model) searches with those detectors are
summarized here. The emphasis here is on what both collaborations call exotic physics: new
gauge bosons, fourth generation quarks, composite objects, extra dimensions (gravitons, black
holes, ...), and other exotica. Searches for BSM physics in other areas are summarized elsewhere
in these proceedings. Those include SM (Standard Model) measurements, top quark properties,
heavy flavor measurements, searches for scalar (e.g. Higgs) bosons, and supersymmetry.
The discussion here is organized by final state with brief mention of how each search can be
used to constrain a few benchmark models. Where space permits, cross section limit plots are
also shown to give some idea of how the measurement can be used to constrain other models.
2

Results

At a hadron collider such as the LHC, the process to be studied must somehow couple to the
incoming quarks or gluons. It is natural to search for final states comprised of these same
partons, observed as jets in the detectors. Dijet resonances are a signature for many BSM
models including string balls, GUT (Grand Unified Theory) diquarks, excited quarks, W 0 and

95% CL Limit on σ ×

xA [pb]

Z 0 . Both collaborations search for these in 1.0 fb−1 of data. ATLAS sets limits mq∗ > 2.99 TeV
for excited quarks and ma > 3.32 TeV for axigluons 1 . CMS limits include ms > 4.00 TeV on
string resonances and mW 0 > 1.51 TeV on SSM W 0 production 2 . Additional sensitivity to new
physics is obtained by looking at dijet angular distributions because BSM processes are often
much more central. The standard search variable is χ = e|y2 −y1 | where y1 and y2 denote the
rapidities of the two jets. Neither the ATLAS search 3 in 36 pb−1 nor the CMS search 4 in
2.2 fb−1 shows evidence for new physics. Figure 1 shows the ATLAS dijet resonance limits on a
generic Gaussian signal and the CMS χ distribution. Both collaborations also search for pairs
of dijets: ATLAS 5 in 36 pb−1 and CMS 6 in 2.2 fb−1 . The latter sets a limit mc > 580 GeV on
coloron production.
ATLAS
1
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Figure 1: Dijet search results. Left is the ATLAS dijet resonance limit on a generic Gaussian signal with width
varying from 5-15%. 1 Right is the CMS χ distribution showing much better agreement with SM than a series of
contact interaction models. 4
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Total transverse energy is used to look for black holes and string balls as well as other
new physics. The ATLAS search 7 in 1.0 fb−1 requires a lepton trigger. The CMS search 8
uses 4.7 fb−1 and sets mass limits of mBH > 3.8 − 5.2 TeV on black hole production and
mSB > 4.6 − 4.8 TeV on the production of string balls. Cross section limits for both are shown
in Fig. 2. In a pattern repeated throughout this report, the observed limits are found to be in
good agreement with SM expectations.
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Figure 2: Example SM expected and observed cross section limits on total transverse energy reported by ATLAS 7
(left) and CMS 8 (right).
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ATLAS and CMS both search for resonances in the dilepton (both electron and muon)
spectrum. BSM physics signals include Z 0 , graviton and technihadron. The ATLAS search 9
makes use of 5.0 fb−1 and sets mass limits mZ 0 > 2.11 TeV on SSM Z 0 production and MG >
2.16 TeV on RS1 graviton production for coupling strength k/Mpl = 0.1. The corresponding
CMS limits 10 are MZ 0 > 1.94 TeV and MG > 1.98 TeV in 1.1 fb−1 . The CMS results were
already updated to 5.0 fb−1 near the end of the Moriond meeting. Figure 3 shows the ATLAS
and CMS cross section limits as a function of dilepton resonance mass.
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Figure 3: ATLAS 9 (left) and CMS 10 (right) expected and observed cross section limits on dilepton resonance as
a function of mass.

The high-mass tail of the dilepton mass distribution is also searched for BSM physics. ATLAS uses 1.2 fb−1 to set limits on compositeness scale: Λ > 8 − 10 TeV. 11 CMS sets limits on
the effective Planck scale, MS > 2.5 − 3.8 TeV in the ADD model. 12
ATLAS and CMS carry out many same-sign lepton and multilepton searches to search for a
variety of new physics: doubly-charged Higgs 13,14,15 excited neutrinos 15 , extra dimensions 16,14
and supersymmetry17 .
Both collaborations search for diphoton resonances as a signature for extra dimensions. Using
2.1 fb−1 , ATLAS finds MG > 0.79 − 1.75 TeV for the RS1 graviton and MD > 2.3 − 3.5 TeV for
the fundamental Planck scale in ADD 18 . With 2.2 fb−1 , CMS obtains MG > 0.86 − 1.84 TeV
for the same graviton and MS > 2.3 − 3.8 TeV for the closely related effective Planck scale. 19
ATLAS and CMS both search for W 0 → `ν. The ATLAS search is based on 1.0 fb−1 and
obtains an SSM mass limit mW 0 > 2.2 TeV 20 . The corresponding CMS limit is mW 0 > 2.5 TeV 21
obtained with 4.7 fb−1 . Figure 4 shows the corresponding cross section limits as a function of
W 0 mass. As usual, there is good agreement between the observed and expected limits.
Monojet events, where a high-pT jet appears without objects to balance its transverse momentum, provide striking evidence of production of a non-interacting particle. ATLAS and CMS
use such events to search for the production of an ADD graviton, e.g. in gg → gG. Using 1.0 fb−1 ,
ATLAS sets limits on the fundamental Planck scale: MD > 3.4 TeV for two extra dimensions
and MD > 2.3 TeV for four extra dimensions. 22 The corresponding CMS limits in 1.1 fb−1 are
MD > 3.7 and 2.7 TeV. 23 CMS has another monojet measurement 24 based on 4.7 fb−1 where
a jet mass threshold is imposed and the signal is interpreted as G∗ → ZZ → (qq)(νν) to obtain
cross section limits on the production of RS1 gravitons. The RS1 coupling strength is limited
to k/MP l < 0.21 − 0.29 in the high-mass range 1.0 < MG∗ < 1.5 TeV. Figure 5 shows the cross
section limit as a function of mass and the limit as a function of coupling strength and mass.
In another paper in these proceedings, Steven Worm reports on a searches for dark matter
based on update of the first CMS monojet analysis and a monophoton 25 search. The latter is
also used to set a limit on the ADD fundamental Planck scale: MD ≥ 1.59 − 1.66 TeV for 3-6
extra dimensions.
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Figure 4: ATLAS 20 (left) and CMS 21 (right) cross section limits on W 0 → `ν.

Figure 5: CMS G∗ → ZZ → (qq)(νν) monojet limits. 24 Left is the limit on cross section as a function of graviton
mass and right is the two-dimensional limit in coupling strength vs. mass.

ATLAS and CMS also search for tt̄ resonances. These can be a signature of Z 0 or KK
(Kaluza-Klein) gluon production. ATLAS has a search 26 in 1.0 fb−1 that covers the low-mass
range. CMS has a single-electron (plus jets) search 27 in 4.3 fb−1 and a single-lepton search 28
in 4.7 fb−1 . The latter sets leptophobic topcolor Z 0 mass limits of mZ 0 > 1.3 TeV for a narrow
resonance and mZ 0 > 1.7 TeV for 10% width. It also sets a limit mgKK > 1.4 TeV for a KK
gluon. CMS also has a tt̄ resonance search in the all-jets channel using jet mass to identify
W-bosons. 29 Figure 6 shows the jet mass spectrum spectrum and the one of the cross section
limits as a function of mass. The KK gluon mass limit is mgKK > 1.4 − 1.5 TeV.
ATLAS has done a search for photon-jet resonances 30 in 2.1 fb−1 . The mass limit on excited
quark production is mq∗ > 2.46 TeV.
ATLAS and CMS search for leptoquarks, pair-produced particles with resonant decay to
either lq or νq with the branching fraction to the former denoted β. Searches are restricted
to one generation, i.e. e, µ or τ . An ATLAS first-generation search 31 in the eejj and eνjj
channels using 1.1 fb−1 sets mass limits mLQ > 660 GeV for β = 1 and mLQ > 607 GeV for
β = 0.5. The limits in the β − mLQ plane are shown in Fig. 7. Second generation searches using
the µµjj and µνjj channels have been performed by both ATLAS 32 in 1.0 fb−1 and CMS 33 in
2.0 fb−1 . Their respective mass limits are mLQ > 685 and 632 GeV for β = 1 and mLQ > 594
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Figure 6: Jet mass spectrum (left) and example expected and observed limits on cross section as a function of
mass (right) in the CMS all-jet tt̄ resonance search. 29
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and 523 GeV for β = 0.5. CMS has performed a third-generation search 34 in 1.8 fb−1 in the
bbνν channel using razor variables and obtains the mass limit mLQ > 350 GeV for β = 0. The
limits in the (1 − β) − mLQ plane are also shown in Fig. 7.
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Figure 7: Expected and observed limits on leptoquark production. Left is the ATLAS first generation limit in
the β − mLQ plane 31 . Right is the CMS third generation limit in the (1 − β) − mLQ plane 34 .

Both collaborations search for diboson resonances. The CMS search with ZZ → (qq)(νν)
is discussed above. ATLAS has done a search with ZZ → llll and ZZ → lljj in 1.0 fb−1 and
set a limit mG > 845 GeV for the RS1 graviton with k/MP l = 0.1 35 . Searches for resonances
in W Z → lllν have been carried out by ATLAS 36 in 1.0 fb−1 and CMS 37 in 1.1 fb−1 . Both are
used to set limits on technicolor production, specifically two-dimensional limits on the masses
of the πT and ρT .
ATLAS has done a search for excited leptons looking for an eγ resonance in eeγ events and
µγ resonances in µµγ events 38 . Figure 8 shows the two-dimensional limits on compositeness
scale Λ and excited lepton mass ml∗ . Setting Λ = ml∗ , the mass limits are me∗ > 2.0 TeV and
mµ∗ > 1.9 TeV.
Both collaborations search for heavy quarks, i.e. a fourth-generation pair of quarks. Here
the heavy up-like quark is denoted T , the down-like partner B, and Q is used where the analysis
is sensitive to either. Searches are preformed for both chiral, T → W b and B → W t, and
vector-like, T → Zb and B → Zt, decays. In one search, the final-state Z is replaced with A0 ,
an unobserved neutral of arbitrary mass. Mass limits are summarized in Table 1.
Both ATLAS and CMS search for a heavy neutrino N coupling to a right-handed boson WR
via the decay chain qq → WR → N l → WR∗ ll → lljj leading to a mass resonance in both ljj
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Table 1: Fourth generation quark searches and mass limits.

Exp.
ATLAS 39
ATLAS 39
ATLAS 40
CMS 41
ATLAS 42
ATLAS 43
CMS 44
CMS 45
CMS 46
ATLAS 47
ATLAS 48
CMS 49

Channel
Qq → W qq 0
Qq → Zqq 0
QQ → (W q)(W q)
chiral Q → (W b)X10
T T → (W b)(W b)
T T → (tA0 )(tA0 ) → lX
T T → (W b)(W b) → llX
T T → (W b)(W b) → lX
T T → (Zt)(Zt)
BB → (W t)(W t) → ljjjjjjX
BB → (W t)(W t) → l± l± X
BB → (W t)(W t)

R

Ldt [fb−1 ]
1.0
1.0
1.0
1.1
1.0
1.0
4.7
4.7
1.1
1.0
1.0
4.6

Mass limit
mQ > 900 GeV
mQ > 760 GeV
mQ > 350 GeV
mQ > 350 GeV
mT > 404 GeV
mT > 420 GeV
mT > 552 GeV
mT > 560 GeV
mT > 475 GeV
mB > 480 GeV
mB > 480 GeV
mB > 600 GeV

and lljj. The ATLAS search 50 in 2.1 fb−1 assumes similar masses for the heavy electron and
muon neutrinos, and sets a mass limit mWR > 2.3 TeV for (mWR − mN ) > 300 GeV. A CMS
search 51 in 0.24 fb−1 sets mass limits mWr > 1.6 TeV with a similar requirement on the mass
difference. Figure 9 shows the two-dimensional mass limits for N and WR .
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Figure 9: ATLAS 50 and CMS 51 expected and observed limits on the production of heavy right-handed W-bosons
decaying to heavy neutrinos. Limits are a function of the new W and neutrino masses.

3

Conclusions

ATLAS and CMS have searched in a wide range of final states but have not (yet) found any
evidence for physics beyond the standard model. Important constraints have been set on a
variety of benchmark models. Published cross section limits can be used to restrict or rule out
many more.
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REALISTIC SO(5) × U(1) MODEL IN RS SPACE
YUTAKA HOSOTANI
Department of Physics, Osaka University
Toyonaka, Osaka 560-0043, Japan
The gauge bosons and Englert-Brout-Higgs (EBH) boson are unified in the five dimensional
RS spacetime. The EBH boson is identified with a part of the fifth dimensional component
of the gauge potential. In the SO(5) × U (1) gauge-Higgs unification the EW symmetry is
dynamically broken. The EBH boson, predicted with a mass around 130 GeV, naturally
becomes stable so that it appears as missing energy and momentum in collider experiments.
Collider signatures such as gauge couplings of quarks and leptons and production of KK γ
and Z are also discussed.

1

Introduction

The last particle yet to be discovered in the standard model (SM) of strong and electroweak
(EW) interactions is the Englert-Brout-Higgs (EBH) boson. Possible signals for the EBH boson
at the LHC experiments have been reported, but more data are necessary for the confirmation.
If the EBH boson is found around 125 GeV, but with non-SM couplings to W , Z, and
fermions, or if the EBH boson is not seen at LHC, not because it does not exist, but because it
is stable, then the gauge-Higgs unification scenario becomes plausible. In either case it becomes
urgent matter to explore the gauge-Higgs unification.
2

Gauge-Higgs Unification

We start with gauge theory in higher dimensions where extra-dimensional space is not simply
connected. Take a five-dimensional theory. Zero modes of four-dimensional components of the
vector potentials Aµ contain photon, W , and Z, whereas zero modes of the extra dimensional
component Ay contain the 4D EBH boson. Thus the EBH boson becomes a part of the gauge
bosons, leading to the gauge-Higgs unification (GHU).1,2,3
When the extra dimensional space is not simply connected, the zero mode of Ay appears
as an Aharonov-Bohm (AB) phase in the extra dimension. Though its non-vanishing vacuum
expectation value (vev) gives vanishing field strengths (Fµy ), it becomes a physical degree of freedom, causing dynamical gauge symmetry breaking by the Hosotani mechanism at the quantum
level.
Symbolically the phase appears as a Wilson line integral along a non-contractible loop C in
the fifth dimension
{ ∫
}
H(x)
eiθ̂H (x) ∼ P exp ig
dy Ay , θ̂(x) = θH +
.
(1)
fH
C

The field H(x) corresponds to the 4D neutral EBH boson to be discovered at Tevatron/LHC.
The constant part θH corresponds to the ratio of the vev of the EBH boson to fH . θH ̸= 0
induces the EW symmetry breaking, and at the same time gives masses for quarks, leptons,
W and Z as in SM. A novel, and decisively important, feature is that θH is a phase. Physical
quantities are periodic in θH with a period 2π;
θH ∼ θH + 2π .

(2)

It distinguishes GHU from SM.
3

SO(5) × U(1) Gauge-Higgs Unification in RS space

Several features must be implemented in a realistic model. First of all quark-lepton content must
be chiral. This feature is most easily realized if the extra dimensional space has the structure of
an orbifold. Secondly the model must naturally contain the SM gauge structure SU (2)L ×U (1)L .
This is achieved by starting with the gauge group SO(5)×U (1)X which incorporates the custodial
symmetry. Thirdly the EW symmetry must be dynamically broken, which is achieved, with
minimal fermion content, in the Randall-Sundrum (RS) warped spacetime;
ds2 = e−2σ(y) dxµ dxµ + dy 2

(3)

where σ(y) = ky for 0 ≤ y ≤ L and σ(y) = σ(−y) = σ(y + 2L). The warp factor is given by
zL = ekL . The bulk spacetime 0 < y < L is AdS spacetime with the curvature −6k 2 , which
is sandwiched by the Planck brane at y = 0 and the TeV brane at y = L. It has topology of
M 4 × (S 1 /Z2 ).
The bulk part of the action consists of the SO(5) and U (1)X gauge fields AM and BM
with gauge couplings gA and gB , and bulk fermions. The bulk fermions Ψa are introduced in
vector representation of SO(5). In each generation two multiplets in the quark sector and two
multiplets in the lepton sector are introduced. They satisfy the orbifold boundary conditions
( )
(
)
Aµ
Aµ
(x, yj − y) = Pj
(x, yj + y)Pj−1 ,
Ay
−Ay
(Bµ , By )(x, yj − y) = (Bµ , −By )(x, yj + y) ,
Ψa (x, yj − y) = Pj γ 5 Ψa (x, yj + y) ,

(4)

where (y0 .y1 ) = (0, L) and Pj = Pj† = Pj−1 . In particular we take Pj = diag (−1, −1, −1, −1, +1),
which reduces the symmetry to SO(4) × U (1)X . In addition brane fermions and brane scalar
are introduced on the Planck brane. The brane scalar, which is (0, 21 ) representation of SO(4) ≃
SU (2)′L × SU (2)′R , spontaneously breaks the symmetry SU (2)′R × U (1)X to U (1)′Y and makes all
exotic fermions heavy. The resultant symmetry is SU (2)′L × U (1)′Y . The SO(4) × U (1)X chiral
anomalies are cancelled with the brane fermions. After the symmetry breaking by θH , the low
energy spectrum is the same as in SM.4−9
4

Dynamical EW Symmetry Breaking by the Hosotani Mechanism

One of the nicest features in this model is that the EW symmetry is dynamically broken to
the electromagnetic U (1)EM by the Hosotani mechanism.7,9 For the dynamical EW symmetry
breaking it is crucial that (i) the multiplet containing a top quark is in the vector representation
of SO(5), and (ii) the spacetime is Randall-Sundrum warped space, but is not flat.
The eﬀective potential Veﬀ for θH at the one-loop level is depicted in fig. 1. In the pure
gauge theory the symmetry remains unbroken. In the presence of the top quark, whose mass
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Figure 1: The eﬀective potential Veﬀ (θH ). The plot is for U (θH /π) = (4π)2 (kzL
) Veﬀ at zL = 1015 . Green,
gauge
fermion
, and Veﬀ , respectively. The global minima are located at θH = 12 π
blue, and red curves represent Veﬀ , Veﬀ
3
and 2 π, where the EW symmetry dynamically breaks down to U (1)EM .

is larger than mW , Veﬀ is minimized at θH = ± 12 π so that the EW symmetry breaks down to
U (1)EM .
−2 2
2 ) at the minimum. It is found
The EBH boson mass mH is given by m2H = fH
(d Veﬀ /dθH
15
5
that mH = 135 (72) GeV for zL = 10 (10 ). This does not contradict with the current experimental data, since the EBH boson becomes stable as is seen below.
5

Eﬀective Low-Energy Interactions

The eﬀective Lagrangian at low energies among the EBH boson, W , Z, quarks and leptons is
approximately given by 10,11,12
}
)2 {
(1
1
†
µ
µ
Wµ W +
Zµ Z
− yf fH sin θ̂H ψ f ψf
(5)
Leﬀ ∼ − gfH sin θ̂H
2
2 cos2 θW
√
where θ̂H is given by (1) and 12 gfH = mKK /π kL. The expression is valid to good accuracy
for large zL . The Kaluza-Klein mass is given by mKK = πkzL−1 , which turns out to be around
1.4 GeV for zL = 1015 . In SM one has v + H in place of fH sin θ̂H . The nature of θH as an AB
phase forces the appearance of periodic, non-linear mass functions, a distinguishing feature of
the gauge-Higgs unification. fH = 246 GeV for θH = ± 21 π.
The masses are given by mW = 12 gfH | sin θH |, mZ = mW / cos θW , and mf = yf | sin θH |.
The couplings of the EBH boson to W , Z, quarks and leptons are obtained by expanding the
expression (5) in a Taylor series in H. The linear couplings are found to be
W W Z, ZZH, Yukawa couplings = (SM values) × cos θH .

(6)

They are suppressed, compared with the SM values, by a universal factor cos θH . This is a
specific character of the gauge-Higgs unification.13 In particular, the linear couplings vanish at
θH = 12 π. We stress that θH ̸= 0 gives masses to W , Z and fermions as in SM, but gives
vanishing linear couplings at θH = 12 π.
6

H Parity and Stable EBH Bosons

The fact that the W W H, ZZH and Yukawa couplings vanish at θH = 12 π is a consequence of
the symmetry. There emerges H-parity, PH , at θH = 12 . Among low-energy particles the EBH
boson is odd under PH , while all other SM particles are even. It immediately follows that the
EBH boson becomes absolutely stable.14,9
The proof for the existence of the H-parity proceeds as follows. First the action of the model
is invariant under the mirror reflection in the fifth dimension; (xµ , y)→(xµ , −y), (Aµ , Ay )→

(Aµ , −Ay ), and Ψ→ ± γ 5 Ψ. Under the reflection θ̂H → − θ̂H , while wave functions of all other
SM particles remain invariant. Secondly, there arises the enhanced large gauge symmetry when
all bulk fermions belong to the vector representation of SO(5). The periodicity in θH in physical
quantities is halved to π; θH + π ∼ θH . If there were a fermion in the spinor representation of
SO(5), the periodicity would remain as the original 2π. Thirdly the eﬀective potential Veﬀ (θH )
is minimized at θH = 12 π thanks to the presence of the top quark. Around θH = 21 π we have,
for physical quantities, equivalence relations
π
H
π
H
π
H
+
⇔ − −
⇔
−
.
2 fH
2 fH
2 fH

(7)

The theory is invariant under PH to all orders in perturbation theory. The symmetry around
1
2 π has been seen, for instance, in Veﬀ (θH ) depicted in fig. 1.
Another proof for the H-parity has been provided, by noticing the invariance of the SO(5)
algebra under the interchange of SU (2)′L and SU (2)′R and flip T 4̂ → − T 4̂ . At θH = 12 π the brane
fields couple to only bulk fields which are even under this operation. This symmetry suppresses
radiative corrections to the T parameter and Zbb̄ coupling as noticed by Agashe et al.15
With the H-parity all H n -couplings (n: an odd integer) to other SM particles are forbidden.
The LEP2 constraint for the EBH boson mass (mH ≥ 114 GeV) is also evaded as the ZZH
coupling vanishes.
7

Collider Signatures

The phenomenology at θH = 21 π is extremely interesting.16−20 The H-parity forbids production of
a single EBH boson. EBH bosons are produced in pairs at collider experiments. The production
rate is normal. The W W HH, ZZHH couplings are −1 times the SM couplings. The EBH
boson becomes stable. It implies that produced EBH bosons do not decay so that EBH bosons
appear as missing energies and momenta in collider events. As a pair of EBH bosons, two stable
particles, are produced, confirming them at Tevatron/LHC/ILC becomes very diﬃcult. There
are large background events containing neutrinos with the same topology. If polarized righthanded electron and left-handed positron beams can be prepared at ILC, then identification of
stable EBH bosons becomes feasible by suppressing neutrino backgrounds.
The χ2 values for the forward-backward asymmetry AF B on the Z resonance in the e+ e−
annihilation and for the branching fractions of the Z decay are tabulated in Table 1. Although
the gauge-Higgs unification scenario gives good agreement for AF B in a wide range of zL , the
branching fractions of the Z decay are reproduced only for large zL ≥ 1015 .
Table 1: χ2 fit for AF B and Z decay fractions. The values of mKK , mH and mtree
are also listed.
W

# of data
2

sin θW
χ2 [AF B ]
χ2 [Z decay fractions]
Sum of two χ2
mKK (GeV)
mH (GeV)
mtree
W (GeV)

6
8
14

zL = 1015
0.2309
6.3
16.5
22.8
1466
135
79.84

1010
0.2303
6.4
37.7
44.1
1193
108
79.80

105
0.2284
7.1
184.5
191.6
836
72
79.71

SM
0.2312
10.8
13.6
24.5

79.95

The signatures of the extra dimension itself are obtained by observing KK excited states of
various particles. Relatively clear signals can be found for KK Z (1) and γ (1) , which subsequently
decay into e+ e− or µ+ µ− . The masses and total decay widths of Z (1) and γ (1) are tabulated in

Table 2. Unlike other conventional models the current gauge-Higgs unification model predicts
large production rates and decay widths for KK gauge bosons. This is because right-handed
quarks and leptons have large couplings to the KK gauge bosons. KK Z (1) corresponds to what
is referred to as Z ′ in the analyses of Tevatron and LHC data. So far no signal of Z ′ has been
found. This may indicate the necessity for improving the current gauge-Higgs unification model.
Table 2: Masses and widths of KK Z (1) and γ (1) .

Z (1)
zL
105
m (GeV) 653
Γ (GeV) 104

8

1015
1130
422

γ (1)
zL
105
m (GeV) 678
Γ (GeV) 446

1015
1144
1959

Stable EBH Bosons as Dark Matter v.s. Supersymmetry

EBH bosons become stable at θH = 12 π. They are copiously produced in the early universe. As
the universe expands and the annihilation rate of EBH bosons falls, the annihilation processes
get frozen and the remnant EBH bosons become dark matter.14 The annihilation couplings are
determined from the eﬀective interaction (5). The present mass density of cold dark matter has
been determined by WMAP collaboration as ΩCDM h2 = 0.1131 ± 0.0034.
Suppose that the EBH mass is suﬃciently smaller than mW . In this case the dominant
annihilation process is HH→bb̄, and the abundance turns out much larger than the WMAP
value. If the EBH boson is heavier than W , HH→W + W − dominates, and the relic abundance
turns out much smaller than the WMAP value. The cold dark matter abundance observed by
WMAP is reproduced with mH = 70 ∼ 75 GeV.
This is a very attractive scenario; the EBH boson responsible for the EW symmetry breaking
constitutes the dark matter of the universe. However, the EBH boson mass mH = 70 ∼ 75 GeV
is realized in the current model with the warp factor zL ∼ 105 , which conflicts with the precision
measurements of the gauge couplings at low energies and collider data at high energies as seen
above.
Of course nothing is wrong with the scenario of the gauge-Higgs unification with zL ≥ 1015
in which the dark matter is accounted for by other particles. More ambitiously we ask if it is
possible to have the gauge-Higgs unification in which, without conflicting with the collider data,
stable EBH bosons account for the cold dark matter abundance observed by WMAP.
We argue that it is possible, provided supersymmery (SUSY) exists.21 If SUSY is exact and
unbroken, then the EBH boson remains massless as boson and fermion contributions to Veﬀ (θH )
cancell each other. SUSY is softly or dynamically broken so that the cancellation becomes
incomplete, leading to a non-vanishing mH .
Conversely one can determine SUSY breaking scales such that the EBH boson acquires a
mass around 70 ∼ 75 GeV with a given warp factor, say, zL = 1015 . At the one loop level only
the spectra of SUSY partners of W , Z, top quark and their KK towers are relevant. It is found
that the scenario of light neutralinos (< 100 GeV), heavy gluinos (> 1 TeV), and the stop with
mstop = 300 ∼ 320 GeV yield the desired mass mH = 70 ∼ 75 GeV at zL = 1015 . Finding a stop
may give a hint for extra dimensions.
9

Summary

We have seen that the minimal SO(5) × U (1) gauge-Higgs unification model in RS leads to
astonishing prediction that the EBH boson is stable. The EBH boson is identified with a part of

the gauge potentials in the extra dimension. It appears as four-dimensional fluctuations of the
AB phase in the extra dimension. The nature as an AB phase gives significant deviation from
SM, which can be tested at colliders. We may be about to see the extra dimension at LHC.
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TENSIONS WITH THE THREE-NEUTRINO PARADIGM
B. KAYSER
Theoretical Physics Department, Fermilab, P.O. Box 500,
Batavia, IL 60510 USA
We review the tensions with the standard three-neutrino framework for neutrino oscillation.
These tensions hint at the possible existence of sterile neutrinos. We briefly describe some of
the diverse ideas for probing the existence of such neutrinos in a definitive way through future
experiments.

1

The Tensions

Not all of the neutrino data are successfully described by the standard three-neutrino paradigm.
This paradigm includes only three neutrino mass eigenstates, ν1 , ν2 , and ν3 , with squared-masses
separated by the splittings |∆m221 | ≡ |m22 − m21 | = 7.5 × 10−5 eV2 1 and |∆m232 | ≡ |m23 − m22 | =
2.4 × 10−3 eV2 . 2 However, there are hints, coming from a variety of sources, that nature may
contain more than three neutrino mass eigenstates, and squared-mass splittings significantly
larger than the measured |∆m221 | and |∆m232 |. Whether individually or taken together, these
hints are not convincing. However, they are interesting enough to call for further, hopefully
conclusive, investigation.
From the measured rate at which the Standard-Model (SM) Z boson decays into invisible
particles, we know that only three distinct flavors of neutrinos couple to the Z. Thus, if there
are, say, 3 + n neutrino mass eigenstates, then n orthogonal linear combinations of them are
neutrino flavors that do not couple to the Z. Given the structure of the SM, neutrino flavors
that do not couple to the Z do not couple to the W either. Such neutrino flavors, which do not
experience any of the known forces of nature except gravity, are referred to as “sterile” neutrinos.
As we see, the hints that there are more than three neutrino mass eigenstates are — at the same
time — hints that nature contains sterile neutrinos. We note that although sterile neutrinos do
not couple to the SM W or Z bosons, they may well couple to some as-yet-undiscovered non-SM
particles. The latter particles could perhaps be found at the LHC or elsewhere.
The first hint that there are sterile neutrinos came from the LSND experiment, which reported evidence of a rapid νµ → νe oscillation. 3 Assuming that this oscillation is sensitive to
just one relatively large squared-mass splitting ∆m2 , its probability, P (νµ → νe ), is given by
P (νµ → νe ) = sin2 2θ sin2 [1.27∆m2 (eV2 )

L(m)
] .
E(MeV)

(1)

Here, sin2 2θ is a mixing parameter that satisfies 0 ≤ sin2 2θ ≤ 1, L is the distance travelled by
the antineutrinos between birth and detection, and E is their energy. The antineutrinos studied
by LSND came from µ+ decay at rest, so they had E ∼ 30 MeV. They travelled L ∼ 30 m.

Thus, the LSND oscillation, which was found to have P (νµ → νe ) ∼ 0.3%, occurred when
> 0.1 eV2 .
L(m) / E(MeV) ∼ 1. From Eq. (1), such an oscillation requires a splitting |∆m2 | ∼
Such a splitting is significantly larger than the two splittings |∆m232 | and |∆m221 | between the
mass eigenstates of the three-neutrino paradigm. Thus, if the LSND oscillation is real, then
the neutrino squared-mass spectrum obviously contains at least four neutrino mass eigenstates.
Hence, from the data on Z boson decays, there must be at least one sterile neutrino.
A second, related, hint of sterile neutrinos comes from the MiniBooNE experiment. In
MiniBooNE, L and E are both ∼ 17 times larger than they were in LSND, but the ratio L/E,
on which the oscillation probability depends (cf. Eq. (1)), is comparable in the two experiments.
MiniBooNE has searched for both νe appearance in a νµ beam (i.e., νµ → νe oscillation), and
νe appearance in a νµ beam (νµ → νe oscillation). Its results have evolved over the years as
more data have been accumulated and analyses have been refined. As of this writing (June 30,
2012), the νµ → νe and νµ → νe data look fairly similar. An excess of electron-like events above
background is seen in both the neutrino and antineutrino beams. The data are found to be
> 0.1 eV2 . In
compatible with the hypothesis of νµ → νe and νµ → νe oscillation with ∆m2 ∼
addition, the data are qualitatively similar in appearance to the LSND νµ → νe data. 4
A third hint of sterile neutrinos has come from reactor antineutrino experiments in which
the detector is relatively close to the reactor — between 10 m and 100 m. The theoretical
prediction for the un-oscillated νe flux from reactors has recently increased by ∼ 3%. 5 When
this new prediction is used, the reactor experiments with close detectors show a ∼ 6% deficit in
the measured νe flux. This deficit suggests a disappearance of 6% of the reactor antineutrinos,
all of which are born as νe , through oscillation into other flavors. Given the (10 - 100) m distance
L to the detector, the ∼ 3 MeV typical energy E of a reactor antineutrino, and the characteristic
sin2 [1.27∆m2 (eV2 )L(m)/E(MeV)] dependence of oscillation on L/E illustrated by Eq. (1), we
> 0.1 eV2 , like the splitting
see that the apparent disappearance of flux points to a splitting ∆m2 ∼
suggested by LSND and MiniBooNE. Oscillation based on a four-neutrino spectrum in which
one ∆m2 is much larger than 1 eV2 describes the reactor data well.
An additional hint of sterile neutrinos has come from observation of the νe fluxes produced
by intense 51 Cr and 37 Ar sources that are placed inside gallium detectors. The rate of events
induced by these νe fluxes is found to be ∼ 15% less than predicted. 6 Perhaps this is due to a
disappearance of νe flux caused by oscillation into other flavors. If so, the oscillation is occurring
> 0.1 eV2
at L(m) / E (MeV) values of order unity. Thus, once again we have a hint of a ∆m2 ∼
— a large splitting that calls for a fourth neutrino mass eigenstate.
Besides these hints from terrestrial experiments, there is a hint of at least one sterile neutrino
coming from cosmology. Big Bang Nucleosynthesis (BBN) and Cosmic Microwave Background
(CMB) anisotropies count the effective number of relativistic degrees of freedom, Neff , at early
times when light neutrinos would have been at least somewhat relativistic. An active neutrino
(i.e., one that couples to the W and Z), and a sterile neutrino that mixes with the active ones as
required by the terrestrial hints, would both very likely have thermalized in the early universe.
Then each of them would have made a contribution of unity to Neff . Now, BBN and CMB
observations show that Neff may be closer to 4 than to 3. 7 This, in turn, suggests that, in
addition to the mass eigenstates ν1 , ν2 , and ν3 of the standard three-neutrino paradigm, there
may be a fourth light mass eigenstate, and consequently a sterile neutrino. (To be sure, it could
be that there is an extra relativistic degree of freedom, but it is not a neutrino.) More precise
information on Neff will come from the Planck satellite in approximately one-half year.
The extent to which one can simultaneously fit all the oscillation data from terrestrial experiments, including experiments that do not show any evidence for extra neutrino states, with
four- and five-neutrino spectra has been explored. In general, the four-neutrino spectrum is
taken to have the mass eigenstates ν1,2,3 of the standard three-neutrino paradigm adjacent to
each other, and one additional mass eigenstate ν4 some distance above or below all three of them

(“3 + 1” spectrum). Similarly, the five-neutrino spectrum is taken to have ν1,2,3 adjacent to each
other, and both of two additional mass eigenstates, ν4 and ν5 , above or below all three of them
(“3 + 2” spectrum). All of the terrestrial experiments that show evidence of large squared-mass
splittings, hence extra neutrino mass eigenstates, are “short-baseline” (small L/E) experiments.
At the values of L/E encountered in these experiments, the splittings ∆m221 and ∆m232 are too
small to be visible, so ν3 , ν2 , and ν1 may be taken to be degenerate. Then the 3 + 1 spectrum is
sensitive to only one splitting, ∆m241 , and the 3 + 2 spectrum to only two independent splittings,
∆m241 and ∆m251 .
Neither a 3 + 1 nor a 3 + 2 spectrum can simultaneously provide a good fit to all the
oscillation data that exist as of this writing. The major difficulty is a tension between the
( )
( )
νµ → νe appearance signals of LSND and MiniBooNE on the one hand, and the upper bounds
on any νµ and νe disappearance signals in other experiments on the other hand. 8 This tension
reflects the fact that in both 3 + 1 and 3 + 2 models, appearance and disappearance probabilities
are related. Perhaps the physics underlying short baseline oscillation is more complicated than
that in the 3 + 1 and 3 + 2 models.
2

The Future

At the end of 2011, Fermilab created a Short-Baseline Neutrino Focus Group to consider how
the tensions with the three-neutrino framework might be resolved. This Group (to which the
present writer belongs) believes that these tensions are intriguing, and persistent enough to
warrant definitive investigation. The Group has recommended a short-baseline plan for Fermilab
that would include a new experiment to search for νµ → νe and/or νe → νµ transitions. If there
should be a sterile neutrino discovery, the plan would also include a further experiment or
experiments that could explore as many different flavor transitions as practical over the relevant
L/E range. 9
The community has put forward a number of creative ideas for possible future experiments
that could address the hints of sterile neutrinos. Here, we would just like to illustrate the
diversity of these ideas.
One idea is to study the coherent scattering of a neutrino from an entire nucleus. Such
scattering would proceed via Z-boson exchange. The Z boson couples in a universal and flavorpreserving manner to the three active neutrino flavors, νe , νµ , and ντ . However, as already
discussed, the Z boson does not couple to sterile neutrinos. Consequently, if an active neutrino,
such as a νµ , oscillates into a sterile neutrino, the coherent scattering event rate will oscillate
along with it. Such an oscillation would be quite striking. All the existing terrestrial hints
of sterile neutrinos are kinematical; they are hints of a large splitting ∆m2 ∼ 1 eV2 , and
consequently of a heavy neutrino, with mass ∼ 1 eV. In contrast, the observation of oscillation
of the Z-exchange-induced coherent neutrino scattering event rate would be direct evidence of
the existence of sterile neutrino flavors.
One specific suggestion for how coherent neutrino-nucleus scattering might be studied proposes to use the mono-energetic electron neutrinos from an 37 Ar source, and to detect the
very-low-energy nuclear recoils (with kinetic energy ∼ Few ×10 eV) produced by the coherent
scattering using cryogenic bolometers. 10
Another specific suggestion preposes to use a pion- and muon-decay-at-rest (DAR) neutrino source. 11 Coherent scattering of the neutrinos from this source would produce nuclear
recoils with kinetic energy ∼ 10 keV, and detection via Dark-Matter-search-inspired detectors
is considered.
A number of quite different kinematical studies that would look for oscillations at high ∆m2
have been proposed. One idea is to position a DAR source next to a very large liquid scintillator
detector such as LENA or NOνA. 12 For a neutrino with energy E ∼ 30 MeV from a DAR

source, a ∆m2 of 1 eV2 would lead to an oscillation whose first maximum is at ∼ 40 m, which
is within the length of one of these large detectors. The oscillation could then be studied as a
function of distance within the detector.
There have been several proposals for accelerator-based experiments that would compare
event rates in a near and a far detector. This is a good way to deal with flux uncertainties,
as long as the splitting ∆m2 is not so large that the neutrinos have already oscillated before
reaching the near detector. It has been proposed to move the ICARUS detector from Gran
Sasso to CERN to act as a far detector and to build a second detector to act as a near one. 13 It
has also been proposed to build an experiment in the Fermilab booster neutrino beam using the
MicroBooNE liquid argon detector as the near detector, and a new, large liquid argon detector
as the far one . 13
A particularly ambitious proposal is the idea of probing the existence of high-∆m2 oscillations using neutrinos from a very low energy neutrino factory. 14 This factory would store
positive muons with energies of (2-3) GeV in a storage ring, and look for the oscillation νe → νµ
of electron neutrinos produced in the muon decays µ+ → e+ + νe + νµ . Assuming CPT invariance, the probability of the oscillation νe → νµ is the same as that of the oscillation νµ → νe
reported by LSND. The projected ability of the very low energy neutrino factory to confirm or
exclude oscillations that are driven by a splitting ∆m2 > 0.1 eV2 , and are at the level suggested
by LSND and MiniBooNE, is impressive.
In summary, there are interesting tensions with the three-neutrino paradigm. Hopefully, we
will be able to determine what lies behind them in the not too distant future.
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New results on CP violation in Bs0 Mixing from LHCb using the full 1 fb−1 of data
from the 2011 LHC run (including measurements of φs and ∆Γs )
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Presented on behalf of the LHCb Collaboration.

The CP violating phase φs can be measured using the interference between the direct and
mixed Bs0 decays to a CP eigenstate. Using a sample of about 21200 Bs0 → J/ψφ and 7421
Bs0 → J/ψ π + π − events we measure the phase φs , the mean decay width difference ∆Γs and
the average decay width Γs . These data were collected from 1 fb−1 of pp collisions collected
√
during the 2011 LHC run at a centre of mass energy of s = 7 TeV. From the J/ψ φ data we
−1
find Γs = 0.6580±0.0054(stat)±0.0066(syst) ps , and ∆Γs = 0.116±0.018(stat)±0.006(syst)
ps−1 . From the combined J/ψ φ and J/ψ π + π − data we find φs = −0.002 ± 0.083 ± 0.027 rad.

1

Introduction

The decay Bs0 → J/ψφ has long been cited as an important channel for measuring CP -violation
in the Bs0 system, and recently the Bs0 → J/ψ π + π − channel has been included. In the Standard
Model the CP -violating phase in this decay is predicted to be φSM
' −2βs , where βs =
s
arg (−Vts Vtb∗ /Vcs Vcb∗ ) [1, 2]. The indirect determination via global fits to experimental data gives
2βs = 0.036 ± 0.002 rad [3, 4, 5]. However, new contributions to Bs0 − B̄s0 mixing may alter the
expected value of φs [6, 7, 8, 9, 10].
LHCb has previously published the most precise results for φs results using approximately
0.4 pb−1 of Bs0 → J/ψφ [11] and Bs0 → J/ψ π + π − [12] data. Here we present an update of these
√
measurements using the full 1 fb−1 of data collected in 2011 from pp collisions at s = 7 TeV.
Approximately 21200 Bs0 → J/ψφ and 7421 Bs0 → J/ψ π + π − signal candidates were obtained.
The complete description of these new results can be found in Refs [13], [14] and [19]. In these
proceedings we present an abridged summary.
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Figure 1: Left: Invariant mass distribution of selected Bs0 → J/ψφ candidates. The background is
shown as the horizontal (red) line. Right: Invariant mass distribution of selected Bs0 → J/ψ π + π −
candidates. The signal is shown as the red solid line. Backgrounds are combintorial (brown
dotted) and Bs0 → J/ψφ (black long-dot). Other backgrounds are defined in [14] but are irrelevant
as the analysis only uses the data above a mass of 5346 MeV.
2

The Bs0 → J/ψφ analysis

The event selection is the same as that described in [11]. However, the trigger conditions were
changed in the second half of the 2011 data taking period, which introduced a decay time bias
to all events which is now included in the fit. In addition a per-event estimation of the decay
time resolution is now used.
In order to remove the majority of the prompt background contribution, only events with
decay time t > 0.3 ps are used. A total of about 21200 Bs0 → J/ψφ decays are selected. The
remaining background in the sample is of the order of a few percent. The invariant mass
distribution of the selected candidates is shown on the left of Fig. 1.
The strategy for the optimization and calibration of the flavour tagging is described in detail
in [15]. The “opposite-side” (OS) flavour tagger exploits the decay of the other b-hadron in the
event and uses four different signatures, namely high pT muons, electrons and kaons, and the net
charge of an inclusively reconstructed secondary vertex. The combination procedure provides
an estimated per-event mistag probability. It is calibrated with B + → J/ψ K + decays, for which
the true flavour is known. The effective average mistag probability ω = (36.81 ± 0.18 ± 0.74)%.
The signal tagging efficiency εtag = (32.99 ± 0.33)%. Thus the effective tagging efficiency is
εtag D2 = (2.29 ± 0.07 ± 0.26)%, where D is the dilution, defined as D = (1 − 2ω). The effects
of a possible small difference in mistag probability between Bs0 and B 0s , and of a potential
tagging efficiency asymmetry were estimated to be negligible. The uncertainties from flavour
tag calibration are included in the statistical uncertainties of the physics parameters presented
in the next section by allowing the tagging calibration parameters to vary in the maximum
likelihood fit within their uncertainties.
To account for the finite decay time resolution of the detector, the Probability Density
Functions (PDFs) used in the fit are convolved with a Gaussian function. The width of the
Gaussian is Sσt · σt , where σt is the per-event decay time resolution, measured from the decay
vertex and decay length uncertainty. The scale factor Sσt is determined from the J/ψ → µ+ µ−
component of the prompt background to be Sσt = 1.45 ± 0.06, where the error accounts for
both statistical and systematic uncertainty (the latter being derived from simulation). Sσt is

allowed to vary within its uncertainty in the fit. The effective average decay time resolution is
approximately 45 fs.
The triggers used in this analysis exploit the signature of J/ψ → µ+ µ− decays including
decay time biasing cuts to enrich the fraction of B events in the sample. To model the impact of
this selection on the decay time acceptance, events from a prescaled trigger line, without lifetime
biasing cuts are used. From this we obtain a non-parametric description of the acceptance
function, which is then used in the fit. From simulation studies we also observe a shallow fall
in acceptance at high decay times, which is attributed to a reduction in track finding efficiency
for tracks originating from displaced vertices far from the beam line. A correction is determined
using simulation to be 0.0112 ± 0.0013 ps−1 on Γs and is accounted for in the final results.
Half of the correction is assigned as systematic uncertainty. This is currently the dominant
systematic uncertainty for Γs .
The decay angle acceptance is obtained from Monte Carlo simulations and taken into account
in the likelihood fit [11]. Differences between simulated and observed kaon momentum spectra,
as well as the limited size of the Monte Carlo sample are used to derive systematic uncertainties.
3

The Bs0 → J/ψ π + π − analysis

The analysis of the Bs0 → J/ψ π + π − channel is published in Ref. [14]. This is also based upon
the full 1 fb−1 of data, and updates the previous publication [12]. The new analysis extends
the invariant mass range used for the π + π − pair from the Bs0 → J/ψ f0 (980) region to the range
[775–1550] MeV. This wider range includes non-resonant π + π − which has been shown [16] to be
predominantly CP-odd just as is the case for the f0 (980) decay mode. The analysis is otherwise
essentially unchanged and relies upon the same tagging information as per the Bs0 → J/ψφ
analysis. There are approximately 7421 signal events with an 81% purity. The invariant mass
distribution of the selected events is shown on the right of Fig. 1.
4

Results

The CP violating phase φs is extracted from the Bs0 → J/ψφ data with an unbinned maximum
likelihood fit to the candidate invariant mass m, the decay time t, the initial Bs0 flavour q and the
4-body decay angles in the transversity frame Ω = {cos θ, ϕ, cos ψ}, defined in [17]. The signal
and background PDFs of the likelihood are given in [11]. We determine several other physics
parameters at the same time, namely the decay width, Γs , the decay width difference between
the light and heavy Bs0 mass eigenstate ∆Γs , and the polarization amplitudes A0 , A⊥ , Ak of
the K + K − P-wave contribution and AS for the S-wave contribution. In the fit we parameterise
the four different amplitudes, Ai , by |Ai (0)|, the absolute value of the amplitude at time t = 0
and its phase δi and adopt the convention δ0 = 0. We choose the following normalization:
|Ak (0)|2 + |A⊥ (0)|2 + |A0 (0)|2 = 1, and define the fraction of S-wave contribution FS to be:
FS = |AS (0)|2 /(|A0 (0)|2 + |Ak (0)|2 + |A⊥ (0)|2 + |AS (0)|2 ). The choice of the normalization is
different from the previous analysis. It has been chosen, such that the P-wave amplitudes have
the same value independently of the range of the K + K − invariant mass chosen. We use the
measurement of the Bs0 oscillation frequency ∆ms = 17.63 ± 0.11 ps−1 [18] and allow it to vary
in the fit within its uncertainty.
The values obtained for all parameters, as well as statistical and systematic uncertainties, are
given in Table 1 and the correlation matrix is shown in Table 2. All parameters except δk have a
well behaved parabolic profile likelihood. An exception holds for the strong phase δk as its central
value is close to (and just above) π which means that it is almost degenerate with the ambiguous
solution at δk → −δk (+2π) which, therefore, appears symmetrically just below π. The 68% C.L
encompasses both minima, and we quote the symmetric 68% C.L. interval δk ∈ [2.81, 3.47] rad

Parameter
Γs [ps−1 ]
∆Γs [ps−1 ]
|A⊥ (0)|2
|A0 (0)|2
FS
δ⊥ [rad]
δk [rad]
δs [rad]
φs [rad]

Value
0.6580
0.116
0.246
0.523
0.022
2.90
[2.81,
2.90
-0.001

Stat.
0.0054
0.018
0.010
0.007
0.012
0.36
3.47]
0.36
0.101

Syst.
0.0066
0.006
0.013
0.024
0.007
0.07
0.13
0.08
0.027

Table 1: Results for the physics parameters and their statistical and systematic uncertainties.
We quote a 68% C.L. interval for δk , as described in the text.

Γs
∆Γs
|A⊥ (0)|2
|A0 (0)|2
φs

Γs
1.00

∆Γs
−0.38
1.00

|A⊥ |2
0.39
−0.67
1.00

|A0 |2
0.20
0.63
−0.53
1.00

φs
−0.01
−0.01
−0.01
−0.02
1.00

Table 2: Correlation matrix for statistical uncertainties on Γs , ∆Γs , |A⊥ (0)|2 , |A0 (0)|2 and φs .
(statistical only). The results for φs and ∆Γs are in good agreement with the Standard Model
predictions [3]. Note that the strong phases are all consistent with zero or π radians. Figure 2
shows the projection of the fitted PDF on the decay time and the transversity angle distributions
for candidates with an invariant mass within ± 20 MeV/c2 around the nominal Bs0 mass. Figure 3
shows the 68.3%, 90% and 95% profile likelihood confidence level contours in the φs −∆Γs plane.
The systematic uncertainties quoted in Table 1 are those which are not directly treated in the
maximum likelihood fit. A breakdown is given in Table 3. The uncertainty on φs is dominated
by imperfect knowledge of the angular acceptances and neglecting potential contributions of
direct CP -violation (CPV). The latter was evaluated based on simulation studies which assume
the CPV parameter |λ|2 = 0.95 and |λ|2 = 1.05 in the simulation and no CPV (|λ|2 = 1) in the
fit. The size of |λ|2 used in this study has been motivated by a fit where |λ| is left as a free
parameter. The uncertainties treated directly in the likelihood fit are those from the tagging
calibration parameters, the ∆ms value used as input and the decay time resolution. Their total
contribution to the statistical uncertainty on φs is below 5%.
The CP violating phase φs is extracted from the Bs0 → J/ψ π + π − data with an unbinned
maximum likelihood fit to m, t and q. The result is φs = −0.02 ± 0.17 ± 0.02 rad. This analysis
does not require use of the decay angles, and therefore the systematic errors arising from this
source in J/ψ φ are not present. Those from tagging and resolution are included in a similar way
as for the J/ψ φ channel. Full details of systematic errors can be found in Ref. [14].
The results from the Bs0 → J/ψφ and Bs0 → J/ψ π + π − datasets are compatible, and are
combined in a simultaneous fit resulting in φs = −0.002 ± 0.083 ± 0.027 rad.
This analysis results in a twofold ambiguity (φs ↔ π − φs ; ∆Γs ↔ −∆Γs ). The ambiguity
has recently been resolved [19] using a measurement of the relative phase between the KK P-

Source
Description of background
Angular acceptances
t acceptance model
z and momentum scale
Production asymmetry (± 10%)
CPV mixing & decay (± 5%)
Fit bias
Quadratic sum

Γs
[ps−1 ]
0.0010
0.0018
0.0062
0.0009
0.0002
0.0003
0.0066

∆Γs
[ps−1 ]
0.004
0.002
0.002
0.002
0.002
0.001
0.006

A2⊥

A20

FS

0.012
0.001
0.003
0.013

0.002
0.024
0.001
0.024

0.005
0.005
0.001
0.007

δk
[rad]
0.04
0.12
0.02
0.13

δ⊥
[rad]
0.04
0.06
0.02
0.07

δs
[rad]
0.06
0.05
0.01
0.08

φs
[rad]
0.011
0.012
0.008
0.020
0.005
0.027

Table 3: Breakdown and summary of systematic uncertainties for each physics parameter extracted from the unbinned log-likelihood fit.
wave and S-wave components in the decay. The solution with ∆Γs > 0 is favoured and we only
quote this solution here.
5

Conclusion

We have performed a time-dependent angular analysis of approximately 21200 Bs0 → J/ψφ decays
√
obtained from 1 fb−1 of pp collisions collected during the 2011 LHCb run at s = 7 TeV. We
find:
φs = −0.001 ± 0.101 (stat) ± 0.027 (syst) rad,
Γs

= 0.6580 ± 0.0054 (stat) ± 0.0066 (syst) ps−1 ,

∆Γs = 0.116

± 0.018

(stat) ± 0.006

(syst) ps−1 .

We combine this result with that from an independent analysis of approximately 7421 Bs0 →
J/ψππ decays, we find
φs = −0.002 ± 0.083 (stat) ± 0.027 (syst) rad,
This is the world’s most precise measurement of φs and the first direct observation for a non-zero
value for ∆Γs . These results are in good agreement with Standard Model predictions [3].
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A SELECTION OF RECENT RESULTS FROM THE BABAR EXPERIMENT
V. Poireau, on behalf of the BABAR collaboration
Laboratoire d’Annecy-le-Vieux de Physique des Particules (LAPP),
Université de Savoie, CNRS/IN2P3
We present recent results from the BABAR collaboration in several areas of research. These
include searches for new physics via measurements of radiative-penguin B decays, leptonnumber and lepton-flavor violations in B decays, and CP violation in tau lepton decays.

1

Introduction

Until 2008, 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 ). Four years after
the end of the data-taking period, BABAR is still producing many new and interesting results.
Despite the start of the LHCb experiment at CERN, BABAR is still competitive, especially for
channels involving neutral particles (such as photons, π 0 or KS0 ), tau leptons, and neutrinos.
We present here a selection of recent results from the BABAR experiment. We show exclusive
measurements of the b → sγ transition rate as well as a study of the photon energy spectrum.
Then we present an analysis of the angular distributions in the decay B → K ∗ ℓ+ ℓ− . We detail
a search for lepton-number violating processes in B + → h− ℓ+ ℓ+ decays, as well as a search for
the decay B ± → h± τ ℓ. Finally, a search for CP violation in the τ − → π − KS0 ≥ 0π 0 ντ channel
is presented.
2

Exclusive measurements of b → sγ transition rate and photon energy spectrum

As it is well known, flavor changing neutral currents (FCNC), such as b → sγ, are forbidden
at tree level in the standard model (SM). However, FCNC of this type are predicted to occur
at loop level with the following rate 1 : B(B → Xs γ) = (3.15 ± 0.23) × 10−4 , for a minimum
photon energy Eγ > 1.6 GeV measured in the B meson rest frame, and where Xs is the final
state of the s quark hadronic system. The world average experimental value 2 is measured at
B(B → Xs γ) = (3.55 ± 0.25 ± 0.09) × 10−4 , for Eγ > 1.6 GeV, and where the second uncertainty
is due to the extrapolation from the experimental photon energy (between 1.7 and 2.0 GeV
depending on the experiments) to 1.6 GeV. The calculation is performed at next-to-next-leading
order in the perturbative term, with the first order radiative penguin diagram for the b → sγ
transition having a W boson and a t, c, or u quark in the loop. Comparing the experimental
and predicted values allows a precision test of the SM. Particles from new physics could enter in
the loop, and would affect this transition rate. Furthermore, the photon energy spectrum from
this reaction gives insight into the momentum distribution function of the b quark inside the
B meson, and helps to constrain the uncertainty on the Cabibbo-Kobayashi-Maskawa matrix
element Vub .

In this BABAR analysis 3 , we use a “sum of exclusives” approach, where we reconstruct 38
different Xs final states (listed in Table 1). By fully reconstructing Xs , we obtain the energy of
m2 −m2

the transition photon in the B rest frame with EγB = B2mB Xs , where mB is the B mass, and
mXs is the invariant mass of the Xs system. We use a range of 0.6 < mXs < 2.8 GeV/c2 , which
corresponds to a photon energy range of 1.9 < Eγ < 2.61 GeV. In the analysis, this range is
divided in 18 different mXs regions.
Two types of signal Monte Carlo (MC) events are generated: one for the K ∗ (892) region
(corresponding to mXs < 1.1 GeV/c2 ) and one for the inclusive region (corresponding to 1.1 <
mXs < 2.8 GeV/c2 ). A flat photon spectrum level is used in the inclusive region at the generation
level, which allows us to reweight to match whichever spectrum model we choose.
We use three classifiers (based on random forest classifiers) to reject the background, each
optimized in four different mXs regions. These three classifiers help respectively to choose the
best B candidate, to veto photons coming from a neutral pion, and to reject the continuum
background. The signal yield
q √is extracted in each mXs region from a fit to the beam-energy
substituted mass, mES ≡ ( s/2)2 − (p∗B )2 , where p∗B is the momentum of the reconstructed
B meson in the center-of-mass. An example of such a fit is shown in Fig. 1.
The fragmentation of the hadronic system is modeled with JETSET with a phase-space
hadronization model. We observe some differences between fragmentation in the MC and data
samples. To correct this, we group the final states by topology and correct the signal contribution in the MC to better reflect the data. Furthermore, several quark hadronization models are
tested and the observed differences are included in the systematic uncertainties.
The result of the measurements of the partial branching fractions in each mXs region is
shown in Fig. 1. We fit this spectrum with two models: the kinetic model and the shapefunction model 4 . The result is shown in Fig. 1 for the kinetic model. We have also extracted
the parameters from the heavy quark effective theory (HQET) for these two models, obtaining
values compatible with the world average. The mean and variance of the photon energy spectrum
have also been extracted, which can be used to constrain different kinds of models. Summing
the 18 bins, we find the total branching fraction for Eγ > 1.9 GeV to be B(B → Xs γ) =
(3.29 ± 0.19 ± 0.48) × 10−4 , where the first uncertainty is statistical and the second is systematic.
Table 1: The 38 final states of the B meson reconstructed in this analysis.

KS π + γ
K +π0 γ
K +π− γ
KS π 0 γ
K +π+ π− γ
KS π + π 0 γ
K +π0 π0 γ
KS π + π − γ
K +π− π0 γ
KS π 0 π 0 γ

3

Final states
KS π + π − π + γ
K +π+ π− π− π0 γ
+ + − 0
K π π π γ
KS π + π − π 0 π 0 γ
+ 0 0
KS π π π γ
K + ηγ
+ + − −
K π π π γ
KS ηγ
KS π 0 π + π − γ
KS ηπ + γ
+ − 0 0
K π π π γ
K + ηπ 0 γ
+ + − + −
K π π π π γ K + ηπ − γ
KS π + π − π + π 0 γ
KS ηπ 0 γ
+ + − 0 0
K π π π π γ
K + ηπ + π − γ
+ − + −
KS π π π π γ KS ηπ + π 0 γ

KS ηπ + π − γ
K + ηπ − π 0 γ
K +K −K +γ
K + K − KS γ
K + K − KS π + γ
K + K −K + π0 γ
K + K −K + π− γ
K + K − KS π 0 γ

Angular distribution in the decays B → K ∗ ℓ+ ℓ−

The decay B → K ∗ ℓ+ ℓ− occurs in the SM via penguin (electromagnetic penguin loop or electroweak Z 0 penguin loop) and W + W − box diagrams. The effective Hamiltonian of these reactions depends in particular on the Wilson coefficients Ci . Particles from new physics could
enter in the loop (such as charged Higgs, squarks, neutralinos, and charginos) and could lead to

Figure 1: Left: example of mES fit for the region 1.4 < mXs < 1.5 GeV/c2 . Points with statistical errors are the
data, the solid line represents the total fit, the thick-dashed line represents the signal, and the other lines show
background contributions. Right: partial branching fractions in each mXs region (dots) and fit of the spectrum
using the kinetic model (solid line).

sizeable deviations from the SM predictions. In this section, we focus on an analysis 5 on the
angular observables in B → K ∗ ℓ+ ℓ− (the branching fraction and rate asymmetries are addressed
elsewhere in these proceedings 6 ). The angular distribution depends in particular on the angle
θK , the angle between the K and the B in the K ∗ rest frame, and on θℓ , the angle between
the ℓ+ (ℓ− ) and the B (B) in the ℓ+ ℓ− frame. From these angles, we can obtain the fraction of
the longitudinal polarization of the K ∗ , FL , and the lepton forward-backward asymmetry, AF B .
The predicted distributions depending on these quantities, as a function of the dilepton mass
squared s = m2ℓ+ ℓ− , read:
1 dΓ
Γ d cos θK
1 dΓ
Γ d cos θℓ

=
=

3
3
FL cos2 θK + (1 − FL )(1 − cos2 θK ),
2
4
3
3
FL (1 − cos2 θℓ ) + (1 − FL )(1 + cos2 θℓ ) + AF B cos θℓ .
4
8

In the SM, at low s, where the effective Wilson coefficient C7eff dominates, AF B is expected to
eff
be small, crossing the zero axis around s ∼ 4 GeV2 /c4 . At high s, the product of C9eff and C10
is expected to give a large positive asymmetry. Contributions from new physics could change
dramatically this picture.
We use seven bins in the s variable, with the same binning as the experiments CDF, Belle,
and LHCb, in order to ease the comparison and the average. Two regions in s are dominated
by J/ψ and ψ(2S) and are used as control samples (and are vetoed in the analysis). We use
the decays B + → K ∗+ ℓ+ ℓ− , followed by K ∗+ → K + π 0 , KS0 π + , and B 0 → K ∗0 ℓ+ ℓ− , followed
by K ∗0 → K + π − , with ℓ = e, µ. The decay B + → K ∗+ µ+ µ− , K ∗+ → K + π 0 is not used since
it showed no improvement to the analysis. The continuum and BB backgrounds are rejected
using bagged decision trees (BDT), based on ∆E (the difference between the expected B energy
and the reconstructed B energy), event shape and vertexing variables. A likelihood ratio R is
constructed from the BB BDT. The angular observables are extracted from simultaneous fits
over the combinations of final states. The strategy in each bin in s is three-fold: first, for each
of the five decay modes, we fit the variables mES , M (Kπ) (the reconstructed invariant mass of
the K ∗ ), and R, where we fix the fit parameters for the next stage; second, we fit the cos θK
distribution to extract FL ; and third, we fix FL , and fit the cos θℓ distribution to extract AF B .
The results are presented in Fig. 2. We obtain significantly more precise values than the
ones from either Belle 7 or CDF 8 . Other experiments, especially LHCb 9 , are dominated by the
B 0 → K ∗0 ℓ+ ℓ− channels. On the contrary, we are able to study B + → K ∗+ ℓ+ ℓ− and notice
some tension at low s in this channel.

AFB

FL
1

1
0.8

0.8
0.6

0.6

0.4

0.4

0.2

0.2

0

0

-0.2

-0.2

-0.4

-0.4
0

0

2

4

6

8

10

12

14

16

18

20

2

4

6

8

10

12

14

16

18

20

s

s

Figure 2: Distributions of FL (left) and AF B (right) in the seven bins in the s = m2ℓ+ ℓ− variable. The two
vetoed regions correspond to regions dominated by the J/ψ and ψ(2S) resonances. The blue downward triangles
correspond to B + → K ∗+ ℓ+ ℓ− , the red upward triangles to B 0 → K ∗0 ℓ+ ℓ− , and the black dots to the combination
B → K ∗ ℓ+ ℓ− . The blue dotted line shows the SM prediction (the theoretical uncertainties are of the order of
5-10% at low s and 10-15% at high s).
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Search for lepton-number violating processes in B + → h− ℓ+ ℓ+ decays

In the SM, the lepton number L is conserved in low-energy collisions and decays. However,
since the neutrinos are oscillating, we know that these particles have a mass. If the neutrinos
are of Majorana type, then L violation becomes possible. This violation could be seen in B
meson decays via the process B + → h− ℓ+ ℓ+ (see Fig. 3). This process becomes resonant if
the neutrino mass lies between the h meson and the B meson masses. Such processes involving
meson decays 10 are an alternative to neutrinoless double beta decays. Beyond the SM, this
diagram could lead to a lepton violation via new physics, such as left-right symmetric gauge
theories, SO(10) supersymmetry, R-parity violating models, or extra-dimensions.

u

B

+

W
W+
νm=νm

b
l+

-

u

π-/K

-

d/s

l+

Figure 3: An example of a diagram of the process B + → h− ℓ+ ℓ+ with lepton-number violation.

In this analysis 11 , four final states are considered: the decay channel is B + → h− ℓ+ ℓ+
with h = K, π and l = e, µ. The selection is identical to the previous section since the final
states are very similar. Unbinned maximum likelihood fits of mES and R, the likelihood ratio,
are performed for each of the four modes. We use the B + → J/ψ h+ data control sample to
obtain the mES fit parameters. The fits are shown in Fig. 4, where we observe that no signal
is seen. From these negative results, we obtain upper limits at 90% confidence level (CL)
on the four channels: B(B + → K − e+ e+ ) < 3.0 × 10−8 , B(B + → K − µ+ µ+ ) < 6.7 × 10−8 ,
B(B + → π − e+ e+ ) < 2.3 × 10−8 , and B(B + → π − µ+ µ+ ) < 10.7 × 10−8 . These upper limits are
40-70 times more stringent than previous limits set by other experiments. These results can be
translated on upper limits on the branching fractions as a function of the mass mℓ+ h− (Fig. 4),
which can be related to the Majorana neutrino mass for diagrams of the type of Fig. 3.
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B + → π − µ+ µ+ . The solid blue line is the total fit, the dotted magenta line is the background, the solid green
histogram is the signal. Right: 90% CL upper limits on the branching fractions as a function of the mass mℓ+ h− .
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A search for the decay modes B ± → h± τ ℓ

FCNC and charged lepton flavor violation are forbidden in the SM at tree level. However, in
many extensions of the SM, these effects could be enhanced, especially for the second and third
generation 12 . We study 13 the eight final states B ± → h± τ ℓ, with h = K, π and ℓ = e, µ.
The final states B ± → K ± τ e, B ± → π ± τ µ, and B ± → π ± τ e have never been done before.
We fully reconstruct the hadronic B on one side (the “tag” B) using final states of the type
B − → D (∗)0 X − , where X − is composed of π ± , K ± , KS0 , and π 0 . This determines the threemomentum of the other B (the “signal” B) on the other side and thus allows us to indirectly
reconstruct the τ lepton through:
p~τ
Eτ
mτ

= −~
ptag − ~
ph − p~ℓ ,

= Ebeam − Eh − Eℓ ,
p
=
Eτ2 − |~
pτ |2 ,

where (Eτ , ~
pτ ), (Eh , ~
ph ), and (Eℓ , ~
pℓ ) are the corresponding four-momenta of the reconstructed
signal objects, and where ~
ptag is the three-momentum of the tag B, and Ebeam the beam energy.
The τ is required to decay to a “one-prong” final state: τ → eνν, τ → µνν, and τ → (nπ 0 )πν
with n ≥ 0. The signal branching fraction is determined by using the ratio of the number of
B ± → h± τ ℓ signal candidates to the yield of control samples of B + → D (∗)0 ℓ+ ν; D 0 → K + π −
events from a fully reconstructed hadronic B ± decay sample.
The background is mainly coming from semileptonic B decays when the charge of the signal
B is the same as the one from the primary lepton, and mainly from semileptonic D decays when
the charges are opposite. We remove these backgrounds by rejecting the signal B candidates
where two of their daughters are kinematically compatible with originating from a charm decay.
After this requirement, we reject the continuum background using a cut on the likelihood ratio
R, based on particle identification and event shape variables.
The signal region is defined as ±60 MeV/c2 around the indirectly reconstructed τ mass mτ .
Figures 5 and 6 show the mτ distributions for the data, for the background, and for the signal
MC. No signal is observed, which allows us to put 90% CL limit on the branching fractions.
Assuming B(B + → h+ τ − ℓ+ ) = B(B + → h+ τ + ℓ− ), we obtain the combined limits shown in
Table 2. These limits can be translated into model-independent bounds on the energy scale of
new physics in flavor-changing operators 14 : Λb̄d > 11 TeV and Λb̄s > 15 TeV (at 90% CL),
which improved the previous limits of 2.2 and 2.6 TeV, respectively.
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Figure 5: Observed distributions of the τ invariant mass for the B → Kτ ℓ modes. The distributions show the
sum of the three τ channels (e, µ, π). The points with error bars are the data. The solid line is the background
MC which has been normalized to the area of the data distribution. The dashed vertical lines indicate the mτ
signal window range. The inset shows the mτ distribution for signal MC.
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Table 2: Branching fraction central values and 90% CL upper limits (UL) for the combination B(B + → h+ τ ℓ) ≡
B(B + → h+ τ − ℓ+ ) + B(B + → h+ τ + ℓ− ).

Mode
→ K +τ µ
+
B → K +τ e
B + → π+ τ µ
B + → π+ τ e
B+

6

B(B → hτ ℓ) (×10−5 )
central value
90% CL UL
+2.7
0.0 −1.4
< 4.8
−0.6 +1.7
< 3.0
−1.4
+3.8
0.5 −3.2
< 7.2
2.3 +2.8
< 7.5
−1.7


Search for CP violation in the decays τ − → π − KS0 ≥ 0π 0 ντ

CP violation, until now, has only been observed in hadronic decays (K, B, and D systems).
However, Bigi and Sanda predict 15 a non-zero decay rate asymmetry for τ decays to final states
containing a KS0 meson, due to the CP violation in the kaon sector. The decay rate asymmetry
is:


Γ τ + → π + KS0 ν τ − Γ τ − → π − KS0 ντ
AQ =
,
Γ (τ + → π + KS0 ν τ ) + Γ (τ − → π − KS0 ντ )
and is predicted to be equal to (0.33 ± 0.01)%. Any deviation from the SM prediction could be
a sign of new physics. It has to be noted that AQ is independent of the number of neutral pions
in the final state. Recently, Grossman and Nir 16 noticed that the calculation needs to take into
account interferences between the amplitudes of intermediate KS0 and KL0 mesons, which are
as important as the pure KS0 amplitude. This means that AQ depends on the reconstruction
efficiency as a function of the KS0 → π + π − decay time.

We study here 17 the decay channel τ − → π − KS0 ≥ 0π 0 ντ . The event is divided into two
hemispheres, one corresponding to the signal side, and one to the tag side with τ − → ℓ− ν ℓ ντ ,
ℓ = e, µ. The selection of the signal events requires that the invariant mass of the reconstructed
τ lepton is smaller than 1.8 GeV/c2 . A first likelihood ratio is constructed to reject continuum
background based on energy, calorimeter clusters, thrust, and momentum. A second likelihood
ratio is aimed at reducing the KS0 background based on KS0 reconstruction parameters. After
the selection, we obtain 199064 candidates for the electron tag channel (e-tag), and 140602 for
the muon tag channel (µ-tag). The composition of the sample in term of signal and background
events is presented in Table 3.
Table 3: Composition of the sample after all selection criteria have been applied.

Source
τ − → π − KS0 (≥ 0π 0 ) ντ
τ − → K − KS0 (≥ 0π 0 ) ντ
0
τ − → π − K 0 K ντ
Other background

Fractions (%)
e-tag
µ-tag
78.7 ± 4.0
78.4 ± 4.0
4.2 ± 0.3
4.1 ± 0.3
15.7 ± 3.7
15.9 ± 3.7
1.40 ± 0.06 1.55 ± 0.07

We need to correct the raw asymmetry from the pollution of the other modes shown in
Table 3. For the mode τ − → K − KS0 (≥ 0π 0 ) ντ , the expected asymmetry is opposite to the
0
one from the signal, and for the mode τ − → π − K 0 K ντ , the expected asymmetry is zero.
Furthermore, an additional correction was pointed out recently 18 : we need to take into account
a correction on the asymmetry AQ due to the different nuclear-interaction cross-section of the
0
K 0 and K mesons with the material in the detector. We calculate this correction to be (0.07 ±

0.01)% and we subtract it from the measured asymmetry. After all corrections are applied, and
after combining the results from the e-tag and µ-tag, we obtain AQ = (−0.36 ± 0.23 ± 0.11)%.
As we mentioned, this result should be compared with the prediction of the SM, corrected
by the KS0 → π + π − decay time dependence. Using the MC sample, we find a multiplicative
factor of 1.08 ± 0.01. The SM decay-rate asymmetry, after correction, is then predicted to be
ASM
Q = (0.36 ± 0.01)%. We observe that our measurement is 2.8 standard deviations away from
the SM prediction.
7

Conclusions

The BABAR collaboration, four years after its shutdown, is still producing competitive results,
with many more to come in the near future. We have presented here five new results. In general,
we have a good agreement with the prediction of the SM, except for two studies: we observe
some tensions at low m2ℓ+ ℓ− for FL and AF B in the channel B + → K ∗+ ℓ+ ℓ− ; and we measure
a CP violation parameter
2.8 standard deviations away from the SM prediction in the channel

τ − → π − KS0 ≥ 0π 0 ντ . The actual statistics is not sufficient to tell whether or not these could
be indication for new physics.
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Results on direct CP violation in B decays in LHCb
T.M. Karbach a
Technische Universität Dortmund, Dortmund, Germany
I present three studies from the LHCb experiment on the subject of direct CP violation
in B 0 and Bs0 decays. First, we measure the CP asymmetry in B ± → ψK ± decays, with
√
ψ = J/ψ , ψ(2S), using 0.35 fb−1 of pp collisions at s = 7 TeV. We find no evidence for CP
violation. Second, using the same data sample, we see the first evidence of CP violation in the
decays of Bs0 mesons to K ± π ∓ pairs, ACP (Bs0 → Kπ) = 0.27 ± 0.08(stat) ± 0.02(syst) (3.3σ).
Third, using 1.0 fb−1 of data, measurements of CP sensitive observables of the B ± → DK ±
system are presented. They include the first observation of the suppressed mode B ± →
[π ± K ∓ ]D K ± . Combining several D final states, CP violation in B ± → DK ± decays is
observed with a significance of 5.8σ.

Measurement of CP asymmetries in B ± → ψh± decays

1

The B ± → ψh± decays, with ψ = (J/ψ , ψ(2S)) and h = K, π, receive contributions from both
tree and penguin diagrams. If these contributions have different weak phases, direct CP violation
may occur. The Standard Model predicts that for b → cc̄s decays the tree and penguin contributions have the same weak phase and thus no direct CP violation is expected in B ± → ψK ± . For
b → cc̄d transitions, however, both contributions have different weak phases, and CP violation
in B ± → ψπ ± decays may occur. Their branching fractions are expected to be about 5% of
the favoured B ± → ψK ± modes. In our paper [1] we analyse a data sample of 0.35 fb−1 of pp
√
collisions at s = 7 TeV, taken in 2011 with the LHCb detector. We define the CP asymmetry
and the charge-averaged ratio of branching ratios as
Aψπ =

B(B − → ψπ − ) − B(B + → ψπ + )
,
B(B − → ψπ − ) + B(B + → ψπ + )

Rψ =

B(B ± → ψπ ± )
.
B(B ± → ψK ± )

(1)

The ψ resonance is reconstructed in the µ+ µ− final state, and the well known and abundant decay
B ± → J/ψ K ± is used as a control channel. It is crucial to control its cross feed into the B + →
J/ψ π + channel. Here we benefit from LHCb’s two ring imaging Cherenkov (RICH) detectors
that provide strong K/π separation. We obtain the signal yields from a simultaneous fit to the
B candidate invariant mass distribution in eight independent subsamples, defined by the charge
(×2), the ψ state (×2) and the flavour of the bachelor hadron (K, π, ×2). The fit projections
for the ψ(2S) subsamples are shown in Figure 1. The measured ratios of branching fractions
are RJ/ψ = (3.83 ± 0.11 ± 0.07) × 10−2 and Rψ(2S) = (3.95 ± 0.40 ± 0.12) × 10−2 , where the first
uncertainty is statistical and the second systematic. Rψ(2S) is compatible with the one existing
measurement [2], (3.99 ± 0.36 ± 0.17) × 10−2 . The measurement of RJ/ψ is 3.2σ lower than the
a
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3 the established measurements of the Cabibbocurrent world average [3], (5.2±0.4)×10−2 . Using
favoured branching fractions [3], we deduce B(B ± → J/ψ π ± ) = (3.88 ± 0.11 ± 0.15) × 10−5 ,
B(B ± → ψ(2S)π ± ) = (2.52 ± 0.26 ± 0.15) × 10−5 . The measured CP asymmetries,
J/ψ π

ACP

ψ(2S)π

ACP

ψ(2S)K

ACP

= 0.005 ± 0.027 ± 0.011 ,

(2)

= 0.048 ± 0.090 ± 0.011 ,

(3)

= 0.024 ± 0.014 ± 0.008 ,

(4)

have comparable or better precision than previous results, and no evidence of direct CP violation
is seen.
2

Direct CP violation in B 0 (Bs0 ) → K − π + decays

CP violation is well established in the K 0 and B 0 meson systems. Recent results from LHCb have
also provided evidence for CP violation in the D0 system [4]. In our paper [5] we report evidence
of direct CP violation in the last neutral meson system, the Bs0 system. We reconstruct both
B 0 → K + π − and Bs0 → K − π + decays in 0.35 fb−1 of data collected with the LHCb detector in
2011. The considered decays have contributions from both tree and penguin diagrams, and are
sensitive to contribution of new physics in the penguins. The CP asymmetry in the B 0 → K + π −
is well established [3]. The probability or a b quark to decay as Bs0 → Kπ is about 14 times
smaller than that to decay as B 0 → Kπ. However, both tree and penguin diagrams are roughly
of the same magnitude, so CP violation effects can potentially be large. We define the CP
asymmetries as
0
0 →f )
Γ(B (s) → f¯(s) ) − Γ(B(s)
(s)
0
,
(5)
ACP (B(s) ) =
0
0 →f )
Γ(B (s) → f¯(s) + Γ(B(s)
(s)
with f = K + π − and fs = K − π + . To distinguish the K + π − and K − π + final states we rely
on the RICH particle identification system. We carefully control the efficiencies and misidentification rates from data, through large control samples of D∗ → Dπ → (Kπ)D π and Λb → pπ
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The result for ACP (B 0 → Kπ) constitutes the most precise measurement available to date.
It is in good agreement with the current world average [6]. The significance of the measured
deviation from zero exceeds 6σ. The result for ACP (Bs0 → Kπ) is in agreement with the only
measurement previously available [7]. The significance computed for ACP (Bs0 → Kπ) is 3.3σ,
making this the first evidence for CP violation in the decays of Bs0 mesons.

3

Observation of CP violation in B ± → DK ±

∗ /V V ∗ ) is the least well known angle of the corresponding
The CKM angle γ = arg (−Vud Vub
cd cb
unitarity triangle of the CKM matrix V . The angle γ can be measured in B ± → DK ± decays
where the D signifies a D0 or D0 meson. The amplitude for the D0 contribution is proportional
to Vcb whilst the D0 amplitude depends on Vub . If the D final state is accessible for both D0
and D0 mesons, the two amplitudes interfere and give rise to observables that are sensitive to γ.
√
Many different D final states can be used. In our analysis [8] of 1.0 fb−1 of s = 7 TeV data
collected by LHCb in 2011, we use the CP eigenstates D → K + K − , π + π − (often referred to as
“GLW” modes [9, 10]), and the flavour eigenstate D → π − K + (labelled “ADS” mode [11, 12]).
The latter requires the favoured, b → c decay to be followed by a doubly Cabibbo-suppressed D
decay, and the suppressed b → u decay to be followed by a favoured D decay. As a consequence,
the interfering amplitudes are of similar magnitude and hence large interference can occur. In
total, 13 observables are measured: three ratios of partial widths
f
RK/π
=

Γ(B − → [f ]D K − ) + Γ(B + → [f ]D K + )
,
Γ(B − → [f ]D π − ) + Γ(B + → [f ]D π + )

(6)

where f represents KK, ππ and the favoured Kπ mode, six CP asymmetries
Afh =

Γ(B − → [f ]D h− ) − Γ(B + → [f ]D h+ )
,
Γ(B − → [f ]D h− ) + Γ(B + → [f ]D h+ )

(7)

and four charge-separated partial widths of the ADS mode relative to the favoured mode
Rh± =

Γ(B ± → [π ± K ∓ ]D h± )
.
Γ(B ± → [K ± π ∓ ]D h± )

(8)

Similar analyses have found evidence of the B ± → [π ± K ∓ ]D K ± decay [13–15]. The abundant
B − → Dπ − decays have limited sensitivity to γ and provide a large control sample from which
probability density functions are shaped. The analysis method benefits greatly from a boosted
decision tree, which combines 20 kinematic variables to effectively suppress combinatorial backgrounds. Charmless backgrounds are suppressed by exploiting the large forward boost of the D
meson through a cut on its flight distance. The signal yields are estimated by a simultaneous fit
to 16 independent subsamples, defined by the charges (×2), the D final states (×4), and the K
or π nature of the bachelor hadron (×2). Figures 3 and 4 show the projections of the π + π − and
suppressed π ± K ∓ subsamples, respectively. It is crucial to control the cross feed of the abundant B − → Dπ − decays into the signal decays. For this we rely on the two RICH detectors,
which allow to place particle identification cuts on the bachelor hadron. These cuts are 87.6%
efficient for kaons at a rate of 3.8% misidentified pions. Many systematic uncertainties cancel
in the ratios Eqns. 6-8. The remaining systematic uncertainties are dominated by an intrinsic
charge asymmetry of the detector, and by the uncertainty on the particle identification. From
the measured 13 observables the following established quantities can be deduced (the full set is
contained in our paper [8]):
RCP + =
ACP + =
−
RK
+
RK

=
=

1.007 ± 0.038 ± 0.012 ,

0.145 ± 0.032 ± 0.010 ,

0.0073 ± 0.0023 ± 0.0004 ,

0.0232 ± 0.0034 ± 0.0007 ,

where the first error is statistical and the second systematic; RCP + is computed from RCP + ≈
KK , Rππ i/RKπ with an additional 1% systematic uncertainty assigned to account for the
hRK/π
K/π
K/π
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(NO) NEW PHYSICS IN Bs MIXING AND DECAY
Ulrich Haisch
Rudolf Peierls Centre for Theoretical Physics
University of Oxford, 1 Keble Road, OX1 3PN Oxford, United Kingdom
The status of possible new-physics signals in Bs,d -meson mixing and decay is reviewed. In particular, it is emphasized that the recent LHCb results, that find no evidence for a non-standard
phase in Bs –B̄s mixing, make a consistent explanation of the DØ data on the like-sign dimuon
charge asymmetry notoriously difficult. In order to clarify the inconclusive experimental situation, independent measurements of the semileptonic asymmetries are needed.

1

Introduction

s and
The phenomenon of neutral Bs -meson mixing is encoded in the off-diagonal elements M12
s
Γ12 of the mass and decay rate matrix. These two complex parameters can be fully determined
s − M s , the CP-violating phase φs
by measuring the mass difference ∆Ms = MH
L
J/ψφ = −2βs , the
s
s
decay width difference ∆Γs = ΓL − ΓH , and the CP asymmetry asf s in flavor-specific decays.
The combined Tevatron and LHC determination of the mass difference reads1,2

∆Ms = (17.73 ± 0.05) ps−1 ,

(1)

and agrees well with the corresponding standard model (SM) prediction3
(∆Ms )SM = (17.3 ± 2.6) ps−1 .

(2)

Here the quoted errors correspond to 68% confidence level (CL) ranges.
The phase difference φsJ/ψφ between the Bs mixing and the b → scc̄ decay amplitude and the
width difference ∆Γs can be simultaneously determined from an analysis of the flavor-tagged
time-dependent decay Bs → J/ψφ. Such measurements have been performed by CDF, DØ,
and recently also by LHCb. Combining 1 fb−1 of Bs → J/ψφ and Bs → J/ψf0 data the LHCb
collaboration finds4
φsJ/ψφ = (−0.11 ± 5.0)◦ ,

∆Γs = (0.116 ± 0.019) ps−1 .

The corresponding numbers in the SM are3
"
#
∗ V )2
(V
ts tb
(φsJ/ψφ )SM = arg
= (−2.1 ± 0.1)◦ ,
(Vcs∗ Vcb )2

(∆Γs )SM = (0.087 ± 0.021) ps−1 ,

and again agree well with the observations with the results for ∆Γs differing by 1.0σ.

(3)

(4)

The CP asymmetry in flavor-specific decays asf s can be extracted from a measurement of the
like-sign dimuon charge asymmetry AbSL , which involves a sample that is almost evenly composed
of Bd and Bs mesons. Employing 9.0 fb−1 of data the DØ collaboration obtains5
AbSL = (−7.87 ± 1.96) · 10−3 .

(5)

Utilizing the SM predictions for the individual flavor-specific CP asymmetries3
(adf s )SM = −(4.1 ± 0.6) · 10−4 ,

(asf s )SM = (1.9 ± 0.3) · 10−5 ,

(6)

one obtains
(AbSL )SM = (0.595 ± 0.022) (adf s )SM + (0.406 ± 0.022) (asf s )SM = (−2.4 ± 0.4) · 10−4 .

(7)

Using the measured value of the CP asymmetry in flavor-specific Bd decays6
adf s = (−4.7 ± 4.6) · 10−3 ,

(8)

and (5) in (7), one can also directly derive a value of asf s . One arrives at
asf s = (−1.3 ± 0.8) · 10−2 ,

(9)

The results (5) and (7) correspond to a tension with a statistical significance of 3.9σ, while (9)
differs from (asf s )SM as given in (6) by 1.5σ only.
2

Model-Independent Analysis

In view of the observed departures from the SM predictions, it is natural to ask what kind of
new physics is able to simultaneously explain the measured values of ∆Ms , φsJ/ψφ , ∆Γs , and asf s .
This question can be addressed in a model-independent way by parametrizing the off-diagonal
elements of the mass and decay rate matrix as follows
s
s
s
s
M12
= (M12
)SM + (M12
)NP = (M12
)SM RM eiφM ,

(10)
Γs12

=

(Γs12 )SM

+

(Γs12 )NP

=

(Γs12 )SM RΓ eiφΓ

.

In he presence of generic new physics, the Bs -meson observables of interest are then given to
s | by
leading power in |Γs12 |/|M12
∆Ms = (∆Ms )SM RM ,
∆Γs = (∆Γs )SM RΓ
asf s = (asf s )SM

φsJ/ψφ = (φsJ/ψφ )SM + φM ,

cos (φsSM + φM − φΓ )
≈ (∆Γs )SM RΓ cos (φM − φΓ ) ,
cos φsSM

(11)

RΓ sin (φsSM + φM − φΓ )
RΓ sin (φM − φΓ )
≈ (asf s )SM
,
RM
sin φsSM
RM
φsSM

where the final results for ∆Γs and asf s have been obtained by performing an expansion in
s )
s
◦ 3 this is an excellent approximation.
s
φsSM = arg (−(M12
SM /(Γ12 )SM ). Since φSM = (0.22±0.06)
The four real parameters RM,Γ and φM,Γ entering (10) can be constrained by confronting
the observed values of ∆Ms , φsJ/ψφ , ∆Γs , and asf s with their SM predictions. We begin our
analysis by asking how well the SM hypothesis describes the data. Performing a global fit,
we obtain χ2 = 3.5 corresponding to 0.7σ (1.4σ) for 4 (2) degrees of freedom (dofs). For the
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Figure 1: Left (Right): Constraints on RM and φM (RΓ and φΓ ) in scenario S1 (S2). For the individual
constraints the colored areas are 68% CL regions (dofs = 1), while for the combined fit the red (light red) area is
the 68% (95%) probability region (dofs = 2). The SM values (best-fit solutions) are marked by a dot (cross).

best-fit solution, we find instead (RM , φM , RΓ , φΓ ) = (1.02, 2◦ , 2.9, 65◦ ). After marginalization
the corresponding symmetrized 68% CL parameter ranges are
RM = 1.04 ± 0.16 ,
RΓ = 3.4 ± 1.8 ,

φM = (−0.4 ± 5.0)◦ ,
φΓ = (56 ± 22)◦ .

(12)

Focusing on RΓ and φG , we see that a very good fit requires excessive corrections to Γs12 .
In order to further elucidate the latter point, we analyse two orthogonal hypothesis of new
s )
s
physics in Bs –B̄s oscillations, namely a scenario with (M12
NP 6= 0 and (Γ12 )NP = 0 and a
s
s
scenario with (M12 )NP = 0 and (Γ12 )NP 6= 0. The left (right) panel in Figure 1 shows the results
of our global fit for scenario S1 (S2) in the RM cos φM –RM sin φM (RΓ cos φΓ –RΓ sin φΓ ) plane.
From the left panel, we glean that in the scenario S1 the regions of all individual constraints apart
from asf s overlap. Minimizing the χ2 function gives (RM , φM ) = (1.03, 2.0◦ ) and χ2 /dofs = 3.4/2
corresponding to 1.3σ, which represents only a marginal improvement with respect to the SM
s is rather
hypothesis.3,7 In consequence, the case for a non-zero non-standard contribution to M12
weak. By inspection of the right panel, we see that in contrast to S1, in the scenario S2 a
description of the data with a probability of better than 68% is possible. The best-fit point
is located at (RΓ , φΓ ) = (2.9, 62◦ ). In fact, the latter parameters lead to an almost perfect fit
with χ2 /dofs = 0.2/2 corresponding to 0.1σ. The data hence statistically favors the new-physics
scenario S2 over the hypothesis S1.
3

New Physics in b → sτ + τ −

The above findings suggest that one hypothetical explanation of the experimentally observed
large negative values of asf s (or equivalent AbSL ) consists in postulating new physics in Γs12 that
changes the SM value by a factor of 3 or more. In the following we will study whether or not and
to which extend such an speculative option is viable. While in principle any composite operator
(s̄b)f , with f leading to an arbitrary flavor neutral final state of at least two fields and total
mass below the Bs -meson mass, can contribute to Γs12 , the field content of f is in practice very
restricted, since Bs → f and Bd → Xs f decays to most final states involving light particles are
severely constrained. One notable exception is the subclass of Bs - and Bd -meson decays to a
pair of tau leptons, as has been first pointed out a few years ago.8
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Figure 2: One-loop diagrams with a penguin insertion of a (s̄b)(τ̄ τ ) operator (orange squares) that contribute
to the processes b → sγ (left), b → s`+ `− (middle), and b → sγγ (right). The tau loop in all graphs is closed.

The possibility of large b → sτ + τ − contributions to Γs12 , can be analyzed in a modelindependent fashion7 by adding
X
4GF
Leff = √ Vts∗ Vtb
Ci (µ) Qi ,
2
i

(13)

to the effective ∆B = 1 SM Lagrangian. Here µ denotes the renormalization scale and the Fermi
constant GF as well as the leading Cabibbo-Kobayashi-Maskawa (CKM) factor Vts∗ Vtb have been
extracted as global prefactors. The index i runs over the complete set of dimension-six operators
with flavor content (s̄b)(τ̄ τ ), namely (A, B = L, R)
QS,AB = (s̄ PA b) (τ̄ PB τ ) ,
QV,AB = (s̄ γ µ PA b) (τ̄ γµ PB τ ) ,

(14)

µν

QT,A = (s̄ σ PA b) (τ̄ σµν PA τ ) ,
where PL,R = (1 ∓ γ5 )/2 project onto left- and right-handed chiral fields and σ µν = i [γ µ , γ ν ] /2.
The ten operators entering (14) govern the purely leptonic Bs → τ + τ − decay, the inclusive
semi-leptonic B → Xs τ + τ − decay, and its exclusive counterpart B + → K + τ + τ − , making these
channels potentially powerful constraints. In practice, however, flavor-changing neutral current
Bs,d decays into final states involving taus are experimentally still largely unexplored territory,
so that these direct constraints turn out to be not very strong. Explicitly, one obtains
B(Bs → τ + τ − ) < 3% ,
B(B → Xs τ + τ − ) . 2.5% ,
+

+ + −

(15)
−3

B(B → K τ τ ) < 3.3 · 10

.

Here the first limit derives9 from comparing the SM prediction τBs /τBd − 1 ∈ [−0.4, 0.0]% 3 with
the corresponding experimental result τBs /τBd −1 = (0.4±1.9)%, while the second (crude) bound
follows from estimating7 the possible contamination of the exclusive and inclusive semileptonic
decay samples by B → Xs τ + τ − events. Limits on B(Bs → τ + τ − ) and B(B → Xs τ + τ − ) of
strength similar to those given in (15) also follow from charm counting10 and/or LEP searches
for B decays with large missing energy.11 The final number corresponds to the 90% CL upper
limit on the branching ratio of B + → K + τ + τ − as measured by BaBar.12
Further constraints on the Wilson coefficients of the (s̄b)(τ̄ τ ) operators arise indirectly from
the experimentally available information on the b → sγ, b → s`+ `− (` = e, µ), and b → sγγ.
transitions, because some of the effective operators introduced in (14) mix into the electromagnetic dipole operators Q7,A and the vector-like semileptonic operators Q9,A . The relevant Feynman diagrams are shown in Figure 2. An explicit calculation7 shows that the operators QS,AB
mix neither into Q7,A nor Q9,A , while QV,AB (QT,A ) mixes only into Q9,A (Q7,A ). As a result
of the particular mixing pattern, the stringent constraints from the radiative decay B → Xs γ

Operator
(s̄ PA b)(τ̄ PB τ )
(s̄ γ µ PA b)(τ̄ γµ PB τ )
(s̄ σ µν PL b)(τ̄ σµν PL τ )
(s̄ σ µν PR b)(τ̄ σµν PR τ )

Bound on Ci (mb )
0.5
0.8
0.06
0.09

Bound on Λ
2.0 TeV
1.0 TeV
3.2 TeV
2.8 TeV

Observable
Bs → τ + τ −
B+ → K +τ +τ −
B → Xs γ
B → Xs γ

Table 1: Model-independent limits on the Wilson coefficients of (s̄b)(τ̄ τ ) operators. The second (third)
column shows the limit on Ci (mb ) (the bound on the suppression scale Λ assuming a coupling strength of 1).

rule out large contributions to Γs12 only if they arise from the tensor operators QT,A . Similarly,
the rare decays B → Xs `+ `− and B → K (∗) `+ `− primarily limit contributions stemming from
the vector operators QV,AB . In contrast to B → Xs γ, all (s̄b)(τ̄ τ ) operators contribute to the
double-radiative Bs → γγ decay at the one-loop level. A detailed study7 shows however that the
limits following from b → sγγ are in practice not competitive with the bounds obtained from
the other tree- and loop-level mediated Bs,d -meson decays.
The model-independent 90% CL limits on the magnitudes of the Wilson coefficients are
summarized in Table 1. We see that in the case of the (s̄b)(τ̄ τ ) scalar and vector operators
the allowed effects can reach almost O(1). These Wilson coefficients can hence be similar
in size to that of the color-singlet current-current operator Q2 , which provides the dominant
contribution to Γs12 in the SM. In consequence, the corresponding suppression scale Λ is quite low,
around (1−2) TeV. Possible new-physics contributions to the (s̄b)(τ̄ τ ) tensor operators are more
severely constrained, because they lead to a contamination of B → Xs γ. It is also interesting
to ask which impact future improved extractions of B(Bs → τ + τ − ), B(B → Xs τ + τ − ), and
B(B + → K + τ + τ − ) will have on the limits on the Wilson coefficients Ci (mb ). Such a comparison
is provided in Figure 3. From the left panel one concludes that B(B + → K + τ + τ − ) < 1.3 · 10−3 ,
corresponding to an improvement of the present upper limit by a factor of 2.5, would allow to set
a bound on CS,A (mb ) that is as good as the one that follows at present already from Bs → τ + τ − .
As can seen from the right panel, in the case of CV,AB (mb ), limits of B(Bs → τ + τ − ) < 1.7% and
B(B → Xs τ + τ − ) < 0.7% are needed to be competitive with B + → K + τ + τ − . The quoted limits
correspond to improvements of our current knowledge of the relevant B-meson branching ratios
by a factor of 1.8 and 3.6, respectively. Finally, for what concerns CT,A (mb ), even improvements
of the direct constraints by a factor of more than 10 are not sufficient to beat the indirect
constraint arising from B → Xs γ.
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Effects of (s̄b)(τ̄ τ ) Operators in Γs12

The off-diagonal element of the decay-width matrix is related via the optical theorem to the absorptive part of the forward-scattering amplitude which converts a B̄s into a Bs meson. Working
to leading order in the strong coupling constant and ΛQCD /mb , the contributions from the complete set of operators (14) to Γs12 is found by computing the matrix elements of the (Qi , Qj )
double insertions between quark states. Such a calculation7 leads to the results
(RΓ )S,AB < 1 + (0.4 ± 0.1) |CS,AB (mb )|2 ,
(RΓ )V,AB < 1 + (0.4 ± 0.1) |CV,AB (mb )|2 ,

(16)

(RΓ )T,A < 1 + (0.9 ± 0.2) |CT,A (mb )|2 ,
where the quoted uncertainties are due to the error on (∆Γs )SM as given in (4). Employing now
the 90% CL bounds on the low-energy Wilson coefficients given in Table 1, it follows that
(RΓ )S,AB < 1.15 ,

(RΓ )V,AB < 1.35 ,

(RΓ )T,L < 1.004 ,

(RΓ )T,R < 1.008 .

(17)
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Figure 3: Left (Right): Bound on CS,A (mb ) (CV,AB (mb )) from improved determinations of B(Bs → τ + τ − ) (red),
B(B → Xs τ + τ − ) (green), and B(B + → K + τ + τ − ) (blue). The dashed lines indicate the presently best bound.

These numbers imply that (s̄b)(τ̄ τ ) operators of scalar (vector) type can lead to enhancements
of |Γs12 | over its SM value by 15% (35%) without violating any existing constraint. In contrast,
contributions from tensor operators can alter |Γs12 | by at most 0.8%. These numbers should be
compared to the best-fit solution for RΓ as given in (12). From the comparison it immediately
becomes apparent that absorptive new physics in Γs12 in form of (s̄b)(τ̄ τ ) operators cannot provide
a satisfactory explanation of the anomaly in the dimuon charge asymmetry data observed by
the DØ collaboration. This is a model-independent conclusion that can be shown to hold in
explicit models of new physics with modification of the b → sτ + τ − channel such as leptoquark
scenarios or Z 0 models.7
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Conclusions and Outlook

Motivated by the observation that the anomalously large dimuon charge asymmetry measured
by the DØ collaboration, can be fully explained only if new physics contributes to the absorptive
part of the Bs,d –B̄s,d mixing amplitudes, we have presented a model-independent study of the
contributions to Γs12 arising from the complete set of dimension-six (s̄b)(τ̄ τ ) operators. Taking
into account the direct bounds from Bs → τ + τ − , B → Xs τ + τ − , and B + → K + τ + τ − as well
as the indirect constraints from b → sγ, b → s`+ `− , and b → sγγ, we have demonstrated
that only the Wilson coefficients of the tensor operators are severely constrained by data, while
those of the scalar and vector operators can be sizable and almost reach the size of the Wilson
coefficient of the leading current-current SM operator. It follows that the presence of a single
(s̄b)(τ̄ τ ) operator can lead to an enhancement of Γs12 of at most 35% compared to its SM value.
Since a resolution of the tension in the Bs -meson sector would require the effects to be of the
order of 300% (or larger), the allowed shifts are by far too small to provide an satisfactory
explanation of the issue. We emphasize that after minor modifications, our general results can
be applied to other dimension-six operators involving quarks and leptons. For example, as a
result of the 90% CL limit B(B + → K + τ ± µ∓ ) < 7.7 · 10−5 ,13 the direct bounds on the Wilson
coefficients of the set of (s̄b)(τ̄ µ) operators turn out to be roughly a factor of 7 stronger than
those in the (s̄b)(τ̄ τ ) case. Possible effects of (s̄b)(τ̄ µ) operators are therefore generically too
small to lead to a notable improvement of the tension present in the current Bs,d -meson data.
¯
Similarly, a contribution from (db)(τ̄
τ ) operators to Γd12 large enough to explain the AbSL data
is excluded by the 90% CL bound B(B → τ + τ − ) < 4.1 · 10−3 .14 Naively, also (b̄d)(c̄c) operators

are heavily constrained (meaning that their Wilson coefficients should be smaller than those of
the QCD/electroweak penguins in the SM) by the plethora of exclusive B decays. A dedicated
analysis of the latter class of contributions is however not available in the literature.
Our model-independent study of non-standard effects in Γs12 can readily be applied to explicit
SM extensions involving leptoquarks or Z 0 bosons. In fact, the pattern of deviations found in
s )
s
these scenarios resembles the one of all new-physics model with real rNP = (M12
NP /(Γ12 )NP , for
which it can be shown that the measurement of ∆Ms generically puts stringent constraints on
both ∆Γs and asf s . These bounds turn out to be weakest if the ratio rNP is positive and as small
as possible. Since on dimensional grounds rNP scales as the square of the new-physics scale, this
general observation implies that SM extensions that aim at a good description of the Tevatron
data should have new degrees of freedom below the electroweak scale and/or be equipped with a
s small. Furthermore, models in which (M s )
mechanism that renders the contribution to M12
12 NP
is generated beyond Born level seem more promising, since in such a case rNP is suppressed by
s )
a loop factor with respect to the case where (M12
NP arises already at tree level.
The above discussion implies that a full explanation of the observed discrepancies is not even
s )
s
possible for the most general case (M12
NP 6= 0 and (Γ12 )NP 6= 0. Numerically, one finds that
the addition of a single (s̄b)(τ̄ τ ) vector operator giving (RΓ )V,AB = 1.35 on top of dispersive
s )
new physics with (M12
NP 6= 0, can only improve the quality of the fit to the latest set of
2
measurements to χ = 1.4 compared to χ2 = 3.5 within the SM. This might indicate that
the high central value of AbSL observed by the DØ collaboration is (partly) due to a statistical
fluctuation. Future improvements in the measurement of the CP phase φsJ/ψφ and, in particular,
a first determination of the difference asf s −adf s between the Bs and Bd semileptonic asymmetries
by LHCb, are soon expected to shed light on this issue, and are of utmost importance in order
to answer whether or not there is new physics hiding in the Bs,d -meson sector.
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Rare B meson decays searches with LHCb
José A. Hernando
Departamento de Fı́sica de Partı́culas, Universidade de Santiago de Compostela, Spain
A search for the very rare decays Bs → µ+ µ− and B 0 → µ+ µ− has been performed using 1.0
√
fb−1 integrated luminosity of pp collisions at s = 7 TeV collected by the LHCb experiment
at LHC during the year 2011. Stringent limits has been imposed on the upper branching
fractions: B(Bs0 → µ− + µ− ) < 4.5 (3.8) × 10−9 and B(B 0 → µ+ µ−) < 1.0 (0.81) × 10−9 at
95% (90%) confidence level.
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Introduction

The LHCb experiment exploits the large amount of B mesons produced in the forward region
of the pp collisions at LHC to search for rare B decays. Observables of these decays can be
modified with respect the Standard Model (SM) predictions by the presence of New Physics
(NP). The Bs → µ+ µ− and B 0 → µ+ µ− proceed via a Flavor Changing Neutral Currents which
are highly suppressed in the SM. The branching fractions of these decays are predicted in the
SM to be B(Bs0 → µ+ µ− ) < (3.2 ± 0.2) × 10−9 and B(B 0 → µ+ µ−) < (0.1 ± 0.01) × 10−9 1,2
. But they could be modified by the presence on the loops of an hypothetical neutral scalar
particle. At the time of the conference there were several experimental limits on the branching
fractions published 4 5 6 , the lowest upper limit was set by the LHCb collaboration using 0.37
fb−1 of integrated luminosity: B(Bs0 → µ+ µ−) < 1.4 × 10−8 and B(B 0 → µ+ µ− ) < 3.2 × 10−9
at 95 % Confidence Level (CL) 3 . We presented at this conference an update of this search using
1 fb−1 of integrated luminosity collected during 2011. There are other LHCb B rare decays
analysis of great interest, such as the study of radiative decays B 0 → K ∗0 γ, Bs0 → φγ, and the
angular analysis of the decay B 0 → K ∗0 µ+ µ− , but they are not covered in this proceedings.
The LHCb detector 7 is a single-arm forward spectrometer covering the pseudo-rapidity
range 2 < η < 5. The tracking system includes a silicon-strip vertex detector, located around
the interaction point, upstream of a dipole magnet with a bending power of about 4 Tm, and
three stations of slicion-strip detectors and straw drift tubes placed downstream. The combined
tracking system has a momentum resolution of ∆p/p that varies from 0.4 % at 5 GeV/c to 0.6
% at 100 GeV/c. Muons are identified by alternating layers of iron and multi wire proportional
chambers, located after the electromagnetic and hadronic calorimeters.
The trigger consists of a hardware stage and a software stage (HLT) that applies a full event
reconstruction. Events with muon final states are triggered using two hardware trigger decisions:
a single muon decision (events with a muon candidate with transverse momentum pT > 1.5
√
GeV/c), and a di-muon decision (two candidates with pT,1 , pT,2 such that pT,1 pT,2 > 1.3
GeV/c). At HLT stage, a single muon trigger decision selects tracks with an IP> 0.1 mm and
pT > 1 GeV/c; and a di-muon trigger decision requires µ+ µ− pairs with an invariant mass
mµµ > 4700 MeV/c2 . In addition, a J/Ψ trigger decision requires 2970 < mµµ < 3210 MeV/c2

to select the event. The trigger efficiency on signal events that pass the selection described
bellow is (91.4 ± 3.9) %. It was computed using simulated events and data driven techniques.
0
The B(s)
→ µ+ µ− selection requires two high quality muon candidates, displaced with
respect to any primary vertex. The di-muon secondary vertex is required to be well measured.
0 candidates are required to point to the primary vertex with an impact parameter
The B(s)
significance IP/σ(IP ) < 5 and have a transverse momentum pT > 0.5 GeV/c. The last cut
removes, accordingly with our simulation, 90% of the elastic di-photon production background.
The surviving background mainly comproses random combinations of muons from semileptonic
b-hadron decays (bb̄ → µ+ µ− X, where X is any other set of particles).

The channels B + → J/ψK + , Bs0 → J/ψφ and B 0 → K + π − (and their charged conjugates,
along the text we will not make distintion between both) serve for the normalization. The
0 → µ+ µ− candidates to cancel systematic
selection of these decays is very similar to the B(s)
0 → h+ h0− decays (where h, h0 are π or K ) are used as control channel
uncertainties. The B(s)
0 → h+ h0−
as they have the same kinematics of the signal decays. We used an unbias trigger B(s)
sample to avoid the differences on the trigger between the signal and control channels.
A boosted decision tree entering six variables is used to reduce 80 % of the remaining
background while keeping 90% of the signal. The six variables are: the angle between the
direction of the momentum of the B candidate and the direction defined by the vector joining
the secondary and the primary vertices, the B candidate IP and its vertex χ2 , the minimum IP
of the muons with respect to any PV, the minimum distance between the two daughter tracks
and the χ2 of the SV. The same selection is applied to the normalization and control samples
(when necessary to slightly modified variables). After this selection, we expect 11.6 Bs0 → µ+ µ−
and 1.3 B 0 → µ+ µ− events accordingly to the SM prediction.
0 → µ+ µ− events are classified in a two dimensional plane. In one axis is the invariant
B(s)
mass of the di-muon pair (mµµ ), and in the second axis, a Boosted Decision Tree output (BDT).
The variables than enter in the BDT are: the B candidate IP, the minimum IP significance, the
sum of the degrees of isolation of the muons (the number of good two-track vertices a muon can
make with other tracks in the event), the B candidate decay time, pT , and degree of isolation
6 , the distance of closest approach between the two muons, the minimum p of the muons, and
T
the cosine of the angle between the muon momentum in the di-muon rest frame and the vector
perpendicular to the B candidate momentum and to the beam axis. The BDT was trained
using simulated data and its output on simulated signal events is uniform between 0 and 1. The
BDT range is divided in the following bins: [0,0.25,0.4,0,5,0.6,0.7,0.8,0.9,.1]. In each bin the
0 → h+ h0− events.
mass distribution of the control sample is fitted to obtain the number of B(s)
Several fit models were used and the spread on the number of events considered as a systematic
uncertainty. The invariant mass axis in divided into nine bins: mBs0 ± 18, 30, 36, 48, 60 MeV/c2 ,
where mB 0 is the expected mass of Bs0 and B 0 , obtained from Bs0 → K + K − and B 0 → K + π −
(s)
samples. The signal mass line shape is a Crystal Ball function which resolution parameter
is extracted from data with a power-law interpolation between the measured resolutions of
charmonium and bottomonium resonances decaying into two muons; the values are: σ(mBs0 ) =
24.8 ± 0.8 MeV/c2 and σ(mB 0 ) = 24.3 ± 0.7 MeV/c2 . The number of expected combinatorial
background events in each BDT bin and in the mass range (defined as mBs0 ± 60 MeV/c2 )
are determined from data by fitting to an exponential function events in the mass sidebands
defined by [4900, 5000] MeV/c2 and [mBs0 +60 MeV/c2 , 6000 MeV/c2 ]. Peaking background from
0 → h+ h0− events have been evaluated by folding the K → µ and π → µ misidentification
B(s)
+1.1
rates obtained from a D0 → K − π + sample from data in bins of p and pT . In total 0.5+0.2
−0.1 (2.6−0.4 )
doubly-misidentifies events are expected in the Bs0 (B 0 ) mass regions.

The Bs0 → µ+ µ− and B 0 → µ+ µ− yields are translated into branching fractions using
B = Bnorm ×

0 →µ+ µ−
norm fnorm NB(s)
×
×
sig
fd(s)
Nnorm

norm
= αB
0 →µ+ µ− × NB 0
(s)

(s)

→µ+ µ− ,

(1)

0 and into the
where fd(s) and fnorm are the probabilities that a b quark fragments into a B(s)
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hadron involved in the given normalization mode respectively. We use fs /fd = 0.267+0.021
−0.020
and we assume fd = fu . With Bnorm we indicate the branching fraction and with Nnorm the
number of signal events in the normalization channel obtained from a fit to the invariant mass
distribution. The efficiency sig(norm) for the signal (normalization channel) is the product of the
reconstruction efficiency of all the final state particles of the decay including the geometric acceptance of the detector, the selection efficiency for reconstructed events, and the trigger efficiency
for reconstructed and selected events. The ratio of acceptance and reconstruction efficiencies
are computed using the Monte Carlo simulation. The differences between the simulation and
data are included as systematic uncertainties. The selection efficiencies are determined using
Monte Carlo simulation and cross-checked with data. Reweighting techniques have been used
for all the Monte Carlo distributions that do not match those from data. The trigger efficiency
is evaluated with data driven techniques. Finally, NB 0 →µ+ µ− is the number of observed signal
(s)

events. The observed numbers of B + → J/ψK + , Bs0 → J/ψφ and B 0 → K + π − candidates
are 340 100 ± 4500, 19 040 ± 160 and 10 120 ± 920, respectively. The three normalization factors
are in agreement within the uncertainties and their weighted average, taking correlations into
−11 .
−10 and αnorm
norm
account, gives αB
0
+ − = (3.19 ± 0.28) × 10
B 0 →µ+ µ− = (8.38 ± 0.39) × 10
s →µ µ
For each bin in the two-dimensional space formed by the invariant mass and the BDT we
count the number of candidates observed in the data, and compute the expected number of signal
and background events. The systematic uncertainties in the background and signal predictions
in each bin are computed by fluctuating the mass and BDT shapes and the normalization factors
along the Gaussian distributions defined by their associated uncertainties. The distribution of
the invariant mass for BDT>0.5 is shown in Fig. 1 for Bs0 → µ+ µ− and B 0 → µ+ µ− candidates.
The compatibility of the observed distribution of events with that expected for a given
branching fraction hypothesis is computed using the CLs method 9 . The expected and measured
limits for Bs0 → µ+ µ− and B 0 → µ+ µ− at 90 % and 95 % CL are shown in Table 1. The
0 → µ+ µ− events according to the
expected limits are computed allowing the presence of B(s)
SM branching fractions, including cross-feed between the two modes. The comparison of the
distributions of observed events and expected background events results in a p-value of 18 %
(60 %) for the Bs0 → µ+ µ− (B 0 → µ+ µ− ) decay.
0
Table 1: Expected and observed limits on the B(s)
→ µ+ µ− branching fractions.

Mode
Bs0 → µ+ µ−
B 0 → µ+ µ−

Limit
Exp. bkg+SM
Exp. bkg
Observed
Exp. bkg
Observed

at 90 % CL
6.3 × 10−9
2.8 × 10−9
3.8 × 10−9
0.91 × 10−9
0.81 × 10−9

at 95 % CL
7.2 × 10−9
3.4 × 10−9
4.5 × 10−9
1.1 × 10−9
1.0 × 10−9

In summary, a search for the rare decays Bs0 → µ+ µ− and B 0 → µ+ µ− has been performed on
a data sample corresponding to an integrated luminosity of 1.0 fb−1 . The data are consistent with
both the background-only hypothesis and the combined background plus SM signal expectation

Figure 1: Distribution of selected candidates (black points) in the (left) Bs0 → µ+ µ− and (right) B 0 → µ+ µ−
0
mass window for BDT>0.5, and expectations for, from the top, B(s)
→ µ+ µ− SM signal (gray), combinatorial
0
0−
background (light gray), B(s) → h + h background (black), and cross-feed of the two modes (dark gray). The
hatched area depicts the uncertainty on the sum of the expected contributions.

at the 1 σ level. For these modes we set the most stringent upper limits to date: B(Bs0 →
µ+ µ− ) < 4.5 × 10−9 and B(B 0 → µ+ µ− ) < 1.03 × 10−9 at 95 % CL.
Note: during the process of elaborating this proceeding, CMS published an updated search10 ,
and LHCb published 11 the results presented here, that are the strongest limits.
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0
→ µ+ µ− using the full 2011 dataset
We report the result of the search for the rare decays Bs,d
collected by the CMS experiment.
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Introduction

In the standard model (SM) of particle physics, flavor-changing neutral-current decays are highly
suppressed (Fig. 1), because they are forbidden at tree level and can only proceed through higherorder loop diagrams, they are helicity suppressed by factors of (ml /mB )2 , where ml and mB
are the masses of the lepton and B meson, and, furthermore, they require an internal quark
annihilation within the B meson. The SM predictions 1 , (3.2 ± 0.2) × 10−9 for Bs0 → µ+ µ− and
(1.0 ± 0.1) × 10−10 for B 0 → µ+ µ− , are significantly enhanced in several extensions of the SM 2 ,
although in some cases the decay rates are lowered 3 .
A blind search, in which the signal region in data is not observed until all selection criteria
are established, for the rare decays Bs → µ+ µ− and B0 → µ+ µ− , is presented here, using 5 fb−1
of integrated luminosity collected by the CMS experiment 4 .
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Figure 1: Illustrations of the decays Bs(d)
→ µ+ µ− . In the SM these decays proceed through box (left) and
penguin (right) interactions.
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Figure 2: Decay length significance efficiency versus number of primary vertices, measured with B + → J/ψK +
(left) and Bs0 → J/ψφ (right) candidates in data. The line indicates a fit to a constant. The error bars represent
the statistical uncertainty only.
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The CMS detector

The CMS detector 5 is a general-purpose detector designed and built to study physics at the
TeV scale. For this analysis, the main subdetectors used are the silicon tracker, composed of
pixel and strip detectors within a 3.8 T axial magnetic field, and the muon detectors, embedded
in the steel return yoke of the solenoid.
The silicon tracker detects charged particles within the pseudorapidity η range |η| < 2.5 and
provides an impact parameter resolution of about 15 µm. Due to its high granularity and to
the strong magnetic field, a pT resolution of about 1.5% is obtained in the pT range relevant for
this analysis.
Muons with |η| < 2.4 are detected by gas-ionization detectors made of three different technologies: drift tubes, cathode strip chambers and resistive plate chambers.
Muon candidates are reconstructed by combining tracks found in the silicon tracker and in
the muon detector. In order to ensure high-purity muons, tight selections are applied on the
number of track hits and segments in the muon stations and silicon tracker, on the χ2 of the
combined track and on the impact parameter with respect to the beamspot.
The collected data include periods of high instantaneous luminosity conditions, with an
average of eight interactions per bunch crossing (”pileup”). Following the LHC luminosity
increase, the CMS trigger requirements also changed during the data-taking period. The applied
selections are more restrictive than the most stringent trigger criteria and have been optimized
to mitigate the effects of pileup (Fig. 2), reducing the influence of tracks coming from additional
interactions in the event.
3

Analysis

An event-counting experiment is performed in the dimuon mass region [4.9, 5.9] GeV. Monte
Carlo (MC) simulations are used to estimate backgrounds due to rare B decays while combinatorial backgrounds are evaluated from the side-band data. In the CMS detector the mass
resolution and the background level depend on the pseudorapidity of the reconstructed particles.
Thus, data are analyzed separately in two channels, ”barrel” (if both muons have |η| < 1.4) and
”endcap” (elsewhere) and then combined for the final result.
Events from B + → J/ψK + decays (where J/ψ → µ+ µ− ) are used as a ”normalization”
channel, to remove uncertainties related to the bb̄ production cross section and the integrated
luminosity. The signal and normalization efficiencies are determined through MC simulation
studies. To validate the Bs0 distributions, a ”control” sample of reconstructed Bs0 → J/ψφ
decays (where J/ψ → µ+ µ− and φ → K + K − ) is used.

The reconstruction of Bs0 → µ+ µ− candidates starts looking at two oppositely-charged
muons that originate from a common vertex. The primary vertex (PV) associated with a B
candidate is chosen from all reconstructed primary vertices as the one which has the minimal
separation along the z axis from the z intercept of the extrapolated B candidate track. The 3D
impact parameter of the B candidate δ3D and its uncertainty are measured with respect to the
PV. The pointing angle α3D is defined as the angle between the candidate momentum and the
vector from the PV to the candidate vertex. The isolation of the B candidate is an important
criterion in separating the signal from background. Three variables are used for this purpose,
one based on the primary vertex and two based on the secondary vertex:
P
• The PV isolation I = pT (B)/(p
p T (B) + trk pT ). It takes into account all the tracks in
a cone with radius ∆R = (∆η)2 + (∆φ)2 < 0.7, where ∆η and ∆φ are the differences
in pseudorapidity and azimuthal angle between a charged track and the B-candidate momentum. The sum includes all tracks with pT > 0.9 GeV that are associated to the same
PV as the B candidate or have a distance of closest approach dca < 0.05 cm with respect
to the B vertex and are not associated with any other PV.
close with p > 0.5 GeV and d
• The number of tracks Ntrk
ca < 0.03 cm with respect to the
T
B-candidates vertex.

• The minimum distance of closest approach between tracks and the B-candidates vertex,
d0ca , for all tracks in the event that are, as for the isolation, either associated with the same
PV as the B-candidate or not associated with any.
Signal distributions of the most discriminating variables and their comparisons with data sidebands are shown in Fig. 3
The reconstruction of B + → J/ψK + and Bs0 → J/ψφ events is very similar to the one of
B → µ+ µ− events. Candidates with two oppositely-charged muons sharing a common vertex
and with invariant mass in the range [3.0, 3.2] GeV are reconstructed. Then they are combined
with one or two tracks, each assumed to be a kaon. For the control sample, the two assumed kaon
tracks must form an invariant mass in [0.995, 1.045] GeV and must be in ∆R(K + , K − ) < 0.25.
All the tracks from the decay are used in the vertex fit. All requirements for the signal channel
are also applied here. The main systematics uncertainties are
• the differences in the normalization and control samples between data and MC (3-4%) (Fig. 4).
• the errors on the trigger and muon identification efficiency ratios (3-8%).
• the uncertainty on the production ratio fu /fs of u and s quarks (8%).
• the uncertainty on the combinatorial and rare backgrounds (4-20%).
4

Results

The variables described above are optimized with a random-grid search to obtain the best expected upper limit using MC events for the signal and data side-band events for the background.
These requirements were established before observing the number of data events in the signal
region. The resulting efficiencies are shown in Tab. 1.
Branching fractions are measured using the following equation
+

B(Bs0

Ns fu B
tot
→ µ µ ) = B+
B(B + )
Nobs fs tot
+ −

(1)
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Figure 3: Comparisons of MC signal and side-band data distributions. Top row: 3D pointing angle, flight length
significance, impact parameter significance. Bottom row: isolation, distance of closest approach of the closest
track, number of close tracks. The MC histograms are normalized to the number of events in the data.
+

B is the number of reconstructed B + → J/ψK +
where tot is the total signal efficiency, Nobs
+
+ reconstruction, B(B + ) is the branching fraction for
decays, B
tot is the total efficiency of B
+
+
+
−
+
B → J/ψK → µ µ K , fu /fs is the fragmentation function ratio and Ns is the backgroundsubtracted number of observed signal candidates in the Bs0 → µ+ µ− window [5.30, 5.45] GeV.
The ratio fu /fs has been measured by LHCb 6 and B(B + ) is taken from the PDG 7 . An analogous
equation is used for B 0 → µ+ µ− , with signal window [5.20, 5.30] GeV.
Events in the signal window have several sources: true signal decays, decays of the type
B → hh0 , where h, h0 are charged hadrons misidentified as muons, rare semileptonic decays
B → hµν, where h is misidentified as a muon, and combinatorial background. The expected
number of rare events is evaluated from the MC simulation, and is normalized to the measured
B + yields, taking into account the muon misidentification rates, measured in D∗+ → D0 π + ,
B + is estimated
D0 → K − π + , and Λ → pπ − . The number of reconstructed B + mesons Nobs
B + = (82.7 ± 4.2) × 103 for the barrel and
doing an invariant mass fit. The fit results are Nobs
B + = (23.8 ± 1.2) × 103 for the endcap (Fig. 5).
Nobs
Fig. 6 shows the measured dimuon invariant mass distribution. Upper limits on the B 0 →
+
µ µ− and Bs0 → µ+ µ− branching fractions are determined using the CLs method, taking into
account statistical and systematical uncertainties. Tab. 1 lists all the values needed for the
extraction of the results for both the barrel and endcap channels. The combined upper limits
for the barrel and endcap channels are

B(Bs0 → µ+ µ− ) < 7.7 × 10−9 (95% CL)
B(B 0 → µ+ µ− ) < 1.8 × 10−9 (95% CL)
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number of events in the data.
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Table 1: Event selection efficiency for signal events tot , SM-predicted number of signal events Nsignal
, expected
exp
exp
number of peaking Npeak and combinatorial Ncomb background events and number of observed events Ncomb in
the barrel and endcap channels for Bs0 → µ+ µ− and B 0 → µ+ µ− .
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The SM median expected upper limits at 95% CL are 8.4 × 10−9 for Bs0 → µ+ µ− and 1.6 × 10−9
for B 0 → µ+ µ− (Fig. 7).
5

Summary

An analysis searching for the rare decays B 0 → µ+ µ− and Bs0 → µ+ µ− has been performed in pp
√
collisions at s = 7 TeV. The data sample, collected by the CMS experiment, corresponds to an
integrated luminosity of 5 fb−1 . The observed number of events is consistent with background
plus SM signals.
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OVERVIEW OF CONSTRAINTS ON NEW PHYSICS IN RARE B DECAYS
DAVID M. STRAUB
Scuola Normale Superiore and INFN, Piazza dei Cavalieri 7,
56126 Pisa, Italy
Recent improved measurements of B decays probing the b → s flavour-changing neutral
current have put strong constraints on flavour violation beyond the Standard Model. This
talk reviews a model-independent analysis of these decays, which allows to put constraints on
dimension-six ∆F = 1 effective operators. These constraints can be used in turn to test the
flavour structure of any theory beyond the SM.

1

Introduction

In the Standard Model (SM), flavour-changing neutral currents are GIM- and CKM-suppressed.
As a consequence, they are sensitive to new physics. A particularly promising class of processes
are radiative, semi-leptonic and leptonic ∆B = ∆S = 1 decays, including the inclusive modes
B → Xs γ and B → Xs `+ `− , the exclusive ones B → K ∗ γ, B → Kµ+ µ− and B → K ∗ µ+ µ− and
the leptonic one Bs → µ+ µ− . Contributions from physics beyond the SM to the observables in
all these decays can be described by the modification of Wilson coefficients of local operators in
an effective Hamiltonian of the form
4 GF
e2 X
Heff = − √ Vtb Vts∗
(Ci Oi + Ci0 Oi0 ) + h.c.
2
16π
2
i

(1)

In many concrete models, the operators that are most sensitive to new physics (NP) are a subset
of the following ones,
(0)

mb
(s̄σµν PR(L) b)F µν ,
e
¯ µ `) ,
= (s̄γµ PL(R) b)(`γ
mb
¯ ,
=
(s̄PR(L) b)(``)
mBs

O7 =
(0)

O9

(0)

OS

(0)

gmb
(s̄σµν T a PR(L) b)Gµν a ,
e2
¯ µ γ5 `) ,
= (s̄γµ PL(R) b)(`γ
mb
¯ 5 `) ,
=
(s̄PR(L) b)(`γ
mBs

O8 =
(0)

O10

(0)

OP

(2)

denoted as (chromo-)magnetic, semi-leptonic and (pseudo-)scalar operators. While the radiative
b → sγ decays are sensitive only to the magnetic and chromomagnetic operators, semi-leptonic
b → s`+ `− decays are in principle sensitive to all the above operatorsa . The scalar and pseudoscalar operators are most relevant for the Bs → µ+ µ− decay.
a

Since C7 and C8 contribute to all observables in a fixed linear combination, constraints on C8 will not be
discussed separately in the following.

Figure 1: Correlation between the branching ratios of Bs → µ+ µ− and Bd → µ+ µ− in MFV, the SM4 and four
SUSY flavour models. The gray area is ruled out experimentally. The SM point is marked by a star.

2

The impact of Bs → µ+ µ−

The decay Bs → µ+ µ− is strongly helicity-suppressed in the SM. For this reason, its branching
ratio could be strongly enhanced in the presence of NP in the scalar or pseudoscalar operators,
which would lift this helicity suppression. A prominent example of a model predicting such
enhancement is supersymmetry with large tan β and sizable A terms, as motivated e.g. by grand
unification.
However, the recent upper bound on the branching ratio presented by the CMS collaboration1
and the very recent, even stronger bound by LHCb presented at this conference2 , strongly limit
the size of such contributions. This constitutes a significant constraint for a large class of
NP models, as is exemplified in fig. 1, showing the correlation between BR(Bs → µ+ µ− ) and
BR(Bd → µ+ µ− ) in models with Minimal Flavour Violation (MFV 3 ), the Randall-Sundrum
model with custodial protection (RSc 4 ), the Standard Model with a sequential fourth generation
(SM4 5 ) and four SUSY flavour modelsb A large part of the parameter space of the supersymmetric
models, where tan β can be large, is ruled out by the constraints, leading to a much more
constrained situation than one year ago6,7 . However, it should be emphasized that models where
(0)
NP enters Bs → µ+ µ− via the semi-leptonic operators O10 , like the SM4 or RSc in fig. 1, or
SUSY models with small tan β, are starting to be probed only now. Indeed, a model-independent
0 can only enhance
analysis of new physics in b → s transitions has shown that NP in C10 or C10
+
−
−9
the branching ratio of Bs → µ µ up to 5.6×10 , using all the information on b → s transitions
available before this conference13 .
In any case, an important consequence of the strong new bounds is that the scalar and
pseudoscalar operators are irrelevantc for all the semi-leptonic b → s decays, which are not
helicity suppressed. The following model-independent discussion will thus focus on the magnetic
and semi-leptonic operators.
b
The acronyms stand for the models by Agashe and Carone (AC 8 ), Ross, Velasco-Sevilla and Vives (RVV2
), Antusch, King and Malinsky (AKM 10 ) and a model with left-handed currents only (LL 11 ). See the original
analysis12 for details.
c
Barring a fortuitous cancellation in CS − CS0 and CP − CP0 , which are the only combinations entering the
Bs → µ+ µ− branching ratio.
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3

Constraints on Wilson coefficients

The wealth of experimental information on b → s transitions can be used to put constraints on
physics beyond the SM. Since the set of relevant operators and the dependence on the Wilson
coefficients can be different for the various experimental observables probing the Hamiltonian (1),
a combined analysis of all available experimental constraints is mandatory to obtain meaningful
bounds on the individual Wilson coefficients and to determine the room left for NP. Such analyses
have been performed e.g. for the magnetic penguin operators14 or the SM operator basis15,16 .
(0 )
Recently, a comprehensive analysis of constraints on the Wilson coefficients C7,9,10 , considering
both inclusive and exclusive b → s transitions, has been published13 .
Based on this study, figs. 2 and 3 show the constraints on the Wilson coefficients C7,9,10 from
individual processes as well as the combined constraints. For these plots, only two coefficients at
a time (or the real and imaginary parts of one coefficient) were varied, while the other coefficients
were fixed to their SM values. The observables considered include
• the branching ratio of the inclusive B → Xs γ decay (the 95% C.L. constraint from this
observable alone is shown in figs. 2 and 3 as a yellow band),
• the partial branching ratio of the inclusive B → Xs `+ `− decay both at low and high
dilepton invariant mass q 2 (in brown),

• the mixing induced CP asymmetry in B → K ∗ γ, which is sensitive to the chirality-flipped
Wilson coefficient C70 (not relevant for figs. 2 and 3),
• the partial branching ratio (blue), forward-backward asymmetry AFB (green) and K ∗ longitudinal polarization fraction FL (not shown individually, but included in the combination)
in B → K ∗ µ+ µ− , both at low and high q 2 .
One can make the following observations.
• At the 95% C.L., all best fit regions are compatible with the SM.
• The combination of inclusive and exclusive b → s`+ `− observables exclude sign flips in
various low-energy Wilson coefficients. That is, the SM is likely to provide the dominant
effects in low energy observables. To arrive at this conclusion, high-q 2 data on B →
K ∗ `+ `− are competitive with and coplementary to the low-q 2 ones.
• The constraints on the imaginary parts of C7 , C9 and C10 are looser than on the real
parts. This can be understood from the fact that in the branching ratios and CP averaged
angular observables giving the strongest constraints, only NP contributions aligned in
phase with the SM can interfere with the SM contributions. As a consequence, NP with
non-standard CP violation is in fact constrained more weakly than NP where CP violation
stems only from the CKM phase. This highlights the need for improved measurements of
CP asymmetries directly sensitive to non-standard phases.
0
.
Similar constraints can be obtained13 for the chirality-flipped Wilson coefficients C7,9,10
Finally, a global analysis, varying all the coefficients simultaneously, shows that sizeable contributions to individual coefficients cannot be excluded yet in general13 , due to cancellations among
different coefficients.

4

Outlook

Using the global analysis of Wilson coefficients, allowed ranges for observables to be measured
in the future can be obtained. By means of the generality of this approach, these conclusions are
valid for any theory beyond the SM described by the Hamiltonian (1) and are useful to assess
the prospects of future measurements. Table 1 summarizes such predictions for the branching
ratio of Bs → µ+ µ− – assuming no NP in (pseudo-)scalar operators – and for various low-q 2
angular observables in B → K ∗ µ+ µ− . The allowed range for BR(Bs → µ+ µ− ) shows that the
new, tight constraints are just starting to become sensitive to NP in semi-leptonic operators,
as discussed in sec. 2. In the presence of non-standard CP violation, the low-q 2 angular CP
asymmetries A7 and A8 in B → K ∗ µ+ µ− can reach up to ±35% and ±20%, respectively. In
the presence of right-handed currents, the angular observables A9 and S3 in B → K ∗ µ+ µ− can
reach up to ±15% at low q 2 .
The prospects for improved sensitivity to NP in b → s transitions in the near future are
excellent. While the B factories still have potential to improve the analyses of inclusive decays,
LHCb is expected to strongly improve its precision of B → K (∗) µ+ µ− observables. This has been
impressively demonstrated with the new results presented at this conference18 . In the near future,
particularly interesting observables in exclusive decays will be the angular CP asymmetries A7 ,
A8 and A9 as well as the CP-averaged S3 , S4 and S5 in B → K ∗ µ+ µ− , the branching ratio and
angular observables in B → Kµ+ µ− , the mixing-induced CP asymmetry in B → K ∗ γ, and the
branching ratios of Bs,d → µ+ µ− . These measurements have the potential to uncover the first
signs of new physics in b → s transitions or, if no deviation from the SM expectations is found,
to put even stronger constraints on physics beyond the SM.

Scenario

BR(Bs → µ+ µ− )

|hA7 i[1,6] |

|hA8 i[1,6] |

|hA9 i[1,6] |

hS3 i[1,6]

Real LH

[1.0, 5.6] × 10−9

0

0

0

0

Complex LH

[1.0, 5.4] × 10−9

< 0.31

< 0.15

0

0

Complex RH

< 5.6 × 10−9

< 0.22

< 0.17

< 0.12

[−0.06, 0.15]

Generic NP

< 5.5 × 10−9

< 0.34

< 0.20

< 0.15

[−0.11, 0.18]

Table 1: Predictions at 95% C.L. for the branching ratio of Bs → µ+ µ− and for low-q 2 angular observables in
B → K ∗ µ+ µ− (neglecting tiny SM effects below the percent level) in four scenarios with real or complex NP
effects in Ci only (LH), Ci0 only (RH) or both (generic NP), assuming negligible (pseudo-)scalar currents.
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Rare decays and MSSM phenomenology
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In this article I review some aspects of flavour phenomenology in the MSSM. After an overview
of various flavour observables I discuss the constraints on the off-diagonal elements of the
squark mass matrices. In this context I present the Fortran code SUSY FLAVOR which calculates these processes in the generic MSSM including the complete resummation of all chirally
enhanced effects as a new feature of version 2. Than I discuss where large new physics effects
in the MSSM are still possible. As an example of a model which can give large effects in
flavour physics I review a model with “radiative flavour violation” (RFV) and update the
results in the light of the recent LHCb measurement of Bs → µµ. Finally, I recall that the
MSSM can generate a sizable right-handed W -coupling which affects B → τ ν and can solve
the Vub problem.

1

Introduction

In recent years flavour physics has been one of the most active and fastest developing fields
in high energy physics. Numerous new experiments were carries out but almost all of them
reported result in agreement with the Standard Model (SM) predictions (with a few exceptions
like the semileptonic CP asymmetry 1 ).
The extensive set of measurements available for rare decays puts strong constraints on the
flavour structure of physics beyond the Standard Model, in particular, on the flavour- and CPviolating parameters of the Minimal Supersymmetric Standard Model (MSSM), which give rise
to additional flavour changing neutral currents (FCNCs): they arise from the fact that one
cannot (in general) simultaneously diagonalize the mass matrices of fermions and sfermions.
The apparent absence of such big effects in flavour (and CP) observables leads to the conclusion that the MSSM couplings which generate FCNCs (and CP) violation must actually be
strongly suppressed 2. The difficulty to explain this suppression is known as the “SUSY flavour
problem” and the “SUSY CP problem”. a
a

Even if one adopts the so-called Minimal Flavour Violation (MFV) hypothesis 7 , which requires that all FCNC

For studying the various constraints from flavour observables the Fortran code SUSY FLAVOR 3
was developed. It is a universal computational tool which can calculate the flavour observables
listed in Table 1 in the generic MSSM . One important new feature of SUSY FLAVOR v2 is that it
includes the resummation of all chirally enhanced corrections (including all effects from flavour
non-diagonal terms) using the results of Ref. 4 . This extends to applicability of SUSY FLAVOR to
regions in parameter space with large values of tan β and/or large trilinear SUSY breaking terms.
Table 1 also
r gives an overview which off-diagonal elements of the sfermion mass matrices
q AB
q AB
∆ij
= δij
m2q̃A m2q̃B are typically most stringently constrained by which process. In the
i

j

down-squark sector, the constraints on ∆dijAB range from Im[∆d12LR ] < O(10−4 ) to ∆d23RR <
O(10−1 ) and in the lepton sector from ∆ℓ12LR < O(10−5 ) to ∆ℓ23RR < 1 for typical SUSY masses
u AB are
(see for example Ref. 5 for a recent overview). In the up sector, only the elements δ12
severely constrained from D mixing and since the LL-elements are connected via the SU(2)
relation, the constraints from the down-sector transfer to the up sector (an exception is the case
when the squark mass matrix is exactly aliened to Y d Y d† 6 ).
2

Where are deviations from the SM still possible?

From table 1 we see that all off-diagonal elements of the down-squark mass matrix are constrained
u RR,LR,RL
u RR on flavourwhile in the up-sector δ13,23
can be large b . However, the effect of δ13,23
u LR,RL
u LR are
observables is very limited and thus we focus on δ13,23 . While sizable values for δ13,23
needed in models with radiative flavour violation (RVF) if the CKM matrix is generated in the
u LR can generate a sizable right-handed W coupling which affects B → τ ν and
up-sector, δ31
B → πℓν.
2.1

Radiative flavour violation

An interesting alternative to MFV, which can still give interesting effects in flavour observables,
is the MSSM with radiative flavour violation (RFV) 9,10 . RFV means that the CKM matrix is
the unit matrix at tree-level and all off-diagonal elements arise from SUSY loop diagrams.
If the CKM matrix is generated in the down sector, constraints on the SUSY masses from
b → sγ arise. In addition, Bs → µ+ µ− can be enhanced or suppressed compared to the SM
prediction depending on the sign of µ (see Ref. 10 for details). We take the opportunity to update
the left plot in Fig. 1 using the new LHCb result 11 and find that still a large region parameter
space is compatible with the new stringent constraints from Bs → µ+ µ− .
u LR are needed. In this
If the CKM matrix is generated in the up-sector, sizable values for δ13,23
case constraints from Kaon mixing (and B → K (⋆) ℓ+ ℓ− 8 ) arise (see right plot in Fig. 1). In
addition, KL → πνν and K + → π + νν receives sizable contributions from chargino-Z penguins.
We see from Fig. 2 that RFV with CKM generation in the up-sector predicts an enhancement
(suppression) of KL → πνν (K + → π + νν) with respect to the standard model prediction.
2.2

Right-handed W coupling

u LR in combination with δ d LR can induce a sizable right-handed W -coupling to up and botδ31
33
tom 12 . As we see from the right plot of Fig. 3, the strength of the right-handed coupling can
R changes the
reach about 10% of the left-handed one. Such a large right-handed admixture Vub

effects originate from the Yukawa couplings of the superpotential, supersymmetric contributions to various flavour
and CP-violating amplitudes can still be of comparable (or sometimes even much larger, like in the case of the
electron and neutron EDMs or Bs → µ+ µ− ) size as the corresponding SM contributions.
b
u LR
Recently it has been pointed out that B → K (⋆) ℓ+ ℓ− constrains δ23
< O(10−1 ) 8

Observable

Most stringent constraints on

Experiment

∆F = 0
h

1
2 (g
1
2 (g

− 2)e

ℓ LR,RL
Re δ11

− 2)µ

ℓ LR,RL
Re δ22

1
2 (g

− 2)τ

ℓ LR,RL
Re δ33

|de |(ecm)

ℓ LR,RL
Im δ11

|dµ |(ecm)

ℓ LR,RL
Im δ22

|dτ |(ecm)

ℓ LR,RL
Im δ33

|dn |(ecm)

h
h

h

h

h

h

i

h

i

(1159652188.4 ± 4.3) × 10−12

i

(11659208.7 ± 8.7) × 10−10

i

< 1.1 × 10−3

i

< 1.6 × 10−27

i

i

d LR,RL
u LR,RL
Im δ11
, Im δ11

< 2.8 × 10−19
< 1.1 × 10−17

i

< 2.9 × 10−26

∆F = 1
Br(µ → eγ)

ℓ LR,RL
ℓ LL,RR
δ12,21
, δ12

< 2.8 × 10−11

Br(τ → eγ)

ℓ LR,RL
ℓ LL,RR
δ13,31
, δ13

< 3.3 × 10−8

Br(τ → µγ)

ℓ LR,RL
ℓ LL,RR
δ23,32
, δ23

< 4.4 × 10−8

Br(KL → π 0 νν)

u LR , δ u LR × δ u LR
δ23
23
13

< 6.7 × 10−8

Br(K + → π + νν)

u LR × δ u LR
sensitive to δ13
23

−11
17.3+11.5
−10.5 × 10

Br(Bd → ee)

d LL,RR
δ13

< 1.13 × 10−7

Br(Bd → µµ)

d LL,RR
δ13

< 1.8 × 10−8

Br(Bd → τ τ )

d LL,RR
δ13

< 4.1 × 10−3

Br(Bs → ee)

d LL,RR
δ23

< 7.0 × 10−5

Br(Bs → µµ)

d LL,RR
δ23

< 1.08 × 10−8

Br(Bs → τ τ )

d LL,RR
δ23

−−

Br(Bs → µe)

d LL,RR
ℓ LL,RR
δ23
× δ12

< 2.0 × 10−7

Br(Bs → τ e)

d LL,RR
ℓ LL,RR
δ23
× δ13

< 2.8 × 10−5

Br(Bs → µτ )

d LL,RR
ℓ LL,RR
δ23
× δ23

< 2.2 × 10−5

Br(B + → τ + ν)
Br(Bd → Dτ ν)/Br(Bd → Dlν)
Br(B → Xs γ)

d LL,RR
δ23

–

(1.65 ± 0.34) × 10−4

–

(0.407 ± 0.12 ± 0.049)

d LR
for large tan β, δ23,32

(3.52 ± 0.25) × 10−4

∆F = 2
|ǫK |

h

i

h

d LL,RR 2
d LR )2
Im (δ12
) , Im (δ12,21

i

(2.229 ± 0.010) × 10−3

∆MK

d LL,RR
d LR
δ12
, δ12,21

(5.292 ± 0.009) × 10−3 ps−1

∆MD

u LL,RR
u LR
δ12
, δ12,21

−2 ps−1
(2.37+0.66
−0.71 ) × 10

∆MBd

d LL,RR
d LR
δ13
, δ13,31

(0.507 ± 0.005) ps−1

∆MBs

d LL,RR
d LR
δ23
, δ23,32

(17.77 ± 0.12) ps−1

Table 1: List of observables calculated by SUSY FLAVOR v2 and their currently measured values or 95% CL (except
for Br(Bd → e+ e− ) and Br(Bd → τ + τ − ) for which the 90% C.L bounds are given). We also give the off-diagonal
elements of the sfermion mass matrices which are most stringently constrained by the corresponding process.
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VfLi PL + VfRi PR and alters the determi-

L from in and exclusive leptonic and semileptonic B
nation of the left-handed SM coupling Vub
R = 0 there is a 2.8 σ discrepancy between
decays. The left plot of Fig. 3 shows that for Vub
L
the value of Vub obtained a fit using CKM unitarity and the one extracted from B → τ ν (see
R with
Moriond update of Ref. 13 ). This discrepancy can be removed by a small admixture of Vub
R.
opposite sign compared to Vub

3

Conclusions

In these proceedings I briefly reviewed flavour phenomenology in the generic MSSM. Many
flavour observables put stringent constraints on the off-diagonal elements of the squark mass
matrices. For the calculation of theses constraints SUSY FLAVOR is a useful tool and since v2
now contains the complete resummation of all chirally enhanced effect it can be used also for
regions in parameter space with large values of tan β and/or large trilinear A-terms.
While all flavour off-diagonal elements of the down-squark mass matrix are constrained, the
bounds on the elements of the up-squark mass matrix involving the third generation are much
less stringent. This allows for sizable effects in KL → πνν and K + → π + νν (for example in
u LR a rightmodels with RFV if the CKM matrix is generated in the up sector) and using δ31
handed W -coupling to up and bottom can be induced via loops. Such a right-handed W -coupling
can enhance B → τ ν with respect to the SM prediction and bring the determination of Vub from
CKM unitarity and from B → τ ν into agreement.
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HEAVY FLAVOUR RESULTS FROM TEVATRON
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The CDF and DØ experiments finalize the
√ analysis of their full statistics collected in the pp̄
collisions at a center-of-mass energy of s = 1.96 TeV at the Fermilab Tevatron collider.
This paper presents several new results on the properties of hadrons containing heavy band c-quarks obtained by both collaborations. These results include the search for the rare
decays B 0 , Bs0 → µ+ µ− (CDF), the study of CP asymmetry in Bs → Jψφ decay (CDF, DØ),
the measurement of the like-sign dimuon charge asymmetry (DØ), the measurement of CP
asymmetry in D0 → K + K − and D0 → π + π − decays (CDF), and the new measurement of
(∗)+ (∗)−
the Bs → Ds Ds
branching fraction (CDF). Both experiments still expect to produce
more results on the properties of heavy flavours.

For past 10 years the Fermilab Tevatron collider has pioneered and established the role of
hadron colliders for flavour physics. It became the main source of results on Bs0 , Bc mesons,
and B baryons. Many crucial measurements, like the mass difference in the Bs0 system, were
obtained here. Currently the Tevatron experiments finalize their study and publish the results
with the full statistics up to 10 fb−1 .
In this paper I review
• search for the rare decays B 0 , Bs0 → µ+ µ− obtained by the CDF collaboration;
• study of CP asymmetry in Bs0 → J/ψφ decay reported by the CDF and DØ collaborations;
• updated measurement of the like-sign dimuon charge asymmetry (D0 collaboration);
• new measurement of the difference of CP asymmetry in D0 → K + K − and D0 → π + π −
decays (CDF collaboration);
• measurement of the branching fraction of Bs0 → Ds(∗)+ Ds(∗)− decay (CDF collaboration).
The standard model (SM) predicts a very low value for the branching fractions of both
B 0 → µ+ µ− and Bs0 → µ+ µ− decays. The most recent SM prediction for these fractions is 1
Br(Bs0 → µ+ µ− ) = (3.2 ± 0.2) × 10−9 ,
Br(B 0 → µ+ µ− ) = (1.0 ± 0.1) × 10−10 .

(1)

The contribution of new physics beyond the SM can significantly modify these values, therefore
these rare decays can provide important constraints on various new physics models.
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Figure 1: For the Bs mass region, the observed number of events (points) is compared to the total expected
background (light grey) and its uncertainty (hatched) for different values of νN . The hashed area represents
the systematic uncertainty on the mean expected background while the error bars on the points represent the
associated poisson uncertainty. Also shown is the expected contribution from Bs0 → µ+ µ− events (dark gray)
using a branching fraction that corresponds to the central value from the fit to the data, which is 4.1 times the
expected SM value.

The CDF collaboration presented in summer 2011 the analysis 2 with 7 fb−1 featuring
an accumulation of signal-like events in the Bs0 mass region with ∼ 2.5σ deviation from the
background-only hypothesis. The new CDF analysis presented here includes the full Run2
statistics corresponding to 9.6 fb−1 . Given the increased interest to the previous result, the
analysis of the remaining statistics is kept the same. The separation between the signal and
background in this analysis is achieved using the neural network. Figure 1 shows the observed
and expected number of events in the Bs0 → µ+ µ− search for the different values of the neural network output variable νN . There is an excess of the signal-like events for νN > 0.97,
while the agreement between the observed and expected number of events is very good for the
background-dominated region νN < 0.97. The p-value of the SM signal plus background hypothesis for νn > 0.97 is 7%. The excess of events in the 0.97 < νN < 0.987 bin is not increased
with the addition of the new statistics and is consistent with the statistical fluctuation. The
p-value of the SM signal plus background hypothesis for two largest νN bins is 22.4%, while the
p-value of background only hypothesis is 2.1%. Thus, while still not conclusive, the experiment
becomes sensitive to the SM contribution of Bs0 → µ+ µ− decay and shows a good agreement
with the SM expectation.
The results obtained by the CDF collaboration with 9.6 fb−1 are:
−8
Br(Bs0 → µ+ µ− ) = (1.3+0.9
−0.7 ) × 10 ,

Br(B 0 → µ+ µ− ) < 4.6 × 10−9 (3.8 × 10−9 ) at 95% (90%) C.L.

(2)

The CDF collaboration also reports the first double sided limit on Br(Bs0 → µ+ µ− ):
0.8 × 10−9 < Br(Bs0 → µ+ µ− ) < 3.4 × 10−8 at 95% C.L.,
2.2 × 10−9 < Br(Bs0 → µ+ µ− ) < 3.0 × 10−8 at 90% C.L.

(3)

These results are consistent with other searches of these rare decays.
An important part of the research of heavy flavours at hadron colliders is devoted to the
measurement of the CP asymmetry. Among other reasons, the interest to this phenomenon
is explained by the fact that the magnitude of the CP asymmetry included in the SM is not
sufficient to describe the observed abundance of matter in our universe 3 , which implies that
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Figure 2: Confidence regions in φJ/ψφ − ∆Γs plane. Left plot: the measurement of CFT collaboration. The
solid (blue) and dot-dashed (red) contours show the 68% and 95% confidence regions, respectively. The shaded
(green) band is the theoretical prediction of mixing-induced CP asymmetry. Right plot: the measurement of DØ
collaboration. Two-dimensional 68%, 90% and 95% C.L. contours including systematic uncertainties are shown.
The standard model expectation is indicated as a point with an error.

some additional sources of CP asymmetry should exist. They could reveal themselves by the
deviation of the observed CP asymmetry from the SM prediction.
One of the most promising channels to search for the new sources of CP asymmetry is the
decay Bs0 → J/ψφ. The CP asymmetry in this decay is described by the phase φJ/ψφ . Within
the SM, this phase is related with the angle βs of the (bs) unitarity triangle and is predicted to
be very small 4 :
φJ/ψφ (SM ) = −2βs = −0.036 ± 0.002.
(4)
This phase can be significantly modified by the new physics contribution and this deviation from
the SM can be detected experimentally.
Both CDF and DØ experiments report the new study of Bs0 → J/ψφ decay with the full
statistics. The CDF collaboration reconstructs about 11000 such decays using the integrated
luminosity 9.6 fb−1 . The new analysis 5 is similar to the previous measurement with a part of the
statistics 6 . The result of this analysis is presented in Fig. 2 (left plot) as the confidence regions
in φJ/ψφ − ∆Γs plane. It can be seen that the obtained confidence region is consistent with the
J/ψφ
SM prediction within 1σ. The obtained confidence regions for the quantity βs
≡ −φJ/ψφ /2
is
βsJ/ψφ ∈ [−π/2, −1.51] ∪ [−0.06, 0.30] ∪ [1.26, π/2] at 68% C.L.
βsJ/ψφ ∈ [−π/2, −1.36] ∪ [−0.21, 0.53] ∪ [1.04, π/2] at 95% C.L.

(5)

A similar analysis of Bs0 → J/ψφ decay by the DØ collaboration 7 is based on 6500 signal
events collected using the integrated luminosity 8 fb−1 . The result of this analysis is shown in
Fig. 2 (right plot). The obtained confidence region is consistent with the SM prediction, and
the p-value for the SM point is 29.8%. The following values are obtained in this analysis:
τs = 1.443+0.038
−0.035 ps,
−1
∆Γs = 0.163+0.065
−0.064 ps ,

φJ/ψφ = −0.55+0.38
−0.36 .

(6)
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Figure 3: Measurement of Absl with different muon IP selections in the (adsl , assl ) plane. The bands represent the
±1 standard deviation uncertainties on each individual measurement. The ellipses represent 68% and 95% twodimensional CL regions, respectively, of of adsl and assl values obtained from the measurements with IP selections.

Another quantity sensitive to the new sources of the CP asymmetry is the like-sign dimuon
charge asymmetry, which is defined as
b
Asl
≡

Nb++ − Nb−−
.
Nb++ + Nb−−

(7)

Here Nb++ and Nb−− represent the number of events containing two b hadrons decaying semileptonically and producing two positive or two negative muons, respectively. The standard model
predicts a very small value compared to the current experimental sensitivity, therefore, the
non-zero value of the asymmetry Absl signals the presence of the CP violation in mixing in the
semileptonic decays of neutral B mesons. Recently the DØ collaboration released the new measurement of this quantity 8 using the integrated luminosity 9 fb−1 . The obtained value of Absl
deviates from the SM prediction by 3.9 σ:
Absl = (−0.787 ± 0.172 ± 0.093)%

(8)

The asymmetry Absl contains the contribution from the semileptonic charge asymmetries adsl
and assl of B 0 and Bs0 mesons, respectively. The analysis of the dependence of Absl on the muon
impact parameter (IP) allows to obtain the separate values of adsl and assl :
adsl = (−0.12 ± 0.52)%,
assl = (−1.81 ± 1.06)%.

(9)

The precision of these quantities is comparable with the available world average measurements.
Figure 3 presents the results of the IP study in the (adsl , assl ) plane together with the result (8) of
the Absl measurement. The ellipses represent the 68% and 95% two-dimensional confidence level
(CL) regions, respectively, of adsl and assl values obtained from the IP study. The obtained values
of adsl and assl are in a good agreement with the independent measurement of assl by the DØ
collaboration 9 , and the world-average value of adsl reported by the HFAG 10 . The discrepancy
between the measured value of Absl and the SM prediction requires an independent confirmation.
One more promising channel to search for the new sources of CP asymmetry is the single
Cabibbo-suppressed decays D0 → K + K − and D0 → π + π − . Although the exact theoretical
prediction of CP asymmetry in these decays is difficult to obtain due to the non-perturbative
contributions, the CP asymmetry at O(1%) level could signal the contribution of new physics.
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Figure 4: Projections of the combined fit on data for tagged D0 → K + K − (left) and D0 → π + π − (right) decays.

The CDF collaboration previously measured 11 the separate values of asymmetries ACP (K + K − )
and ACP (π + π − ) with 6 fb−1 :
ACP (π + π − ) = (+0.22 ± 0.24 ± 0.11)%,
ACP (K + K − ) = (−0.24 ± 0.22 ± 0.09)%.

(10)

The new analysis 12 uses the full data set corresponding to the luminosity 9.6 fb−1 and is
optimized for the measurement of ∆ACP ≡ ACP (K + K − ) − ACP (π + π − ). It is motivated by the
recent result reported by the LHCb experiment 13 :
∆ACP (LHCb) = (−0.82 ± 0.21 ± 0.11)%.

(11)

Many systematic uncertainties cancel in the difference of asymmetries and therefore the
selection cuts in the new CDF analysis are loosened to increase the statistics. In total 550K
D0 → π + π − decays and 1.21M D0 → K + K − decays are selected. Both decays are reconstructed
(−)

in the D∗± →D0 π ± decay. Figure 4 shows the mass distributions of the reconstructed D0 →
K + K − and D0 → π + π − decays. It can be seen that the quality of the description of the data
is excellent. Using the collected statistics, the CDF collaboration obtains
∆ACP (CDF) = (−0.62 ± 0.21 ± 0.10)%,

(12)

which corresponds to 2.7 σ deviation from zero. This result is consistent with the LHCb measurement (11). The combination of the CDF and LHCb results gives ∼ 3.8σ deviation of ∆ACP
from zero.
The CDF collaboration reports 14 one more interesting result on the properties of Bs0 meson,
(∗)+ (∗)−
namely the measurement of the branching fraction Br(Bs0 → Ds Ds ). It is obtained using
the semi-exclusive decay modes
Bs0 → Ds+ Ds− ,
Bs0 → Ds∗+ Ds− + Ds+ Ds∗− ,
Bs0 → Ds∗+ Ds∗− ,

(13)

with Ds → φπ or Ds → K ∗ K. The resulting invariant mass distribution is presented in Fig. 5.
In total 750 signal events in these decay modes are reconstructed. Using this statistics, the
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Figure 5: Invariant mass distribution of Bs0 → Ds+ (φπ + )Ds− (φπ − ) and Bs0 → Ds+ (K ∗0 K + )Ds− (φπ − ).

following result is obtained
Br(Bs0 → Ds+ Ds− ) = (0.49 ± 0, 06 ± 0.05 ± 0.08)%,
Br(Bs0 → Ds∗+ Ds− + Ds+ Ds∗− ) = (1.13 ± 0.12 ± 0.09 ± 0.19)%,
Br(Bs0 → Ds∗+ Ds∗− ) = (1.75 ± 0.19 ± 0.17 ± 0.29)%.

(14)

The total branching fraction of these decay modes is found to be
Br(Bs0 → Ds(∗)+ Ds(∗)− ) = (3.38 ± 0.25 ± 0.30 ± 0.56)%.

(15)

In conclusion, the experiments at the Tevatron finalize the analysis of their full statistics.
This paper presents the new results obtained in the search for the rare decays B 0 , Bs0 → µ+ µ−
(CDF), the study of CP asymmetry in Bs → Jψφ decay (CDF, DØ), the measurement of the
like-sign dimuon charge asymmetry (DØ), the measurement of CP asymmetry in D0 → K + K −
(∗)+ (∗)−
and D0 → π + π − decays (CDF), and the new measurement of the Bs → Ds Ds
branching
fraction (CDF). Many more exciting results from the DØ and CDF experiments with the full
statistics can be expected soon.
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Heavy Flavor Measurements in ATLAS and CMS
J. Schieck on behalf of the ATLAS and CMS Collaboration
Ludwig-Maximilians-Universität München , Am Coulombwall 1, 85748 Garching, Germany and
Excellence Cluster Universe, Boltzmannstrasse 2, 85748 Garching, Germany
We present heavy flavor measurements performed by the ATLAS and CMS Collaborations
with data collected at the Large Hadron Collider. The production mechanism of heavy flavor
hadrons is discussed as well as lifetime measurements and searches for the rare decay B0s →
µ+ µ− . The large available statistics of about 5 fb−1 per experiment collected during the year
2011 together with the excellent detector performance allows to perform competitive heavy
flavor measurements.

1

Introduction

The production and the decay of hadrons containing a b-quark provide an excellent laboratory to
study the strong as well as the weak interaction of the Standard Model of Particle Physics. The
large b-quark production cross-section in proton-proton collisions at the Large Hadron Collider
(LHC) offers the possibility of performing heavy flavor measurements with an unprecedented
statistical accuracy. Here we present heavy flavor results obtained with data taken by the
ATLAS 1 and CMS 2 detectors in the year 2010 and 2011.
In section 2 we will describe the experimental setup together with the collected data used by
the measurements, in section 3 B-hadron production measurements are summarized, in section 4
lifetime measurements are discussed and finally in section 5 the search for the rare B-hadron
decay B0s → µ+ µ− is presented. We conclude with a summary in section 6.
2

Experimental Setup

Both ATLAS and CMS are designed as multi-purpose experiments, focusing mainly on searches
for new physics phenomena at large transverse momentum scales. Both experiments cover a
rapidity range up to |η| < 2.5. However, the bulk of the b-quark production peaks at large
rapidities and both experiments are only able to collect a fraction of the produced B-hadrons.
The main sub-detectors used for heavy-flavor measurements are the tracking devices located
closest to the interaction point and the muon-detectors, the sub-detector farthest out. The muon
detectors are used to identify and to trigger on muon decays of B-hadrons. The tracking devices
consist of high precision silicon detectors, and they are used to reconstruct the production and the
decay vertices of B-hadrons. The large boost of high momentum B-hadrons leads to secondary
decay vertices dislocated up to several millimeters from the primary production vertex. The
tracker and the muon systems are placed in a large magnetic field to determine the momentum
of the charged tracks with high accuracy, leading to a concomitantly high mass resolution.
Fig. 1 shows the invariant mass distribution of J/ψ candidates decaying into two muons being
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reconstructed in the barrel region of the ATLAS detector 3 and the CMS detector 4 . The mass
resolution is determined to be between σ = 46 to 111 MeV (ATLAS) and between σ= 20 and
50 MeV (CMS), broadening with increasing rapidity. The high mass resolution is important to
reach a good signal to background ratio for reconstructed B-hadron candidates. The impact
parameter resolution is determined by the single hit resolution of the tracking devices and is
limited by multiple scattering effects of low momentum tracks. For any measurement using
lifetime based quantities the impact parameter measurement is a crucial ingredient.
It should be noted that both detectors have only very limited particle identification possibilities. Only the silicon tracking devices have some kaon-pion separation power in the momentum
region below one GeV/c. Above one GeV/c no kaon-pion separation is possible, leading to
increased background conditions for reconstructed B-hadron candidates with kaons in the final
state. The muon detectors are essential for selecting B-hadron events. Since tracking devices
are not part of the first trigger decision, B-hadron decays with leptons in the final state are
used to select B-hadron events. The most promising possibility offer B-hadron decays with two
oppositely charged muons in the final state like the decay into a J/ψ or B-hadron decaying
directly into a pair of muons. However, the overall trigger rate with two muon candidates in the
final state exceeds the limits imposed by both the trigger itself and the long-term data storage
resources, so this must be mitigated by applying trigger pre-scales or by raising the momentum
thresholds for the candidates (with a preference for the latter). Overall the ATLAS detector collects 5.25 fb−1 and the CMS detector 5.56 fb−1 of data in 2011 with a maximum instantaneous
luminosity of ∼ 3.5 × 1033 cm−2 s−1 . For this luminosity the setup of the accelerator induces
on average up to 11.6 collisions per bunch crossing, a challenge for any heavy flavor physics
measurement.
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Figure 1: J/ψ candidates reconstructed in the barrel region of the ATLAS detector (left) 3 and of the CMS
detector (right) 4 .

3

B-Hadron Production

In a hadron collider such as the LHC the bulk of b-quarks and the following B-hadrons are
produced via the strong interaction. The production mechanism can be described in the context
of perturbative and non-perturbative Quantum Chromo Dynamics (QCD) and a measurement
of the B-hadron production rate offers an excellent test of QCD models. Besides the production
of B-hadrons the generation of quarkonium states like the Υ(1S), Υ(2S), Υ(3S), the J/ψ and the
ψ(2S) are also of great interest. Quarkonium production measurements can be used to probe
the mechanism of qq̄-generation followed by the subsequent evolution of the quark pair into a
quarkonium state 5 . However, B-hadron decays and higher mass charmonium states like the χc

will contribute to the overall non-prompt charmonium production rate.
3.1

Quarkonium Production and Observation of a new χb State
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Precise measurements of quarkonium production are performed by the ATLAS and the CMS
Collaborations. Both collaborations measure the charmonium production rate and compare
it to various theoretical predictions. The CMS Collaboration 6 studies the prompt and nonprompt production rate of J/ψ and ψ(2S) as a function of pT and rapidity. The data sample
corresponds to an integrated luminosity of 37 pb−1 . The prompt (non-prompt) production rate
is compared to NLO NRQCD (FONLL) theory predictions. All measurements are in agreement
with the theory predictions. The agreement found for the prompt ψ(2S) production rate is
of particular interest since no feed-down from higher mass charmonium states is expected and
therefore a direct comparison to the theory prediction is possible. The differential production
rate of the prompt ψ(2S) production rate as a function of pT in several rapidity bins is shown
in Fig. 2. The ATLAS Collaboration measures the prompt and non-prompt J/ψ production

9.6

9.8

10.0

10.2
+ -

10.4

10.6

+ -

m(µ µ γ ) - m(µ µ ) + m

ϒ (k S)

10.8
[GeV]

Figure 2: The measured differential cross section as measured by the CMS Collaboration is shown in the left plot
for prompt ψ(2S) as a function of pT and for different rapidity bins 6 . The right plot shows the mass distribution
of χb → Υ(ks) γ (k=1,2) candidates reconstructed with the ATLAS detector with the photon being converted and
reconstructed by two electrons 9 . The circles show the data for the χb decaying into a Υ(1S) and a photon and
the triangles correspond to the χb decaying into a Υ(2S) and a photon.

rate (using 2.3 pb−1 of data) as a function of pT and compares the prompt production rate to
a simple color evaporation model and NLO and partial NNLO color singlet models (CSM) 3 .
The partial NNLO CSM shows a significant improvement in describing the pT dependence and
the normalization of the prompt production rate, however, differences are still visible. The
ATLAS Collaboration performs a measurement of the Υ(1S) production cross section based
on 1.13 pb−1 of data 7 . The Υ(1S) production rate is dominated by prompt production and
contributions from higher mass decays are negligible. The differential production rate as a
function of pT is compared to a NLO CSM with direct contributions only, and to a NRQCD
model implemented in PYTHIA 8. The data exceeds significantly the NLO CSM, similar to
the charmonium case, which could be explained by the need for higher order corrections. The
agreement with the NRQCD predictions are reasonable, but differences up to a factor of two are
observed. The CMS Collaboration measures with 3.1 pb−1 of integrated luminosity the total
and differential production cross section of the Υ(1S), Υ(2S) and the Υ(3S) 8 and comparisons
to predictions from PYTHIA are performed. The normalized differential cross section with
respect to pT obtained with PYTHIA is consistent with the measurements, while the overall

cross section is overestimated.
The ATLAS Collaboration reports on the observation of a new χb state in its radiative
transition to Υ(1S) or Υ(2S) 9 using an integrated luminosity of 4.4 fb−1 . The bottomonium states χb (1P) and χb (2P) are previously observed experimentally and the existence of
the χb (3P) state is expected. ATLAS reconstructs the χb (3P) radiative decays from the photon emitted during the transition, and the subsequent decay of the Υ(1S) or Υ(2S) into two
muons. The photon is either reconstructed directly in the electromagnetic calorimeter or
via two electrons originating from the conversion of the photon. The reconstructed mass of
mχb (3P) = 10.530 ± 0.005 (stat.) ± 0.009 (syst.) GeV is consistent with the expectation from
theoretical models averaging the mass over the three χb (3P) hyperfine triplet states. The mass
distribution of the χb → Υ(ks) γ (k=1,2) candidates with the photon reconstructed via photon
conversion is shown in Fig. 2.
3.2

B-Meson and B-Baryon Production
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The CMS Collaboration measures the total cross section of the B± -meson, B0 -meson and
B0s -meson using exclusively reconstructed decay channels B± → J/ψK± (using 5.8 pb−1 ),
B0 → J/ψK0s and B0s → J/ψφ (both using 40 pb−1 ) 10,11,12 . Besides the total cross section the
differential production cross section is determined as a function of the transverse momentum
pT and the rapidity of the B-meson. The measured cross sections are compared to MC@NLO
and PYTHIA Monte Carlo predictions. For all three cross section measurements the theoretical
prediction by MC@NLO is below the measured value while the PYTHIA prediction is above the
measured one. The rapidity dependence observed in data is flatter than predicted by PYTHIA.
The pT spectrum falls slightly faster than predicted by MC@NLO. A summary of the total
cross section measurements and a comparison to MC@NLO is summarized in Fig. 3. CMS also
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Figure 3: The B-meson cross section measurements performed by the CMS Collaboration are summarized and
compared to theory predictions (MC@NLO) in the left figure. The inner error bar corresponds to the statistical
uncertainty, the outer error bar to the quadratic sum of statistical and systematic uncertainty. The outermost
bracket is the total uncertainty, including the luminosity uncertainty. The invariant mass distribution of the Λb
reconstructed in the decay Λb → J/ψΛ is shown on the right 13 . The selected Λb candidates are reconstructed
with a pT larger than 10 GeV/c and a rapidity smaller than two.

releases a new measurement of the Λb production cross section in pp-collisions at 7 TeV using
an integrated luminosity of 1.9 fb−1 13 . The invariant mass distribution of the Λb exclusively

reconstructed with the decay Λb → J/ψΛ is shown in Fig. 3. The cross section measurement is
compared to a prediction from PYTHIA. The production rate as a function of the rapidity as
well as the ratio Λ¯b /Λb is well reproduced by PYTHIA. The pT spectrum of the Λb falls faster
than the observed meson production, triggering the question as to whether there is a pT dependent hadronization effect in the ratio of baryon to meson production. A comparison of the pT
spectrum of the b-mesons and the Λb -baryon is summarized in Fig. 4. The CMS Collaboration
also presents a measurement of the inclusive b-jet production rate at the LHC 14 . The results
are consistent with the production rate measured by ATLAS and the Monte Carlo predictions
using MC@NLO. The inclusive b-jet production rate is shown in Fig. 4.
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Figure 4: The distribution on the left shows the differential cross section versus pT reconstructed for the exclusive
decays of the B± -meson, B0 -meson and B0s -meson and the Λb -baryon 13 . On the right the inclusive b-jet production
rate measured by the ATLAS and CMS Collaboration together with a comparison to MC@NLO is shown 14 .

4

Lifetime Measurements

The excellent performance of the tracking devices allows precise measurements of the lifetime
of B-hadrons. Besides the measurement of the average B-hadron lifetime a time dependent
angular analysis of the decay B0s → J/ψφ allows a measurement of the B0s -lifetime difference
∆Γs of the heavy and light mass eigenstate of the B0s meson. The ATLAS Collaboration presents
a measurement of the average B-hadron lifetime using the data taken in 2010, which corresponds
to about 40 pb−1 15 . The average B-hadron lifetime is determined via the B-hadron decaying
into a J/ψ+X, with the J/ψ subsequently decaying in a pair of muons. The decay length
of the J/ψ is reconstructed and a correction factor is applied to deduce the lifetime of the
parent B-hadron. The correction factor is determined from simulated events, weighted to match
the measured J/ψ momentum distribution. The average B-hadron lifetime is measured to be
< τb >= 1.489 ± 0.016(stat.) ± 0.043(syst.) ps. The systematic uncertainty is dominated by the
lifetime model of the background events and the alignment uncertainty of the tracking detector.
A measurement of the average lifetime of the B0s meson using exclusively reconstructed
0
Bs → J/ψφ decays is carried out as well, using the same integrated luminosity of 40 pb−1 16 .
Overall 463 ± 26 signal events are reconstructed with estimated 714 ± 38 background events.
The single lifetime is measured to be τBs,single = 1.41 ± 0.08(stat.) ± 0.05(syst.) ps. Similar to
the average lifetime measurement the systematic uncertainty is dominated by the lifetime model
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Figure 5: The left plot shows the mass distribution of the reconstructed B0s → J/ψφ events 16 . The right plot
shows the lifetime distribution 16 . The solid lines are the projections of a simultaneous fit to the mass and lifetime
distribution, with the red line reflecting the total fit, the dotted blue line the background contribution and the
green line corresponds to the lifetime distribution of signal events. The red dash-dotted line is the contribution
from prompt J/ψ events.

of the background as well as the alignment uncertainty of the tracker. Fig. 5 shows the mass
and the lifetime distribution of the reconstructed B0s → J/ψφ events. In both cases the precision
of the lifetime measurement is limited by the incomplete knowledge of the tracking detector
alignment. It is expected that with increasing statistics and improved knowledge of the tracking
devices the uncertainty will decrease significant. The single lifetime measurement of the using
B0s → J/ψφ events is an important step towards the measurement of the weak phase φs and the
lifetime difference ∆Γs .
5

Rare Decays

The study of rare decays like B0 → µ+ µ− and B0s → µ+ µ− offers the possibility fo searching
for physics beyond the Standard Model. This approach is an alternative way to the direct
searches performed at ATLAS and CMS selecting high pT events. Theoretical calculations
predict a branching ratio of 3.5 ± 0.3 × 10−9 for the decay B0s → µ+ µ− . The ATLAS, CMS and
LHCb Collaborations present new measurements on rare B-hadron decays 19,17,18 . The analysis
performed by CMS and LHCb use the complete data set collected in 2011 and are discussed in
a separate presentation. In this paper the focus will be on the ATLAS measurement searching
for the rare decay B0s → µ+ µ− using data taken with the ATLAS experiment in 2011. Since
the trigger conditions changed during the data taking in 2011 the analysis is performed with 2.4
fb−1 of collected data only. The branching ratio is not determined directly, but by measuring
the ratio to a more abundant B-hadron decay B± → J/ψK± . The efficiency, acceptance and
the hadronization probability for a b-quark transforming to a B-hadron is different for both
decays. The differences are estimated using simulated and data events and the branching ratio
B0s → µ+ µ− is finally determined by using the measured ratio. Signal events are separated from
background events using a multivariate classifier with 14 discriminating variables. During data
taking the event characteristics changed significantly, in particular the number of reconstructed
primary vertices per bunch crossing. The left plot of Fig. 6 shows the efficiency dependence
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of one of the discriminating variables, the isolation cut which described the activity around a
selected B-hadron candidate, as a function of reconstructed primary vertices. After assigning the
tracks to the primary vertex the efficiency shows no dependency on the number or reconstructed
primary vertices. This clearly shows that this search for rare decays can be still performed
with increased instantaneous luminosity. Four out of these 14 discriminating variables are used
to optimise the multivariate selection. Two main sources of background events are expected
- a continuum background, which is expected to have a smooth dependence on the invariant
di-muon mass and a resonant background of mis-reconstructed events, peaking in the same
mass range as the signal events. The continuum background can be estimated from the mass
sidebands, while the background originating from mis-reconstructed events is estimated using
simulated events. The overall background is dominated by the continuum background. The
mass resolution varies between candidates with both muons reconstructed in the barrel region
of the detector and candidates with at least one muon reconstructed in the forward region of
the detector. In order to take this effect into account, the search is divided into three candidate
categories depending on the direction of the most forward muon. The selection optimization
and the background estimate from sideband events is performed with different event samples.
This choices guarantees a bias free estimate of the expected events in the signal region. In total
6.4 events are expected while three events are selected after the search region is unblinded. The
right plot in Fig. 6 shows the number of observed and estimated candidates in the sideband
and in the signal region. The number of estimated background events and the number of
observed signal events together with the event reconstruction efficiency, the acceptance and the
hadronization efficiency is used to calculate the upper limit of the branching ratio. The expected
−8 and the observed one is 2.2 × 10−8 .
95% confidence limit is 2.31.0
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Figure 6: The left plot shows the isolation cut efficiency as a function of reconstructed primary vertices 19 .
The triangles show the efficiency for data (closed) and simulated events (closed) not associating the events to
the primary vertex as a function of reconstructed primary vertices. Using the primary vertex information the
isolation cut efficiency is independent of the number of reconstructed primary vertices, for data (close circles) as
well as for simulated events (open circles). The right plot shows the number of reconstructed candidates as a
function of the invariant mass, where both muons are reconstructed in the barrel region of the detector 19 . The
blue line indicate the signal region, the grey area corresponds to the sideband and the red histogram indicates
the expected number of signal events multiplied by a factor of ten.

6

Summary and Conclusion

We report on heavy flavor measurements using data taken in 2010 and 2011 by the ATLAS and
the CMS experiment. The large available data set of more than 5 fb−1 per experiment and the
excellent detector performance allows each to perform many competitive measurements. The
measurements of heavy quark production cross sections allow precision studies of QCD. Studies
with heavy quarkonium states like the charmonium states J/ψ and ψ(2S) and the bottomonium state Υ(1S), Υ(2S) and Υ(3S) are presented. The measurements are compared to theory
models and in several cases large deviations are found. A new bottomonium state, the χb (3P),
is observed for the first time by the ATLAS experiment. The CMS Collaboration studies the
production of b-flavored hadrons and differences to theory predictions for the total as well as
differential production cross section are found. The ATLAS Collaboration presents an average
B-hadron lifetime as well as a lifetime measurement using exclusive B0s → J/ψφ decays. These
measurements reflect the good detector performance and are important towards lifetime dependent studies, like the measurement of the weak mixing phase φs . For the first time ATLAS
presents a search for the rare decay B0s → µ+ µ− . The number of reconstructed events is consistent with background events only and a 95% confidence limit for the branching ratio is set to
2.2 × 10−8 .
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Recent CP violation results from Belle
Gagan B. Mohanty
Tata Institute of Fundamental Research, Homi Bhabha Road,
Colaba, Mumbai 400 005, India

We summarize recent results on an array of CP violation measurements performed by the
Belle experiment using the data collected near the Υ (4S) and Υ (5S) resonances at the KEKB
asymmetric-energy e+ e− collider.

1

Introduction

Flavor sector is the largest contributor in terms of number of free parameters to the standard
model (SM) of elementary particles – a confluence of electroweak interactions and quantum
chromodynamics. In particular, the phenomenon of quark-flavor mixing is described by three
Euler angles and one irreducible phase of the so-called Cabibbo-Kobayashi-Maskawa (CKM)
matrix 1 . This phase is the lone source of CP violation within the SM. Unitarity of the 3 × 3
CKM matrix leads to a set of relations among its different elements that can be represented as
triangles in the complex plane. One such triangle, better known as the unitarity triangle (UT),
∗ + V V ∗ + V V ∗ = 0. The raison d’être of the
is the pictorial sketch of the condition Vud Vub
td tb
cd cb
2
two B-factory experiments, Belle at KEK and BaBar 3 at SLAC, has been to precisely measure
the sides and angles (φ1 , φ2 and φ3 ) a of the UT. The underlying idea is to check the overall
consistency of the CKM framework; any significant discrepancy between various measurements
a

Another notation of β, α and γ is also available in the literature.

could be interpreted as potential new physics effects. In these proceedings, we report on recent
CP violation measurements carried out with Belle using e+ e− collision data collected near the
Υ (4S) and Υ (5S) resonances.
2

Detector and data

Belle is a large-solid-angle magnetic spectrometer that operated at the KEKB asymmetricenergy e+ e− collider. Before stopping the operation in June 2010 to make way for its approved
upgrade, Belle II 4 , the experiment has succeeded in accumulating a large data sample spread
over various bottomonium resonances – it in fact holds the current world record for the Υ (2S),
Υ (4S) and Υ (5S) samples. Unless stated otherwise, results presented here comprise the full
Υ (4S) [711 fb−1 corresponding to 772 × 106 BB pairs] and Υ (5S) [121 fb−1 ] data collected with
Belle.
3

Methodology

The UT angles φ1 and φ2 are determined through the measurement of time-dependent CP
asymmetry,
N [B 0 (∆t) → fCP ] − N [B 0 (∆t) → fCP ]
ACP (∆t) =
,
(1)
N [B 0 (∆t) → fCP ] + N [B 0 (∆t) → fCP ]

where N [B 0 /B 0 (∆t) → fCP ] is the number of B 0 /B 0 s that decay into a CP eigenstate fCP after
a proper-time interval ∆t, starting with the decay of the other B in the event (Btag ). The Btag
daughters identify its flavor at the decay time. The asymmetry, in general, can be expressed as
a sum of two terms:
ACP (∆t) = Sf sin(∆m∆t) + Af cos(∆m∆t),
(2)

where ∆m is the B 0 B 0 mixing frequency. The sine coefficient Sf is related to the UT angles,
while the cosine coefficient Af is a measure of direct CP violation. For the Af to have a nonzero
value, we need at least two competing amplitudes with different weak and strong phases to
contribute to the decay final state. The measurement of the UT angle φ3 mostly inherits from
the nonzero direct CP violation in some charged B meson decays.
4

sin(2φ1 ) in B 0 → (cc)K 0 decays

The most precise determination of the angle φ1 is provided by the B 0 → (cc)K 0 decays. These
decays, known as “golden modes”, mainly proceed via the Cabibbo-favored tree diagram b → cc̄s
with an internal W boson emission. The subleading penguin (loop) contribution to the final
state, which has a different weak phase compared to the tree-level transition, is suppressed by
almost two orders of magnitude. This makes Af = 0 in Eq. 2 to a very good approximation.
Besides very small theoretical uncertainty involved, these channels also offer experimental advantages because of the relatively large branching fractions (∼ 10−3 ) and the presence of narrow
resonances in the final state, which provides a powerful discrimination against the combinatorial
background.
Belle has updated its previous results 5 on sin(2φ1 ) with the entire Υ (4S) data set. In addition
to more data, an improved track reconstruction algorithm has yielded significant enhancement
in the reconstruction efficiency, e.g., about 18% improvement in the B 0 → J/ψ KS0 channel.
The CP eigenstates considered in the analysis are J/ψ KS0 , ψ(2S)KS0 , χc0 KS0 (all CP odd), and
J/ψ KL0 (CP even). Figure 1 shows ∆t distributions and time-dependent CP asymmetries for the
candidate events that satisfy good tag quality. The observed asymmetry pattern is consistent
with the CP eigenvalue, and there is a negligible height difference – a measure of direct CP
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Figure 1: Background-subtracted proper-time distributions (top) for B 0 (blue solid) and B 0 (red dotted) tagged
events and CP asymmetry (bottom) for good tag quality events for all considered CP -odd modes combined (left)
and the CP -even mode (right).

violation – between B 0 and B 0 decays. We measure sin(2φ1 ) = 0.667 ± 0.023(stat) ± 0.012(syst)
and Af = 0.006 ± 0.016(stat) ± 0.012(syst) 6 . This constitutes the most precise determination
of mixing-induced CP violation in a B meson decay, and hence provides a solid reference point
for the SM that can be used to test for evidence of new physics.
5

sin(2φ1 ) with the Υ (5S) data

Belle has measured the CP -violation parameter sin(2φ1 ) using a new method called the “B-π
tagging”, where the charge of the pion in Υ (5S) → B (∗)0 B (∗)+ π − decays determines the flavor
of the accompanying neutral B meson. The neutral B is fully reconstructed in some CP -specific
final state, and there is no need to explicitly reconstruct the charged B meson. Rather, it can
be indirectly inferred through the recoil (missing) mass of the neutral B and the pion, thanks to
the precise knowledge of the energy and momentum of initial states in an e+ e− B-factory. One
can then extract sin(2φ1 ) from the time-integrated asymmetry of the π + and π − tagged events:
ABBπ =

NBBπ− − NBBπ+
Sx + A
=
NBBπ− + NBBπ+
1 + x2

(3)
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Figure 2: Missing mass distributions for B 0 → J/ψ KS0 candidates tagged by (a) π + and (b) π − in the Υ (5S) data
sample. Points with error bars are the data, solid curves are the fit projections for signal-plus-background, and
dashed curves show the background contribution.

where S (A) is the mixing-induced (direct) CP violation parameter, x = (mH − mL )/Γ is the
mixing parameter with mH (mL ) is the mass of the heavy (light) neutral B mass eigenstate and
Γ is their average decay width.
Figure 2 shows the missing mass distributions of neutral B mesons reconstructed in the
channel B 0 → J/ψ KS0 together with the charged pion, separately for the π + and π − tagged
samples. Two peaks denote BB ∗ π + B ∗ Bπ (first) and B ∗ B ∗ π (second) contributions. Expectedly, they are separated by the mass difference between a B ∗ and a B meson. The fit to the
available Υ (5S) sample yields the number of π + (π − ) tagged events to be 7.8 ± 3.9 (13.7 ± 5.3);
from this we determine ABBπ = 0.28 ± 0.28(stat). Assuming direct CP violation term A to be
zero (consistent with the B 0 → (cc)K 0 results) and using the world-average value 7 of the mixing
parameter x (0.771 ± 0.007) in Eq. 3, we obtain sin(2φ1 ) = 0.57 ± 0.58(stat) ± 0.06(syst) 8 .
The B-π tagging method is complimentary to the time-dependent analyses carried out at
the Υ (4S) peak with the flavor tagging of neutral B mesons. Although at the moment we are
limited by the available Υ (5S) statistics, this has a great potential for the super flavor factory
experiments such as Belle II.

6

Measurement of the angle φ3

The UT angle φ3 unlike φ1 (discussed in Section 4) relies on the measurement of direct CP violation in B − → D(∗) K − decays caused by interference between the two contributing amplitudes,
where both D0 and D0 mesons decay to a common final state. The fact that one of the amplitudes is almost an order of magnitude smaller than the other (B − → D0 K − and B − → D0 K − ,
respectively) make our life difficult on extracting φ3 . The measurements are performed in three
different ways: (a) by utilizing decays of D mesons to CP eigenstates, such as π + π − , K + K −
(CP even) or KS0 π 0 , φKS0 (CP odd) 9 , (b) by making use of doubly Cabibbo suppressed decays of
D mesons, e.g., D0 → K + π − 10 , or (c) by exploiting the interference pattern in the Dalitz plot
(DP) of the D decays such as D → KS0 π + π − 11 . The first two methods are theoretically clean
but suffer from low statistics. The Dalitz method at present provides the strongest constraint
on φ3 . In the following two subsections, we describe recent updates on φ3 from Belle.

Table 1: Results on the x, y parameters and their statistical correlation for B → DK decays. The quoted
uncertainties are statistical, systematic and precision on ci , si , respectively.

Parameter
x−
y−
corr(x− , y− )
x+
y+
corr(x+ , y+ )
6.1

B ± → DK ±
+0.095 ± 0.045 ± 0.014 ± 0.010
+0.137+0.053
−0.057 ± 0.015 ± 0.023
−0.315
−0.110 ± 0.043 ± 0.014 ± 0.007
−0.050+0.052
−0.055 ± 0.011 ± 0.017
+0.059

Model-independent Dalitz plot analysis

Using a model-dependent DP method, Belle’s earlier measurement 12 based on a data sample
+10.8
of 605 fb−1 integrated luminosity yielded φ3 = (78.4−11.6
± 3.6 ± 8.9)◦ and rB = 0.160+0.040
−0.038 ±
+0.050
0.011−0.010 , where the uncertainties are statistical, experimental systematic and DP model dependence, respectively. (rB is the ratio of the amplitudes for B − → D0 K − and B − → D0 K − .)
Although with more data one can squeeze on the statistical part, the result will still remain
limited by the model uncertainty.
In a bid to circumvent this problem, Belle has carried out a model-independent analysis,
following the idea originally proposed by Giri et al. 11 that is further extended in a latter work 13 .
The analysis is based on the full Υ (4S) data sample. In contrast to the conventional DP method,
where the D → KS0 π + π − amplitudes are parameterized as a coherent sum of several quasi-twobody amplitudes as well as a nonresonant term, the model-independent approach invokes study
of a binned DP. In this approach, the expected number of events in the ith bin of the DP for
the D mesons from B ± → DK ± is given by
p

2
Ni± = hB [K±i + rB
K∓i + 2 Ki K−i (x± ci ± y± si )],

(4)

where hB is the overall normalization and Ki is the number of events in the ith DP bin of the
flavor-tagged (whether D0 or D0 ) D → KS0 π + π − decays, accessible via the charge of the slow
pion in D∗± → Dπ ± . The terms ci =< cos ∆δD > and si =< sin ∆δD > contain information
about the strong-phase difference between the symmetric DP points [m2 (KS0 π + ), m2 (KS0 π − )]
and [m2 (KS0 π − ), m2 (KS0 π + )]; they are the external inputs obtained from quantum correlated
D0 D0 decays at the ψ(3770) resonance in CLEO 14 . Finally x± = rB cos(δB ± φ3 ) and y± =
rB sin(δB ± φ3 ), where δB is the strong-phase difference B − → D0 K − and B − → D0 K − .
We perform a combined likelihood fit 15 to four signal selection variables in all DP bins for the
±
B → DK ± signal and Cabibbo-favored B ± → Dπ ± control samples; the free parameters of the
fit are x± , y± , overall normalization (see Eq. 4) and background fraction. Table 1 summarizes
+15.1
the results obtained for B ± → DK ± . From these results we obtain φ3 = (77.3−14.9
± 4.1 ± 4.3)◦
and rB = 0.145±0.030±0.010±0.011, where the first error is statistical, the second is systematic,
and the last error is due to limited precision on ci and si . Although φ3 has a mirror solution at
φ3 + 180◦ , we retain the value consistent with 0◦ < φ3 < 180◦ . We report evidence for direct
CP violation, the fact that φ3 is nonzero, at the 2.7 standard deviation (σ) level. Compared to
results of the model-dependent DP method 12 , this measurement has somewhat poorer statistical
precision owing to two factors: (a) the error itself is inversely proportional to rB , the central
value of which has gotten smaller in this analysis and (b) the binned approach is expected to
have on average 10 − 20% poorer result than the unbinned one 13 . On the positive side, however,
the large model uncertainty for the model-dependent study (8.9◦ ) is now replaced by a purely
statistical uncertainty due to limited size of the ψ(3770) data sample available at CLEO (4.3◦ ).

The model-independent approach therefore offers an ideal avenue for Belle II and LHCb 16 in
their pursuits of φ3 .
6.2

GLW and ADS methods

The first two methods proposed for the measurement of φ3 (Section 6) also go by the first
initials of the authors name: (a) “GLW” for Gronau-London-Wyler 9 and (b) ADS for AtwoodDunietz-Soni 10 . Although these methods are not as competitive as the Dalitz method, they
provide useful complementarity to the final constraint on φ3 . For the GLW method, Belle has
performed an analysis of B ± → DK ± using channels in which the neutral D meson decays to the
CP -even (K + K − and π + π − ) and CP -odd [KS0 π 0 , KS0 ω(→ π + π − π 0 ), KS0 η(→ γγ and π + π − π 0 )
and KS0 η ′ (→ ηπ + π − and ρ0 γ)] states. The physics observables are
Γ(B − → DCP ± K − ) + Γ(B + → DCP ± K + )
,
Γ(B − → Dfav K − ) + Γ(B + → Dfav K + )
Γ(B − → DCP ± K − ) − Γ(B + → DCP ± K + )
,
Γ(B − → DCP ± K − ) + Γ(B + → DCP ± K + )

RCP ± = 2
ACP ± =

(5)

where Dfav denotes the Cabibbo-favored decay mode for the D meson such as D0 → K − π + .
These four observables are functions of φ3 , rB and δB . Using the full Υ (4S) data sample, we
obtain RCP + = 1.03 ± 0.07 ± 0.03, RCP − = 1.13 ± 0.09 ± 0.05, ACP + = +0.29 ± 0.06 ± 0.02, and
ACP − = −0.12 ± 0.06 ± 0.01, where the quoted errors are statistical and systematic, respectively.
There is clear evidence of direct CP violation (ACP 6= 0) for the CP -even modes. In the case
of ADS method our study extends to B − → D∗ K − , D∗ → Dγ (Dπ 0 ) where the D meson
is reconstructed in the doubly Cabibbo suppressed channel D → K + π − . We report the first
evidence for signal in this mode with a 3.5σ significance.
7

Study of B → ηh (h = K, π) decays

The B ± → η (′) h± (h = K, π) decays proceed via b → s penguin processes and Cabibbosuppressed b → u tree transition, as shown in Fig. 3. The large B → η ′ K and small B → ηK
branching fractions can be thought of as an artifact of η − η ′ mixing together with the constructive and destructive interference between the two penguin diagrams. On the other hand,
owing to small contribution from the color-suppressed tree in case of B 0 → ηK 0 , its branching
fraction is expected to be lower than that of B + → ηK + . Concerning direct CP violation, one
could find sizeable effects in B ± → ηh± , proportional to the degree of interference between the
contributing penguin and tree amplitudes.
Using the entire Υ (4S) data sample of Belle, we have studied B → ηh decays 17 where
the η meson is reconstructed in the two channels η → γγ and η → π + π − π 0 . The measured
branching fractions are B(B ± → ηK ± ) = [2.12±0.23(stat)±0.11(syst)]×10−6 , B(B ± → ηπ ± ) =
−6
[4.07 ± 0.26(stat) ± 0.21(syst)] × 10−6 and B(B 0 → ηK 0 ) = [1.27+0.33
−0.29 (stat) ± 0.08(syst)] × 10 .
The dominant systematic errors are due to uncertainties on reconstruction efficiencies of the η,
π 0 and KS0 mesons. The B 0 → ηK 0 decay is observed for the first time with a significance of 5.4σ.
We also find evidence for CP violation in the charged B decay channels, ACP (B ± → ηK ± ) =
−0.38 ± 0.11(stat) ± 0.01(syst) and ACP (B ± → ηπ ± ) = −0.19 ± 0.06(stat) ± 0.01(syst) with
significances of 3.8σ and 3.0σ, respectively. All these branching fraction and CP measurements
supersede our earlier results 18 .
8

Conclusions and future prospect

Among the sample of results we presented at this prestigious conference of Moriond include
the most precise determination of sin(2φ1 ) in the B → (cc)K 0 decays, a novel method to

Figure 3: (a) b → u tree diagram for B + → η (′) K + , (b) color-suppressed b → u tree diagram for B 0 → η (′) K 0 ,
and (c),(d) b → s penguin diagrams for B → η (′) K.

determine the same parameter in the Υ (5S) data, a first model-independent DP analysis to
determine the UT angle φ3 , and evidence for direct CP violation in B → ηh. The second
and third measurements are more of a proof-of-principle in nature, and hold a great promise
for experiments at the super flavor factories. At the moment, there are many ongoing CP
related analyzes, such as the UT angle φ2 , with the full Υ (4S) statistics of Belle. Therefore we
expect many interesting results to come out soon while one is waiting for the next phase of the
experiment, Belle II.
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PRECISION FLAVOR PHYSICS FROM THE LATTICE
C. Hoelbling
Bergische Universität Wuppertal, Gaussstr. 20, D-42119 Wuppertal, Germany.
for the
Budapest-Marseille-Wuppertal Collaboration
We present results for the light quark masses and the neutral kaon mixing parameter BK
from lattice QCD. Our data set includes lighter than physical light quark masses and 5 lattice
spacings so that chiral extrapolation is not necessary and cutoff effects are fully under control.
We obtain fully nonperturbative predictions for mud = (mu + md )/2, ms and BK in the
RI scheme with Mπ , MK and MΩ as the only input quantities. Using perturbative 4-loop
respectively 2-loop running and dispersive input from η → 3π, we obtain mMS
u (2 GeV) =
MS
2.17(4)(10) MeV, mMS
(2
GeV)
=
4.79(7)(12)
MeV,
m
(2
GeV)
=
95.5(1.1)(1.5)
MeV and
s
d
B̂K = 0.773(8)(8) where the first error is statistical and the second systematic.

1

Introduction

Lattice QCD is a tool to perform ab-initio calculations of QCD in the nonperturbative regime.
One can stochastically perform the functional integral over gauge and fermion fields on a lattice
regulated theory in finite volume. In order to obtain QCD predictions, it is then necessary to
(a) remove the cutoff (b) extrapolate to infinite volume (c) tune the bare parameters of the
theory or interpolate/extrapolate to these bare parameter values such that a predefined set
of experimentally accessible, dimensionless quantities (e.g. hadron mass rations) assume their
physical value. If these requirements are met, one can use lattice QCD to obtain ab-initio QCD
predictions of quantities not used as input in step (c) with a statistical error that arises from
the stochastic integration.
Generally speaking, the challenge for lattice QCD is to simultaneously fulfill all the requirements (a)-(c) with control over systematic errors arising from each step and to minimize the total
(statistical plus systematic) uncertainty on a target quantity with given computer resources. It
has been shown recently, that relatively straightforward quantities such as the ground state light
hadron spectrum can be reproduced with a few percent accuracy.1 Here we present the results
of a determination of the light and strange quark masses as well as for the neutral kaon mixing
parameter BK with controlled errors on the percent level. For the full technical details, we refer
the reader to the original publications 2,3,4 .
2

Quark masses

Light quark masses are fundamental parameters of the standard model Lagrangian that are inaccessible by direct experiment. In order to compute them, we compute some light hadron masses
in lattice QCD with a number of bare input light quark masses. We then interpolate the bare
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Figure 1: Continuum extrapolation of the average up/down quark mass, of the strange quark mass and of the
ratio of the two.

quark masses at one value of the bare coupling g to the point where the measured light hadron
masses take on their physical value and renormalize them. We compute the renormalization
constant nonperturbatively in the RI-MOM scheme 3,5 .
For technical reasons we work in the isospin limit and correct for the small isospin breaking
at a later stage. We therefore take as input for finding the physical point the ratios of isospin
averaged hadron masses Mπ /MΩ and MK /MΩ . The lattice cutoff or, equivalently, the lattice
spacing a at the given bare coupling g itself is determined by comparing the dimensionless mass
of the Ω baryon as measured on the lattice to the physical mass MΩ . We interpolate to the
physical point with various functional forms.3 The resulting spread enters (as a subdominant
part) into our systematic error. Repeating this procedure at various different values of the bare
coupling (in our case we use 5), we get the renormalized quark mass as a function of the lattice
spacing a that we can extrapolate to a = 0 (see fig. 1).
For our lattice action, the leading term in the continuum extrapolation is formally of O(αs a).
There is however strong evidence that this term is numerically subdominant (for lattice spacings
we work at) to the term of O(a2 ).6 We therefore use both forms in our analysis and include the
resulting spread into our systematic error.
Finite volume corrections to stable particle masses are generically exponentially suppressed
in Mπ L and can be corrected for systematically7 (see fig. 2). We included these corrections and
found them generically to be at the permil level.
In order to obtain individual masses for the up and the down quark, we use the double ratio
Q2 =

m2s − m2ud
m2d − m2u

(1)

to convert our precise result for ms /mud = 27.53(20)(8) into an estimate of mu /md . In principle,
Q can be determined experimentally from η → 3π decays via dispersion relations. Due to
the imperfect experimental data, there is some amount of modeling involved and we use a
conservative estimate Q = 22.3(8) from a recent review.8
As a last step, we convert the individual quark masses from the nonperturbative RI-MOM
scheme into the MS scheme. In both schemes, the running of the quark mass is known to 4-loop
order.9,10 As demonstrated in fig. 3, the nonperturbative running is well described by 4-loop
perturbation theory above µ = 4 GeV. We therefore compute our quark masses in the RI-MOM
scheme at µ = 4 GeV and further convert these numbers into the MS scheme using the results
of Chetyrkin and Retey.10 Our final numbers are
MS
mMS
u (2 GeV) = 2.17(4)(10) MeV ms (2 GeV) = 95.5(1.1)(1.5) MeV
MS
md (2 GeV) = 4.79(7)(12) MeV mMS
ud (2 GeV) = 3.469(47)(48) MeV

(2)

0.19

MπL=3

MπL=4

aMπ

0.18
0.17

ignored in final analysis

0.16
0.15
0.14

16

32

24
L/a

Figure 2: Finite volume effects in our data compared to analytic predictions. The dashed line corresponds to an
approximate 3-loop prediction while the full line is an asymptotic approximation with one free coefficient.
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Figure 4: Contribution of the various operators towards the final value of BK for the ensemble with the lightest
pion mass. The contribution from the standard model operator O1 is clearly dominant.

3

Neutral kaon mixing

Neutral kaon mixing is responsible for indirect CP violation in K → 2π decays. It is phenomenologically described by the parameter , which contains the hadronic matrix element of
the standard model ∆S = 2 operator O∆S=2 = (s̄γLµ d)(s̄γµL d) that is usually parameterized as
BK =

hK̄ 0 |O∆S=2 |K 0 i
8
0 µ
0
3 hK̄ |A |0ih0|Aµ |K i

(3)

A precise determination of BK together with an experimental measurement of  thus constitutes
a precision test of the standard model in the kaon system which is particularly relevant for
constraining various standard model extensions.11,12,13
We have performed a lattice determination of BK using the same setup as for our quark
mass determination.4 One particular point to note is that our lattice discretized fermion action
does only exhibit approximate chiral symmetry that gets fully restored in the continuum limit
only. Consequently, mixing of the standard model operator, which has the structure O1 =
(V −A)(V −A), with other dimension-6 operators that is forbidden in the continuum is allowed at
finite lattice spacing. These other operators are O2 = V V − AA, O3/4 = SS ∓ P P and O5 = T T .
As the standard model operator is chirally suppressed, these mixings can in principle be very
large. Due to the good approximate chiral symmetry of our action,14 the mixing contributions
to BK are actually tiny as displayed in fig. 4.
We measure BK on ensembles at 4 different lattice spacings and a variety of pion and kaon
masses. Renormalization is again performed nonperturbatively in the RI-MOM scheme.15 For
each lattice spacing, we interpolate the renormalized BK to physical pion and kaon masses using
various interpolators (see fig. 5) and the resulting physical value is extrapolated to the continuum
(see fig. 6).a In addition to the finite volume corrections on pion masses, we also apply finite
volume corrections to BK .16
a

In fact, both the interpolation to the physical point and the continuum extrapolation are technically performed
in one combined, global fit.
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Both interpolation to physical pion and kaon masses as well as the continuum extrapolation
turn out to be very mild. In addition, the effect of finite volume corrections is even smaller than
it was on quark masses. Consequently, the systematic error of our result is less than half the
statistical error and we obtain
RI−MOM
BK
(3.5GeV ) = 0.5308(56)(23)

(4)

as our final, fully nonperturbative result.
For further conversion of (4) into other schemes, we use results for the 2-loop running.17,18
Adding a conservative perturbative conversion uncertainty of 1%, we obtain
MS−NDR
BK
(2GeV ) = 0.5644(59)stat (25)sys (56)PT

B̂K

= 0.7727(81)stat (34)sys (77)PT

(5)
(6)

19
The latter is compatible with the prediction B̂K = 0.83 +0.21
−0.15 from a global CKM fit.
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CP violation in charm and other recent charm results from LHCb
Jonas Rademacker on behalf of LHCb
H H Wills Physics Laboratory, University of Bristol, BS8 1TL, UK
The LHCb experiment has accumulated an unprecedented sample of charm data. In these
proceedings we present measurements of CP violation and rare in charm in LHCb data accumulated in 2010 and 2011. Many of these measurements are the most precise today.

1

Introduction

The LHCb experiment 1 is designed to exploit the huge bb cross section at pp collisions at
LHC energies 2 for precision flavour physics. The same characteristics that optimise LHCb for
b physics, also make it an excellent charm physics experiment, benefiting from a charm cross
section of (6.10 ± 0.93) mb in 7 TeV proton-proton collisions 3 , approximately 20× larger than
the bb cross section. In these proceedings we present recent LHCb results for CP violation in
charm and, new for this conference, results on the rare decay D0 → µ+ µ− .
2

Data sample and flavour tagging

The results reported here use a variety of LHCb data samples, from 29 pb−1 up to 0.92 fb−1 of
2010/2011 data, approximately half the recorded data sample at the time of publication of these
proceedings (July 2012).
A common feature amongst the analyses described below is the identification the flavour
0
of the D meson be reconstructing the decays D∗+ → D0 πs+ and D∗− → D πs− . The charge of
the “slow pion”, πs± (which derives this name from the fact that it is nearly at rest in the D∗±
frame), tags the flavour of the D meson. The characteristic kinematics of the D∗+ → D0 πs+
also provide excellent background rejection, the “D∗ -trick” is therefore also used in untagged
analyses to provide very clean data samples.
3
3.1

Time-dependent CP violation
D Mixing and CP violation parameters
0

Like other neutral mesons, the D0 and D mesons mix to form mass eigenstates
0

|D01 i = p|D0 i + q|D i ,

0

|D02 i = p|D0 i − q|D i.

(1)

The interference between mixing and decay to a CP eigenstate fCP is sensitive to the parameter
λf ≡

q Af
q Af iφ
= −ηCP
e
p Af
p Af

(2)
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Figure 1: Proper-time fit projections of (left) D0 → K+ K− and (right) D → K+ K− candidates. Shown are data
(points), the total fit (green, solid), the prompt signal (blue, short-dashed), and the secondary signal (purple,
long-dashed).
0

where Af and Af are the decay amplitudes of D0 and D to fCP , respectively, and ηCP is the CP
eigenvalue of the final state. The CP violating phase φ is usually assumed to be independent of
fCP to a good approximation 4,5 , and taken as the phase of q/p. Further, we define 6 :
Am

1
≡
2



q
p
−
p
q



q
≈
− 1,
p

1
Ad ≡
2

Af
Af
−
Af
Af

!

≈

Af
−1
Af

(3)

which parametrise CP violation in the mixing and direct CP violation, respectively.
3.2

Time dependent mixing and CP violation measurements at LHCb

We report recent LHCb measurements 7 of mixing and CP-violation parameters in time-dependent
analyses of the decays D0 → KK, D0 → Kπ and D0 → ππ (CP-conjugate decay modes are implied throughout). We define the following observables in terms of the D lifetimes τ 6,8 :
τ D0 → K − π+
1
1
− 1 ≈ y 1 − A2m cos φ − Am x sin φ
τ (D0 → KK)
8
2


≡

yCP





(4)

and
AΓ ≡



0





0



τ D → K + K − − τ D0 → K + K −



τ D → K + K − + τ (D0 → K + K − )

≈

1
(Am + Ad ) y cos φ − x sin φ
2

(5)

where K+ K− can be substituted for any CP-even state, including π + π − . The parameters x and
y are the usual charm mixing parameters related to the mass and lifetime difference between
the mass eigenstates respectively. In the absence of CP violation, yCP = y and AΓ = 0.
Both observables have the attractive feature that many experimental uncertainties cancel in the
measured ratio.
The LHCb hadronic trigger exploits the relatively long lifetimes of B and D hadrons, and
triggers on signatures indicating detached decay vertices. This results in one of the main experimental challenges for lifetime measurements at LHCb, as it biases in the measured lifetime
distribution. In the analysis shown here 7 , this bias is removed in a data driven, simulationindependent way 9,10,11,12,13 . The good match of the fitted distribution and the data in Fig. 1,
especially at low lifetimes where the shape is dominated by the trigger efficiency, demonstrates
the success of this method. Using 29 pb−1 of 2010 data, LHCb obtain the following results for
the charm mixing and CP-violation parameters defined in Eqs. 4 and 5:
yCP = (5.5 ± 6.3stat ± 4.1syst ) · 10−3

and
AΓ = (−5.9 ± 5.9stat ± 2.1syst ) · 10−3
This compares to a previous world average 14 of yCP = (11.1±2.2)·10−3 and AΓ = (1.2±2.5)·10−3 .
We expect significant improvements with the full dataset not only in the statistical but also in
the systematic uncertainty.
4

Direct CP violation

Especially singly Cabibbo suppressed decays, which can proceed both via tree and via penguin
amplitudes, are sensitive to CP violating phases. CP violating phases exist in the SM penguin
contributions, but their contribution is expected to be small. BSM physics could significantly
enhance CP violation in these processes.
4.1

Direct CP violation D0 → KK and D0 → ππ, ∆ACP

We define the CP-violating rate asymmetry ACP (f ) between CP-conjugate decays, D0 → f
0
versus D → f (where f and f are CP-conjugate final states):
0

ACP (f ) ≡

Γ(D0 → f ) − Γ(D → f )
0

Γ(D0 → f ) + Γ(D → f )

(6)

Choosing as final states K+ K− and π + π − ensures that there are no detection asymmetries
related to the final state of the D0 . Production asymmetries and detection asymmetries related
to the “slow pion” πs are independent of the D0 decay mode and cancel to first order in the
difference
∆ACP ≡ ACP (KK) − ACP (ππ).

(7)

Because the asymmetries involved are small, higher order effects are negligible at the current
experimental precision. Isospin considerations suggest that for direct CP violation Adir
CP (KK) ≈
dir
15
−ACP (ππ) , so that we expect the direct CP-violation signal to be enhanced in this difference
compared to individual measurements. Signals induced by time-dependent CP violation would
largely cancel in the difference 4,5,16 .
Correlations between the production kinematics and detection efficiencies can destroy the
exact cancellation of the production and detection asymmetries in ∆ACP . To remove such
correlations, the data are analysed in 3-dimensional bins of transverse momentum pT and pseu0
dorapidity η of the D0 /D , and the momentum pπs of the slow pion.
Using 0.62 fb−1 of 2011 data, LHCb obtain the following result 16 :
∆ACP = [−0.82 ± 0.21(stat) ± 0.11(sys)] %
which is 3.5σ different from zero. The result is found to be stable (amongst others) across
different kinematic bins, data taking periods, magnet orientations and detector regions.
This result is compatible with the previous world average 14 as well as the more recent result
by CDF 17 - leading to a new world average of ∆ACP = [−0.62 ± 0.17] % 14 . The LHCb results
constitutes the first evidence of CP violation in the charm sector, at a level that is somewhat
larger than expected 4,18,19 , but that might still be compatible with the SM 20,21,22,23,24 , although
many explanations beyond the SM have been proposed 25,26,27,28,29 . At the same time, it excludes
BSM models that predict ∆ACP significantly larger than O(1%).
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this branching fraction had been set by BELLE with B(D0 → µ+ µ− ) < 1.4 · 10−7 at 90% C.L. 36 .
Using 0.9 fb−1 of data, LHCb searches for D0 → µ+ µ− in the decay chain D∗ → D(µµ)π,

exploiting the characteristic decay kinematics of the D∗ allow for excellent background selection. The kinematically nearly identical mode D∗ → D(ππ)π is used for normalisation, and the
extremely prolific D∗ → D(Kπ)π for a variety of careful cross checks, including the important
µ/π particle mis-ID rate.
The invariant mass distribution of the µµ candidates, and the distribution of the reconstructed difference between the D∗ candidate mass and the D0 candidate mass are shown in in
Fig. 3. The plots also show the various contributions of the simultaneous fit to these distributions. The size of the D∗ → D(µµ)π contribution is compatible with 0, leading to an upper limit
of the D0 → µ+ µ− branching fraction of 37 .
B(D0 → µ+ µ− ) < 1.3 · 10−8 at 95% C.L.
B(D0 → µ+ µ− ) < 1.1 · 10−8 at 90% C.L.
which is more than an order of magnitude improvement compared to the previous best result.
6

Conclusion

The LHCb experiment at CERN is collecting vast and remarkably clean charm samples. The
precision study of charm with these unprecedented data allows for a new level of sensitivity to
physics beyond the Standard Model. We report several world-leading results in the search for
CP violation in charm, including the first evidence of CP violation in charm in D0 → KK and
D0 → ππ decays. We also present for the first time LHCb’s limit of the branching fraction of the
rare decay D0 → µ+ µ− which surpasses previous limits by more than an order of magnitude.
At this point, no clear evidence of physics beyond the Standard Model has emerged. As
LHCb’s data sample is expanding, the phase space for new physics models is contracting rapidly.
The absence of any clear BSM signal in flavour physics, despite strong theoretical motivations
for new physics at the TeV scale, remains one of the biggest puzzles in particle physics, and one
of the strongest constraints on new physics models.
The limits and the sensitivities to BSM physics reported here are set improve further significantly with data sets set to more than double in 2012, and further increases even during the
planned LHC shutdown as re-processing with upgraded computing infrastructure will result in
a significant increase in charm data available for analysis.
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Single Top Physics at ATLAS
Martin zur Nedden, on behalf of the ATLAS Collaboration
Institut für Physik, Humboldt-Universität zu Berlin,
Newtonstrasse 15, 12489 Berlin, Germany
The measurement of single-top production opens up a wide field for tests of the Standard
Model and searches for phenomena beyond as e.g. charged Higgs H + or W ′ . Furthermore,
many experimental benchmarks for physics object identification to be used for searches can
be measured. In contrast to the top-pair production, top quarks are produced in electro-weak
interactions. Making use of a luminosity from 0.7 fb−1 up to 2.05 fb−1 the ATLAS experiment
was searching for all three channels predicted by the standard model. Where the t-channel
was observed, upper limits at 95 % C.L. could be determined for the other two channels.
Based on the Standard Model analysis, a search for Flavour Changing Neutral Currents was
performed giving a new upper limit on the branching ratios.

1

Single Top Channels and Event Selection

Top quarks are predominantly produced as tt̄ pairs via the flavour-conserving strong interaction.
Alternatively, single-top quarks can be produced in weak interactions involving a W − t − b
vertex. Three sub-processes contribute to single-top quark production, the exchange of a virtual
W boson in the t-channel or in the s-channel and the associated production of a top quark
and an on-shell W -boson. The dominant process with the highest cross section at the LHC
is the t-channel production (Fig. 1, left) followed by the associated W t production (Fig. 1,
middle) and finally the smallest contribution originates from the s-channel (Fig. 1, right). The
√
production cross sections were predicted for a centre of mass energy of s = 7 TeV for colliding
protons at the LHC and a top quark mass of mt = 172.5 GeV to be for the leading t-channel 1 as
σt−channel = (64.2±2.6) pb, for the associated W t-production 2 to be σW t−channel = (15.6±1.3) pb
and finally for the s-channel 3 a value of σs−channel = (4.6 ± 0.2) pb was calculated. In these
proceedings searches for single-top quark production with the ATLAS experiment 4 are presented.
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Figure 1: The Feynman graphs for the production channels of single-top quarks: t-channel (left), associated
W t-production (middle) and s-channel (right).

Single-top quark final states provide a direct probe of the W − t − b coupling and are

sensitive to various models of physics beyond the Standard Model as e.g. Flavour Changing
Neutral Currents (FCNC), searches for W ′ → tb or charged MSSM Higgs-Bosons H ± . At the
LHC, the measurement of the single-top production in all channels could be established in cutbased and Neural Network (NN) analyses with the data collected in 2011 so far. The W boson
from the top quark decay is reconstructed in the leptonic decay mode leading to one charged
lepton (e or µ) in the final state at high transverse momentum pT and missing transverse energy
miss . Additionally, the requirement of at least one b-quark tagged jet depending on the final
ET
state is one of the most important possibilities to reduce the high background contamination
further.
The event selection and the definition of the physics objects used is done for all top quarks
analyses in common. The trigger used is based on the high pT single lepton origin from the
leptonic W -decay to suppress the high QCD background. Accordingly, the required exactly
one charged lepton with pT > 25 GeV must be trigger matched and isolated. The presence of
miss > 25 GeV for s, t-channels
at least one neutrino leads to a missing transverse energy of ET
miss > 50 GeV for the W t-channel. Additionally, a QCD multi-jet veto is applied by
and ET
miss > 60 GeV. Finally for the jets, an anti-kT algorithm with ∆R = 0.4 5 is
MT (W ) + ET
used. They are required to have pT > 25 GeV (t, s-channel) and 30 GeV for the W t-channel
respectively. In rapidity, they are restricted to be within |η| < 4.5 for the t-channel and |η| < 2.5
for the W t- and s-channel. If a b-tag is required, which is based on the probability density
function of impact parameter and secondary vertex distributions, the rapidity region must be
restricted to the acceptance of the tracking systems of |η| < 2.5.
The single-top quark analyses performed at the ATLAS experiment are all based on the
object selection described above. In this summary, the following analyses are discussed:
• t-channel, with exactly one lepton, two or three jets (one b-tagged) and missing transverse
energy in the final state;
• W t-channel in the di-lepton decay, with two leptons, exactly one jet (b-tagged) and missing
transverse energy in the final state;
• s-channel, with exactly one lepton, exactly two b-tagged jets and missing transverse energy
in the final state.
The main background contributions are coming from top-pair events, QCD and W/Z with heavy
flavour jets (c, b) in the final state. Additionally, the W W , W Z and ZZ productions can have
similar signatures. Finally, for the di-lepton channel of the associated W t-production there is a
not negligible contribution from Z with jets in the final state. The search for FCNC was done
based on the topology of the t-channel selection.
2

The t-Channel

The analysis for the t-channel 6 follows a cut based approach with a likelihood fit (2 and 3
jet selection) or is alternatively making use of a NN decision (2 jet selection only). The
cuts chosen are: |η(lepton − jet)| > 2.0, HT > 210 GeV, 150 GeV < Mlνb < 190 GeV and
∆η(b − jet1 , light − jet1 ) > 1.0 All variables are in good agreement between data and Monte
Carlo simulation expectations. In Fig.2 the distribution of Mlνb is shown after all cuts except
the cut on Mlνb itself.
The main backgrounds are from QCD multi-jet events, W boson production in association
with jets and top-pairs tt̄. Smaller backgrounds originate from Z+jets, W t- and s-channel
single-top production and di-boson production. The smaller background contributions as well
as the tt̄ background are normalised to their theory predictions.
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Figure 2: Results of the t-channel analysis: Distribution of the top quark mass Mlνb in the 2-jet sample after all
selection cuts except the cut on Mlνb itself (left), distribution of the lepton flavour and charge after the cut based
selection in the 2-jet bin (middle) and the neural network output in the 2-jet bin normalised to the result of the
binned likelihood fit.

The obtained results based on 0.70 fb−1 of data are shown in Fig. 2. In the cut based analysis,
a profile likelihood was used to evaluate the event yields and to incorporate the systematic
uncertainties. To optimise the statistical power, a separation in lepton flavour and charge was
done. The measured cross section of σt−channel = (90±9(stat.)+31
−20 (sys.)) pb is in good agreement
with the SM prediction of σt−channel,SM = (64.2 ± 2.6) pb. The dominating contributions to the
systematic uncertainty origin from b-tagging (+18
−13 %) and initial/final state radiation (±13%).
As the cut based method uses both 2- and 3-jet channels and has a slightly smaller overall
uncertainty (σt−channel,NN = (105 ± 7(stat.)+36
−30 (sys.)) pb), it is chosen as the baseline result.
3

The Wt-Channel

In the case of the associated W t-production, there are two W -bosons in the final state leading to
two channels: one, where both W are decaying leptonically leading to two charged leptons and
only one jet, and one, where one W decays leptonically where the other one decays hadronically
leading to only one charged lepton and three jets in the final sate. In the analysis presented here
7 , only the di-lepton final states are considered. For the final, cut based selection, exactly two
opposite sign leptons (ee, eµ, µµ) and exactly one jet (not b-tagged) are required. Since the signal
miss > 50 GeV. In the
also contains neutrinos, the missing transverse energy is requested to be ET
ee and µµ-channel the large Drell-Yan background (Z → ll) is drastically reduced by applying
a veto cut on the Z-mass of |M (ll) − M (Z)| > 10 GeV. The remaining dangerous background
originates finally from Z → τ τ . This is reduced by applying a cut on the angle formed between
each lepton and the direction of the reconstructed missing transverse momentum (triangle cut)
as shown in Fig. 3. The value of the lower threshold is set to optimise the rejection of Z events
miss ) + ∆φ(l , E miss ) > 2.5
while preserving as much signal events as possible to ∆φ(l1 , ET
1
T
The main sources of remaining backgrounds are fake leptons and Drell-Yan processes. Both
contaminations are estimated based on data driven methods, in the case of fake leptons with the
so called matrix method 8 and for the Drell-Yan processes with a method applying orthogonal
cuts on two variables to define a set of signal- and background regions (ABCDEF method).
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Figure 3: Results of the W t-channel: Impact of the triangle cut indicated by a line (left) and the observed
likelihood ratio (red dashed) and profile likelihood (blue solid) curves for the combined cross section extraction.

The background contamination in the signal region is measured using two background enriched
regions extrapolating the rate into the signal region.
The extraction of the W t-channel production cross section is treated a a counting experiment
and modelled using a likelihood function including for each channel a Poisson term in the number
of observed events with expectation values summing the expected contributions from signal and
all MC- or data driven backgrounds. The main systematic uncertainties are originating from the
+29
+30
jet energy scale (+34
−35 %), jet energy resolution (−32 %), reconstruction efficiency (−33 %) and MC
+5.3
+9.7
generators (+16
−11 %). The observed cross section of σWt−channel = (14.3 ±−5.1 (stat.)−9.4 (sys.)) pb
is in good agreement with the SM prediction of σt−channel,SM = (15.6 ± 1.3) pb as can be seen
in Fig. 3. The 95 % C.L. observed limit is σWt−channel < 39 pb. The probability to obtain an
equivalent or higher cross section in the absence of a signal corresponds to a significance of 1.2
standard deviations.
4

The s-Channel

The s-channel production is particularly interesting at the LHC since it is sensitive to several
models of new physics as W ′ or charged Higgs bosons production. Furthermore, techniques
developed for the s-channel can be used for a search of tb̄ resonances. However, with a prediction
cross section in NLO calculations of (4.6 ± 0.3) pb this is the smallest contribution to the singletop quark production. The signature is similar to the t-channel selection expecting no forward
jet and two central b-jets. The most efficient background reduction could achieved by a double
b-tag.
The normalisation of the dominating background contribution, originating from multi-jets,
is estimated using a binned likelihood fit to the ETmiss distribution. The shape is taken from
a sample, where a jet is required to have a similar detector signature as an electron instead
of the isolated lepton. The distributions for the W +jets backgrounds are taken from Monte
Carlo samples, while the overall normalisation and the flavour composition suffering from large
theoretical uncertainties, are derived from data.
The extraction of the s-channel single-top quark signal is challenging since it is overwhelmed
by large background processes with the same final state as W +jets and tt̄. A simple cut based
analysis method is applied using a few discriminate variables well modelled by the simulation.
This is shown in Fig. 4 for the top quark mass. The main uncertainties of the measurement
are coming from statistics (±100 %), b-tagging (+20
−30 %), luminosity (±50 %), MC generator
%)
and
QCD
normalisation
(±40
%)
leading to a total uncertainty of +150
modelling (+20
−160 %.
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Figure 4: Results of the s-channel: the top quark mass distribution Mlνb after the cut based selection (left) and
the log-likelihood ratio (red) and profile likelihood (blue) for the observed limit as a function of the ratio σobs /σSM
(right). The lines are indicating the 68%, 90% and 95% confidence levels.

elled by a likelihood function including a Poisson term in the observed number of events N obs
with expectation value N exp , which is the sum of the expected contributions from signal and
all backgrounds evaluated in MC or data-driven. The cross section is obtained by fitting the
maximum likelihood estimate and the effect of the uncertainties is inferred from the shapes of
the likelihood ratio and profile likelihood respectively (Fig. 4). A two-sided 95 % confidence
interval is formed where the upper bound is quoted as the upper limit on the production cross
section. An observed (expected) upper limit of 26.5 (20.5) pb is measured corresponding to
about 5 times the Standard Model prediction of 4.6 pb.
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Search for Flavour Changing Neutral Currents with Single Top Quarks
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In the Standard Model, Flavour Changing Neutral Current (FCNC) are forbidden on the tree
level and are highly suppressed at higher order due to the GIM-mechanism 10 . Extensions of
the Standard Model with new sources of flavour predict higher rates for FCNCs involving the
top quark. The FCNC top quark decay can be studied in principle directly by searching for
final states with the corresponding decay particles. However, the t → qg mode, where q denotes
either an up-quark u or a charm-quark c, is almost impossible to separate from generic multijets-production via QCD processes. The search preformed at the ATLAS experiment 11 with an
integrated luminosity of 2.05 fb−1 is based on the single-top t-channel. Since the signal process
gives rise to only one high-pT b-quark jet, exactly one reconstructed jet with pT > 25 GeV is
required in contrast to the t-channel selection. Additionally, the selected jet has to be tagged
as a b-jet.
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Figure 5: Results of the search for Flavour Changing Neutral Currents: Neural Network output distribution
scaled to the number of observed events in the b-tagged sample (left), distribution of the posterior probability
function including all uncertainties for the observed upper limit at 95% C.L. (middle) and the upper limit on the
branching fractions t → ug and t → cg (right).

Given the large uncertainty of the expected background and the small number of expected
signal events, a multivariate analysis technique is applied to separate signal events from background. The neural network output distribution scaled to the number of observed events is
shown in Fig. 5. A Bayesian statistical analysis using a binned likelihood method is performed
to set an upper limit on the the FCNC single-top quark production cross section. The posterior
density function (PDF) is obtained by creating a large number of samples of systematic shifts.
A separate likelihood distribution is obtained for each sample and the final PDF is the the sum
over all individual likelihoods giving the probability of the signal hypothesis as a function of the
signal cross section. Since no significant rate of FCNC single-top quarks are observed, upper
limits are set by integrating the PDFs.
The resulting expected upper limit at 95 % confidence level (Fig. 5) on the anomalous
FCNC single-top quark production cross section including all uncertainties is 2.4 pb, while the
observed limit is at 3.9 pb. Using the NLO predictions for the FCNC single-top quark production
cross section, the measured upper limit on the production cross section is converted into a
limit on the coupling constants κugt /Λ and κcgt /Λ. Assuming κcgt /Λ = 0 one finds κugt /Λ <
6.9 · 10−3 TeV−1 and accordingly for κugt /Λ = 0 the result is κcgt /Λ < 1.6 · 10−2 TeV−1 . With
the NLO calculation, finally upper limits for the branching fractions of B(t → ug) < 5.7 · 10−5
(B(t → cg) = 0) and B(t → cg) < 2.7 · 10−4 (B(t → ug) = 0) were found (Fig. 5).
6

Conclusions

At the ATLAS experiment, the analyses for all single-top channels could be established with
the data of 2011. The cross section measurements for the t-channel and the associated W t
production are compatible with the Standard Model expectations. For the s-channel, a 95 %
C.L. could be set on the upper limit of the cross section, which is also in agreement with the
prediction. Furthermore, the t-channel selection was used to derive uper limits for the branching
ratios t → ug/cg (Flavour Changing Neutral Currents) using NLO calculations, but there was
no evidence observed. In all analyses, the background estimations were done if possible data
driven and advanced analysis methods based on Neural Networks could be established.
In the next upcoming analyses, ATLAS is updating all channels to the full 2011 data set of
4.7 fb−1 and more searches for physics beyond the SM are performed, as heavy W ′ bosons or
charged Higgs. Accordingly, many beautiful results are expected soon in 2012.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

N. Kinodakis, Phys. Rev. D83(2011)091503
N. Kinodakis, Phys. Rev. D82(2010)054018
N. Kinodakis, Phys. Rev. D81(2010)054028
The ATLAS Collaboration, JINST 3, S08003 (2008)
M. Cacciari, G.P. Salam, G. Sozez, JHEP 04(2008)63
The ATLAS Collaboration, ATLAS-CONF-2011-101
The ATLAS Collaboration, ATLAS-CONF-2011-104
The ATLAS Collaboration, Eur.Phy.J. C71(2011)1577
The ATLAS Collaboration, ATLAS-CONF-2011-118
S.L. Glashow, J. Iliopoulos, L. Maiani, Phys. Rev. D2(1970)1285
The ATLAS Collaboration, arXiv:1203.0529, submitted to Phys.Lett.B

TOP QUARK PRODUCTION AT THE TEVATRON
SANDRA LEONE
(for the CDF and D0 Collaborations)
I.N.F.N., Sezione di Pisa, Largo B. Pontecorvo, 3,
56127 Pisa, Italy.

We present the most recent results on top pairs and single top production obtained at the
Fermilab Tevatron Collider by the CDF and D0 collaborations. We show the cross section
measurements, the tt̄ forward-backward asymmetry analysis results, the ratio of branching
fractions R measurement, the determination of the CKM matrix element Vtb and search for
anomalous top quark production.

1

Introduction

√
The Tevatron Collider provided proton–antiproton collisions at a center of mass energy s =
1.96 TeV until september 30, 2011, when it was deﬁnitely shut down. CDF and D0 were the two
multipurpose detectors taking data at the Tevatron. Since the beginning of Run II in 2001, the
accelerator performances have been improving and more than 10 fb−1 of integrated luminosity
have been delivered to each experiment. The analyses described in the following are based on
up to 8.7 fb−1 of data (the full Run II dataset).
2

Top Quark Production

The top quark was discovered in 1995 at the Tevatron 1 . It is the most massive of the known
elementary particles. A consequence of its large mass is that the top quark is the only quark
that decays before hadronizing, and thus its properties are retained by its decay products.
At the Tevatron center of mass energy top quarks are produced primarily in tt̄ pairs via the
strong process q q̄(gg) → tt̄ 2 . In the Standard Model (SM) each top quark decays through
charged current weak interaction almost exclusively into a real W and a b quark (t → W b).
Each W subsequently decays into either a charged lepton and a neutrino or two quarks. The
tt̄ → W + bW − b̄ events can thus be identiﬁed by means of diﬀerent combinations of energetic

leptons (e or μ) and jets and are labeled as dilepton, single lepton plus jets or all–hadronic,
depending on whether a leptonic decay has occurred in both, only one, or none of the two
ﬁnal–state W bosons respectively.
SM predicts that top quarks can be produced also singly, through electroweak s–channel or
t–channel exchange of a virtual W boson. Single top production was observed at the Tevatron
in 2009 3 . The experimental signature consists of the W decay products plus two or three jets,
including one b quark jet from the decay of the top quark. In s–channel events a second b quark
jet comes from the W tb vertex. In t–channel events a second jet originates from the recoiling
light–quark and a third low–ET jet is produced at larger η through the splitting of the initial
state gluon into a bb̄ pair.
A large sample of top quarks collected by the CDF and D0 experiments allows to perform
precision measurements of top production.
2.1

Top Pair Cross Section Measurement

By measuring the tt̄ production cross section σtt̄ in many decay channels and comparing it to
perturbative QCD calculations, one can test the SM predictions in great detail. The most precise
measurements come from the single lepton plus jets signature. Figure 1–left (1–right) shows a
summary of CDF (D0) tt̄ cross section measurements in various decay channels and obtained
using various techniques. All results are consistent among channels and experiments, and are in
excellent agreement with NLO calculations 4 .
Since a large component (about 6%) of the experimental uncertainty on the tt̄ cross section
is due to the uncertainty on the luminosity determination, CDF obtained a higher precision by
measuring the ratio of tt̄ to Z–boson cross section σtt̄ /σZ and using the theoretical Z boson
cross section calculation as input. With such an approach, the uncertainty on the luminosity
cancels out and the most accurate determination of the tt̄ cross section is found: σtt̄ = 7.70 ±
0.52 pb 5 for a top quark mass of 172.5 GeV/c2 . The experimental uncertainty is below 7%.

Figure 1: Summary of tt̄ cross section measurements. Left: CDF, Right: D0.

2.2

Single Top Production

Approximate NNLO calculation predicts the single top production cross section to be σs = 1.04
± 0.04 pb and σt = 2.26 ± 0.12 pb in the s and t channels respectively, for Mtop = 172.5 GeV/c2 ,
about half than the pair production cross section, and with a much larger background 6 . On the
other hand, the single top mechanism provides direct access to the Vtb CKM matrix element,
and can be used to test the V − A structure of the top charged current interaction.

DØ 5.4 fb

Posterior density

t-channel cross section [pb]

D0 updated the single top observation analysis using 5.4 fb−1 of data and measured the combined s + t channel cross section, using three diﬀerent multivariate discriminants. The outputs
of the individual methods have a 70% correlation, and are combined using a Bayesian Neural
7
Network. The measured cross section is σ(s + t) = 3.43+0.73
−0.74 pb (assuming SM relative production rates for t and s channels). Potential contributions from new physics can aﬀect diﬀerently
the s and t production channels, therefore it is important to perform single top cross section
measurements in the s and t channels separately. D0 made a model–independent measurement
of the t–channel single top production 8 . In this analysis a two–dimensional posterior probability
density is built as a function of s–channel and t–channel, with no constrains on their relative
contribution. The posterior probability is integrated over the s–axis to obtain a one dimensional
posterior used to extract the t–channel cross section: σ(t) = 2.90 ± 0.59 pb, with an observed
(expected) signiﬁcance of 5.5 (4.6) standard deviations (see Figure 2 (left)).
CDF recently performed a combined s + t single top cross section measurement based on 7.5
−1
fb of data and using a Neural Network discriminant 9 . The measured cross section is: σ(s + t)
= 3.04+0.57
−0.53 pb (see Figure 3 (left)).
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Figure 3: CDF Single top production. Left: Output of the NN discriminant. Right: |Vtb | lower limit.

2.3

Measurement of |Vtb | from single top cross section

Single top cross section is proportional to the |Vtb |2 CKM matrix element, enabling to measure
|Vtb | directly without any assumption on the number of quark families or the unitarity of the
CKM matrix. CDF obtains the |Vtb |2 posterior by dividing the measured cross section by the

theoretical single top cross section. CDF ﬁnds: |Vtb | = 0.92+0.10
−0.08 (stat.+syst) ± 0.05(theory)
and a lower limit: |Vtb | > 0.78 at 95% C.L. assuming a ﬂat prior in |Vtb |2 from 0 to 1 (see
Figure 3 (right)) 9 . D0 assumes that top quarks can decay exclusively into W b and that the W tb
vertex is CP –conserving and consistent with the V − A mechanism. These assumptions allow
an anomalous strenght of the left–handed W tb coupling f1L . Therefore D0 measures: |Vtb f1L | =
L
1.02+0.10
−0.11 . A limit |Vtb | > 0.79 at 95% C.L. is extracted if f1 is assumed to be one and |Vtb | can
7
vary from 0 to 1 (see Figure 2 (right)) .
3

Ratio of branching fractions R

A measurement of the σtt̄ can be used to measure Vtb indirectly, by measuring the ratio of
branching fractions R:
R=

|Vtb |2
B(t → W b)
=
B(t → W q)
|Vtb |2 + |Vts |2 + |Vtd |2

with q being a d, s or b quark. SM predicts R = 1 (constrained by the unitarity of the CKM
matrix). R < 1 could indicate the presence of new physics (like the existence of additional
quark families). D0 performed a simultaneous measurement of R and σtt̄ using dilepton and
single lepton plus jets events in 5.4 fb−1 of data 10 . D0 ﬁnds: σtt̄ = 7.74+0.67
−0.57 pb and R = 0.90
± 0.04, from which a lower limit on |Vtb | is extracted: |Vtb | > 0.88 at 99.7% C.L.. CDF has a
preliminary measurement obtained using single lepton plus jets events with either one or two
identiﬁed b–jets, based on 7.5 fb−1 of data 11 . The CDF simultaneous measurement of σtt̄ and
R yields: σtt̄ = 7.4 ± 1.1 pb, R = 0.91 ± 0.09 and |Vtb | = 0.95 ± 0.05.
4

Forward-Backward Asymmetry in tt̄ Production

The measurement of the forward–backward asymmetry in tt̄ events is a probe of the SM nature
of the top quark. The strong process q q̄ → tt̄ is symmetric in production angle except for a
small charge asymmetry (of the order of 7%) arising from higher order QCD 12 . In 2011 CDF
and D0 published asymmetry results in the single lepton plus jets mode, based on 5.4 fb−1 of
data 13 . CDF investigated the asymmetry as a function of the rapidity diﬀerence between top
and antitop quarks Δy, and as a function of the top–antitop system invariant mass Mtt̄ . At
high invariant mass of the system the asymmetry was consistently above the prediction. D0 also
observed a larger–than–expected asymmetry. CDF presented also an independent measurement
in the dilepton decay mode 14 which showed a positive deviation from SM predictions.
Recently CDF updated the asymmetry measurement in the single lepton plus jets channel,
using the whole Run II dataset, (8.7 fb−1 of data) 15 . Parton-level results are derived with a
fully general multi-bin correction procedure assuming the acceptance and resolution of the SM
NLO generator Powheg 16 . Figure 5 (left) shows the parton level Δy distribution. The observed
inclusive asymmetry is Af b = 0.162 ± 0.041 ± 0.022. Figure 5 (right) shows the parton level
Af b as a function of Mtt̄ with a best-ﬁt line superimposed. The linear mass dependence slope
of (15.6±5.0)×10−4 can be compared to the expected NLO slope of 3.3×10−4 .
5

Search for new physics in top production

Several searches for new physics in the top sector were performed by both CDF and D0. Here
we report the results of just a couple of the most recent analyses.
Both experiments searched for resonant production of tt̄ in the single lepton plus jets decay
channel 17 . Figure 6 shows the 95% C.L. upper limits on the cross section for resonance produc-

Figure 4: CDF tt̄ Forward–Backward Asymmetry at parton level. Left: Δy distribution. Right: Af b as a function
of Mtt̄ with best–ﬁt line.
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tion for CDF (left) and D0 (right). CDF (D0) excludes at 95% C.L. a Z with MZ  < 900 (835)
GeV/c2 if its width is 1.2% of its mass.
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Figure 5: Search for a narrow Mtt̄ resonance. Left: CDF limit. Right: D0 limit.

Recently CDF presented a search for a heavy new particle M produced in association with
a top quark (pp̄ → M t/M t̄) and decaying via M → t̄q/tq, leading to a resonance in the t̄/t+jet
system of tt̄+extra jet events 18 . CDF analyzed 8.7 fb−1 of data, selecting events with exactly one
lepton, missing transverse energy and at least ﬁve jets. Figure 7 (left) shows the reconstructed
top+jet mass on a logarithmic scale. The data are consistent with SM, so upper limits from
0.61 pb to 0.02 pb for resonances ranging from 200 to 800 GeV/c2 are set (see Figure 7 (right)).

6

Conclusions

The Tevatron experiments studied top quark properties in great details for 15 years. They
keep providing precise measurements of the top pair production cross section, challenging the
precision of the theoretical calculations. Electroweak single top production has been established
and its new cross section measurements have a precision exceeding 20%. The study of the
forward–backward asymmetry of top events keeps indicating a discrepancy with current NLO
QCD prediction. On the other hand, no indication of new physics in the production process
has been found. The two collaborations already produced some top results based on the whole
Run II dataset and are working to update all top properties studies. Given the complementarity
with the LHC, the top quark sector at the Tevatron can still oﬀer some challenging results.
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THE tt̄ ASYMMETRY IN THE STANDARD MODEL AND BEYOND
Germán Rodrigo
Instituto de Fı́sica Corpuscular, UVEG - Consejo Superior de Investigaciones Cientı́ficas,
Parc Cientı́fic, 46980 Paterna (Valencia), Spain
A sizable charge asymmetry in top quark pair production has been observed at the Tevatron.
The experimental results seem to exceed systematically the Standard Model theory predictions
by a significant amount and have triggered a large number of suggestions for ’new physics’.
The effect is also visible at the LHC, and preliminary results have already been presented
by the ATLAS and CMS collaborations. In this talk, we review the present status of the
theoretical predictions, and their comparison with the experimental measurements.

1

Introduction

Top quark production at hadron colliders is one of the most active fields of current theoretical
and experimental studies ? , and one of the most promising probe of physics beyond the Standard
Model (SM). Since 2007, sizable differences have been observed between theory predictions ?,?,?,?
for the top quark charge asymmetry and measurements by the CDF ?,?,? and the D0 ?,?,? collaborations at the Tevatron. This discrepancy was particularly pronounced for the subsample of tt̄
pairs with large invariant mass, mtt̄ > 450 GeV, and the asymmetry defined in the tt̄ rest-frame,
where a 3.4σ effect was claimed ? , although recent CDF analysis ? lower this discrepancy in the
large invariant mass region to less than 3σ. D0 also finds a 3σ discrepancy when the asymmetry
is defined in the leptonic decaying products ? . It is interesting to note that both experiments
find systematically a positive excess with respect to the SM.
These discrepancies have triggered a large number of theoretical investigations, using these
results, either to restrict new physics like heavy axigluons ?,? or Kaluza-Klein gluons ? or to
postulate a variety of new phenomena in the t-channel (u-channel) ?,?,? . At the same time, the
robustness of the leading order QCD prediction has been studied in ?,? , where it has been argued
that next-to-leading (NLL) as well as next-to-next-to-leading (NNLL) logarithmic corrections
do not significantly modify the leading order result, in agreement with the approach advocated
in ?,? (Note, however, the large corrections observed for the corresponding studies of the tt̄+jet
sample ? ).
More recently, also the CMS ?,?,? and ATLAS ? collaborations have presented the first measurements of the top quark charge asymmetry at the LHC. Although the experimental errors are
still large, both experiments find central values that lie below the SM prediction ? , in contrast
with the Tevatron results. Other measurements at the LHC are also heavily constraining the
parameter space of the models that have been advocated to explain the excess on the charge
asymmetry at the Tevatron.
In this talk we revisit the SM prediction of the top quark charge asymmetry at the Tevatron
and the LHC ? . We summarize the experimental measurements of the asymmetry and update

the pull of their discrepancy with the SM. We introduce a new quantity Att̄ (Y ), which measures
the charge asymmetry with respect to the average rapidity of top and antitop quarks, being a
suitable observable both at the Tevatron and the LHC. We also analyze the effect of introducing
a cut in the tt̄ transverse momentum as a possible explanation of the discrepancy. Finally, we
comment on beyond the SM contributions to the asymmetry
2

The charge asymmetry in the SM

The dominant contribution to the charge asymmetry originates from q q̄ annihilation ?,? . Specifically, it originates from the interference between the Born amplitudes for q q̄ → QQ̄ and the part
of the one-loop correction, which is antisymmetric under the exchange of the heavy quark and
antiquark (box and crossed box). To compensate the infrared divergences, this virtual correction must be combined with the interference between initial and final state radiation. Diagrams
with triple gluon coupling in both real and virtual corrections give rise to symmetric amplitudes
and can be ignored. The corresponding contribution to the rate is conveniently expressed by
the absorptive contributions (cuts) of the diagrams depicted in Fig ??. A second contribution
to the asymmetry from quark-gluon scattering (“flavor excitation”) hardly contributes to the
asymmetry at the Tevatron. At the LHC, it enhances the asymmetry in suitable chosen kinematical regions ? . CP violation arising from electric or chromoelectric dipole moments of the top
quark do not contribute to the asymmetry, unless the asymmetry is defined through the decay
products.

(a)

(b)

Figure 1: Cut diagrams representing the QCD contribution to the charge asymmetry.

The inclusive charge asymmetry is proportional to the symmetric colour factor d2abc = 40/3,
and it is positive, namely the top quarks are preferentially emitted in the direction of the
incoming quarks at the partonic level ?,? . The colour factor can be understood from the different
behaviour under charge conjugation of the scattering amplitudes with the top and antitop quark
pair in a colour singlet or colour octet state. The positivity of the inclusive asymmetry is a
consequence of the fact that the system will be less perturbed, or in other words will require
less energy, if the outgoing colour field flows in the same direction as the incoming colour field.
On the other hand, radiation of gluons requires to decelerate the colour charges, and thus the
asymmetry of the tt̄+jet sample is negative.
At Tevatron, the charge asymmetry is equivalent to a forward–backward asymmetry as a
consequence of charge conjugation symmetry, and thus top quarks are preferentially emitted in
the direction of the incoming protons. The charge asymmetry can also be investigated in protonproton collisions at the LHC ?,?,? by exploiting the small tt̄ sample produced in annihilation
of valence quarks and antiquarks from the sea. Since valence quarks carry on average more
momentum than sea antiquarks, production of top quarks with larger rapidities will be preferred
in the SM, and antitop quarks will be produced more frequently at smaller rapidities. Figure ??
shows for comparison, qualitatively and not to scale, the rapidity distributions of the top and
the antitop quarks at the Tevatron (left) and the LHC (right).
Diagrams similar to those depicted in Fig. ??, where one of the gluons has been substituted by a photon, also lead to a contribution to the charge asymmetry from mixed QED-QCD
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Figure 2: Not to scale rapidity distributions of top and antitop quarks at the Tevatron (left) and the LHC (right).

corrections. The relative factor between QCD and QED asymmetries amounts to
fqQED = 3

αQED Qt Qq
αS
2

d2abc
4

!2 =

αQED 36
Qt Qq
αS 5

(1)

for one quark species, and to
f QED =

4fuQED + fdQED
αQED 56
=
≈ 0.18 ,
5
αS 25

(2)

after convolution with the PDFs if one considers as a first approximation that the relative
importance of uū versus dd¯ annihilation at the Tevatron is 4 : 1. Thus, to an enhancement
of nearly twenty percent of the QCD asymmetry, in good agreement with the more detailed
numerical studies of ?,? . At the LHC, the relative importance of uū versus dd¯ annihilation is
approximately 2 : 1, thus reducing f QED down to 0.13. Similarly, weak contributions with
the photon replaced by the Z boson should be considered at the same footing. However, as a
consequence of the cancellation between up and down quark contributions, and the smallness
of the weak coupling, the weak corrections at the Tevatron are smaller by more than a factor
10 than the corresponding QED result. For proton-proton collisions the cancellation between
up and down quark contributions is even stronger and the total weak correction is completely
negligible.
3

SM predictions of the charge asymmetry at the Tevatron and the LHC

The charge asymmetry at the Tevatron is equivalent to a forward–backward asymmetry. In the
laboratory frame it is given by either of the following definitions
Alab =

N (yt > 0) − N (yt̄ > 0)
N (yt > 0) − N (yt < 0)
,
=
N (yt > 0) + N (yt < 0)
N (yt > 0) + N (yt̄ > 0)

(3)

requiring to measure the rapidity of either the t or the t̄ for each event. The most recent
experimental analysis measure both rapidities simultaneously, and define the asymmetry in the
variable ∆y = yt −yt̄ , which is invariant under boosts, and thus equivalent to measure the charge
asymmetry in the tt̄ rest-frame:
Att̄ =

N (∆y > 0) − N (∆y < 0)
.
N (∆y > 0) + N (∆y < 0)

(4)

The size of the charge asymmetry in the tt̄ rest-frame is about 50% larger than in the laboratory
frame ? because part of the asymmetry is washed out by the boost from the partonic rest-frame
to the laboratory.
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Figure 3: Universal charge asymmetry Att̄ (Y ) as a function of the mean rapidity Y = (yt + yt̄ )/2. Solid line:
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At the LHC, the charge asymmetry has been defined ?,? through ∆|y| = |yt | − |yt̄ | a
AyC =

N (∆|y| > 0) − N (∆|y| < 0)
.
N (∆|y| > 0) + N (∆|y| < 0)

(5)

A forward–backward asymmetry obviously vanishes in a symmetric machine like the LHC.
The tt̄ asymmetry is thus often called forward–backward asymmetry at the Tevatron and
charge asymmetry at the LHC, but in fact, although the kinematical configurations of the two
machines are different the physical origin of the asymmetry in both cases is the same (see
Fig. ??). However, it is possible to define a universal observable, namely an asymmetry suitable
for both the Tevatron and the LHC, if we measure the charge asymmetry with respect to the
average rapidity Y = (yt + yt̄ )/2 of the top and the antitop quarks. This universal charge
asymmetry ? is obtained by selecting events for a definite average rapidity Y and calculating
their asymmetry as in Eq. (??):
Att̄ (Y ) =

N (∆y > 0) − N (∆y < 0)
.
N (∆y > 0) + N (∆y < 0)

(6)

The theoretical prediction for the differential distribution Att̄ (Y ) as a function of Y is shown
in Fig. ?? (left) for the Tevatron, and in Fig. ?? (right) for the LHC. By construction Att̄ (Y )
is a symmetric function of Y at the Tevatron, and an antisymmetric function of Y at the
LHC. At the Tevatron the asymmetry Att̄ (Y ) is almost flat, at the LHC it resembles a forward–
backward asymmetry. The corresponding integrated asymmetries coincide with the usual charge
asymmetry in the tt̄ rest-frame from Eq. (??), Att̄ (Y ) → Att̄ , and with the charge asymmetry AyC
in Eq. (??) if we select events with Y either positive or negative. The advantage of Eq. (??) for
the LHC is that the size of the asymmetry can be enhanced by selecting events with a minimum
average rapidity Y > Ycut ? . This is relevant because tt̄ production at the LHC, contrary to what
happens at the Tevatron, is dominated by gluon fusion which is symmetric. Therefore, in order
to reach a sizable asymmetry at the LHC it is necessary to introduce selection cuts to suppress
as much as possible the contribution of gluon fusion events, and to enrich the sample with q q̄
events. In particular, gluon fusion is dominant in the central region and can be suppressed by
introducing a cut in the average rapidity Y (or selecting events with large mtt̄ ). Obviously this
is done at the price of lowering the statistics, which, however, is not a problem at the LHC.
a

CMS ? has also used pseudorapidities to define the charge asymmetry with ∆|η| = |ηt | − |ηt̄ |. The size of the
asymmetry in ∆|η| is only slightly higher ? than with ∆|y|.

Table 1: SM asymmetries in the laboratory Alab and the tt̄ rest-frame Att̄ at Tevatron. Predictions are given also
for samples with the top quark pair invariant mass mtt̄ above and below 450 GeV, and with |∆y| = |yt − yt̄ | larger
or smaller than one. Summary of latest experimental results: numbers with ∗ refer to ”reconstruction level”, the
others to parton level. The former cannot be compared directly with the quoted theoretical predictions.

Tevatron
SM laboratory Alab
CDF ?
SM tt̄ rest-frame Att̄
D0 ?
CDF ?

inclusive
0.056 (7)
0.150 (55)
0.087 (10)
0.196 (65)
0.162 (47)

mtt̄ < 450 GeV
0.029 (2)
0.059 (34)∗
0.062 (4)
0.078 (48)∗
0.078 (54)
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Figure 4: Summary of theoretical predictions for the inclusive charge asymmetry at the Tevatron in the tt̄ restframe, Att̄ , and in the large invariant mass region Att̄ (mtt̄ > 450GeV).

Predictions in the SM for the charge asymmetry at the Tevatron in the laboratory frame
and in the tt̄ rest-frame are listed ? in Table ??. In order to compare theoretical results in
the SM with the most recent measurements at Tevatron, predictions in Table ?? are presented
also for samples with mtt̄ larger and smaller than 450 GeV, and with |∆y| = |yt − yt̄ | larger
and smaller than one. These predictions include also the QED and weak (strongly suppressed)
corrections. Those corrections enhance the QCD asymmetry by an overall factor 1.21, which
is slightly different from Eq. (??) due to the deviation of the relative amount of uū and dd¯
contributions from the simple approximation 4 : 1.
The charge asymmetry is the ratio of the antisymmetric cross-section to the symmetric
cross-section. The leading order contribution to the antisymmetric cross-section is a loop effect
(Fig. ??), but the leading order contribution to the symmetric cross-section appears at the
tree-level. This suggest that the charge asymmetry should be normalized to the Born crosssection ?,? , and not the NLO cross-section ? , in spite of the fact that the later is well known,
and is included in several Monte Carlo event generators such as MCFM ? . This procedure ?,?
is furthermore supported by the fact that theoretical predictions resuming leading logarithms
(NLL ? and NNLL ? ) do not modify significantly the central prediction for the asymmetry.
Figure ?? summarizes the state-of-the-art SM predictions for the inclusive asymmetry in
the tt̄ rest-frame, and in the large invariant mass region, mtt̄ > 450 GeV, from different authors ?,?,?,?,? . In order to have a coherent picture, EW corrections have been added to the
predictions presented in ?,?,? , which amount to a factor of about 1.2, and the Monte Carlo based
prediction has also been corrected by an extra factor of 1.3 to account for the normalization to
the NLO cross-section. A nice agreement if found among the different theoretical predictions.

Table 2: SM charge asymmetries AyC , and integrated universal charge asymmetry Acut
tt̄ (Ycut = 0.7), at different
LHC energies. Summary of recent measurements by CMS and ATLAS.

LHC
LHC
LHC
LHC
LHC

7 TeV
8 TeV
14 TeV
7 TeV CMS ?
7 TeV ATLAS ?

AyC
0.0115 (6)
0.0102 (5)
0.0059 (3)
0.004 ± 0.010 ± 0.012
-0.018 ± 0.028 ± 0.023

Acut
tt̄ (Ycut = 0.7)
0.0203 (8)
0.0178 (6)
0.0100 (4)

CDF Hm t t >450 GeVL 8.7 fb
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Figure 5: Comparison of some of the most recent measurements of the charge asymmetry at the Tevatron and
the LHC with the corresponding SM predictions.

There is, moreover, an intense effort in the community to evaluate the tt̄ cross-section at
the next-to-next-to-leading order (NNLO) ?,? . First results have been obtained recently for the
channel q q̄ → tt̄ ? . Thus, all the relevant ingredients to calculate the asymmetry at the next order
are available; NNLO corrections to the gluon fusion channel are not necessary if the asymmetry
is normalized to the NLO cross-section.
The SM predictions for the charge asymmetry AyC in Eq. (??) are listed in Table ?? for
different center-of-mass energies of the LHC, together with the most recent experimental mea√
surements at s = 7 TeV. It is interesting to note that both experiments obtain central values
for the asymmetry that are below the SM prediction. These results, although compatible with
the SM prediction within uncertainties, are in some ”tension” with the Tevatron measurements.
Unless different selection cuts are introduced, the signs of the asymmetry at the Tevatron and
the LHC are generally correlated. A quantitative estimation of this ”tension” is shown in Fig. ??.
It amounts to about 1σ or below, and thus it is still non conclusive. New analysis with larger
statistics should be expected soon, and will reduce further the experimental errors. In fact,
given the amount of data expected to be collected in the current 2012 run of the LHC, the measurements of the asymmetry will become soon dominated by systematics, and not by statistics
as for the Tevatron.
Unfortunately, the asymmetry at the LHC decreases at higher energies because of the larger
gluon fusion contribution. It can, however, be enhanced by selecting events with large rapidities
or large mtt̄ . Theoretical predictions for the universal charge asymmetry in Eq. (??) with Y > 0.7
are also presented in Table ??.

4

Explaining the discrepancy with the SM

In the last years, hundreds of papers have postulated new physics models to explain the discrepancy with the SM, particularly after the publication of the CDF measurement in the high
invariant mass region ? . A new CDF measurements with larger statistics ? define better the slope
of the mtt̄ distribution, showing a persistent depart from the SM, although slightly reducing the
discrepancy. Although smaller than measured, the SM definitely predicts a positive slope in the
mtt̄ distribution. This effect can be understood from the fact that events with real emission
of
√
gluons give a negative contribution to the asymmetry, and from the fact that mtt̄ < ŝ, where
ŝ is the partonic center-of-mass energy of each event. As a consequence, negative contributions
to the asymmetry prefer to be at low values of mtt̄ , while the high invariant mass region receives
less bremsstrahlung contributions. D0 ? also shows results which are consistent with CDF. Thus,
CDF and D0 analysis with full statistics or the combination of both experiments will provide
more accurate results in the future but it is unlikely that the new measurements will differ
significantly with previous results.
There has been a recent discussion about the distribution of the transverse momentum of
tt̄ . An inaccurate simulation of the ptt̄ distribution could lead to a mismatch
the tt̄ pair ?,?,?,? , p⊥
⊥
in the estimate of the negative contributions to the asymmetry, and thus to an asymmetry much
tt̄ distribution
larger than expected. On the other hand, it has also been suggested that the p⊥
?
could be used to enhance
 the
 size of the asymmetry . In that case theoretical prediction might
t
t̄
be affected by large ln p⊥ that need to be resumed. This issues should be further investigated.
Since the asymmetry is proportional to the strong coupling αS (µ) a larger asymmetry can
be obtained by conveniently choosing a very small value of the renormalization scale ? . However,
a fine tuning of αS (µ) does not guarantee the convergence of the perturbative series at higher
orders, and would bring the LHC results in disagreement with the SM.
It is not the purpose of this talk to make a complete review of new physics models explaining
the Tevatron anomaly on the charge asymmetry. It is, however, interesting to mention that new
LHC results, not only on direct searches in the dijet or tt̄ differential cross-sections, but also in
same-sign top quark production ? , or tt̄+jet ? , are seriously constraining the parameter space of
these models.

5

Summary

Tevatron has shown in the last years a systematic upward discrepancy in the measurement of
the top quark charge asymmetry with respect to theoretical predictions in the SM. These discrepancies have triggered a large number of theoretical speculations about possible contributions
beyond the SM. The LHC experiments have also presented the first measurements of the charge
asymmetry, and due to his present good performance, will be able to provide much more accurate and competitive measurements after the 2012 run. New theoretical developments should
also help to shed light on the Tevatron anomaly. Certainly, 2012 will be a crucial date to solve
this puzzle.
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STUDIES OF TOP QUARK PROPERTIES AT THE TEVATRON
VIATCHESLAV SHARY
for the CDF and D0 collaborations
CEA, IRFU, SPP Centre de Saclay,
91191 Gif-sur-Yvette, France
An overview √of the recent measurements of the top quark properties in proton antiproton
collisions at s = 1.96 TeV is presented. These measurements are based on 5.4 – 8.7 fb−1
of data collected with the D0 and CDF experiments at the Fermilab Tevatron collider. The
top quark mass and width measurements, studies of the spin correlation in top quark pair
production, W boson helicity measurement, searches for anomalous top quark couplings and
Lorentz invariance violation are discussed.

1

Introduction

Top quark plays a special role in the modern particle physics. Its large mass, close to 173 GeV,
extremely short lifetime of about 5 · 10−25 sec, large coupling to the Higgs boson and potentially
large couplings to the beyond-standard-model particles make the top quark an unique laboratory
to test predictions of the standard model (SM) and search for phenomena beyond SM. In this
article the recent measurements of the top quark properties are reported, based on the 5.4 – 8.7
fb−1 of data collected with the D0 1 and CDF 2 experiments at the Fermilab Tevatron collider.
2

Top Quark Mass Measurement

Top quark mass is a free parameters in the SM. It is measured at the Tevatron collider mainly
with a matrix element or template based methods. A significant reduction of the jet energy scale
(JES) related uncertainties is achieved by using the W boson mass as a constrain for the invariant
mass of two jets, produced by the W boson decay in the lepton+jet final state. Recently the
CDF collaboration measured the top quark mass using the full available statistics of 8.7 f b−1 in
the lepton + jet final state 3 . In each events the reconstructed top mass is found by minimizing
a χ2 function describing the overconstrained kinematics of the tt̄ system for the combination
with minimal χ2 . The improvement in precision could be reached by using a reconstructed top
quark mass from 2nd best χ2 combination. Templates for the dijet mass of the hadronically
decaying W boson are used to constrain the JES in situ. The 3D probability density functions for
different top quark masses are constructed using a kernel density estimation to the simulation.
Comparison of the simulation templates with data ones allows to extract the top quark mass.
This measurement results to the most precise determination of the top quark mass in a single
channel: Mtop = 172.85 ± 0.71 (stat.) ± 0.84 (syst.) GeV . The precision of the measurement is
limited mainly by the signal simulation uncertainties and residual JES uncertainty.
The D0 collaboration produced the new measurement in the dilepton channel using 5.4 f b−1

of data using the neutrino weighting technique to reconstruct the underconstrained kinematic
in this channel 4 . This measurement has slightly less statistical precision than the previous
matrix element measurement 5 , but improved systematic uncertainty. The improvement has
been achieved by propagating the in situ JES correction factor from the lepton+jet top quark
mass measurement 6 to the dilepton channel. Additionally the uncertainty on the b quark JES
has been reduced by applying the specific JES corrections for the different type of partons in
the simulation. These corrections reflect the difference in the signal particle response between
data and MC for the gluon, light quark or b-quark jets. The result of this measurement is
Mtop = 174.0 ± 2.4 (stat.) ± 1.4 (syst.) GeV .
The most recent combination of the top quark mass measurements at the Tevatron 7 doesn’t
include these two measurements yet, but has a remarkable precision of 0.54% and yield the top
quark mass Mtop = 173.18 ± 0.94 GeV (Fig. 1). The further improvement in the top quark
mass uncertainty requires better understanding of the model uncertainties in the tt̄ production
simulation.
3

Top Quark Width

The top quark decay width (Γt ) is a difficult parameter for the direct measurement. CDF
collaboration made an attempt to measure the top quark width by comparing the reconstructed
top mass distributions in simulation and data. Unfortunately the precision of this method allows
only to establish the upper limit of about Γt < 7.6 GeV at 95% C.L. 8 using luminosity of 4.3
f b−1 .
The D0 collaboration use the indirect determination of the top quark decay width using
the partial decay width Γ(t → W b) and the branching fraction B(t → W b). The partial decay
width is obtained from the t-channel single top quark production cross section as Γ(t → W b) =
Γ(t→W b)SM
σ(t − channel) σ(t−channel)
. The total decay width can be written in terms of the partial decay
SM

Γ(t→W b)
B(t→W b) . Combining these two equations, the total
σ(t−channel)Γ(t→W b)SM
9
decay width becomes Γt = B(t→W
b)σ(t−channel)SM . Using the B(t → W b) measured value and
t-channel cross section measurement 10 , the resulting width is found to be Γt = 2.00+0.47
−0.43 GeV
for the top quark mass 172.5 GeV 11 . This value could be reinterpret as a top quark lifetime

width and the branching fraction as Γt =

−25 s.
τt = h̄/Γt = 3.29+0.90
−0.63 × 10
We can also use the measured value of Γt to probe the W tb interaction and directly determine
the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix element |Vtb |. Similar to the
determination of |Vtb | using the single top cross section, this determination does not assume the
unitarity of the CKM matrix or three generations of quarks. Additionally, using the measured
branching fraction B(t → W b) and t-channel as a single top cross section, allows to avoid an
assumption that the top quark decays exclusively to Wb and an assumption that the relative
production rate of s and t single top channels is the same as predicted by the SM. Restricting
the |Vtb | values to the physically allowed region 0 ≤ |V tb|2 ≤ 1, a lower limit on |Vtb | matrix
element could be establish: |V tb| > 0.81 at 95% C.L. 11 .

4

Spin Correlation in tt̄ Production

The unique feature of the top quark that it decays before depolarization or hadronization. This
peculiarity allows to study the spin related quantities via the top quark decay products, W boson
and b quark. Although top and antitop quarks are produced unpolarized at hadron colliders,
they have a significant correlation between the orientation of theirs spins. The strength of spin
correlation depends on the production mechanism and on the calculation basis and could be
measured via the angular distributions of top quark products. The tt̄ spin correlation strength
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Figure 1: Top quark mass combined result from
D0 and CDF collaborations and results used in
the combination.

Figure 2: The distribution of the discriminant R of the l+jets
events with four jets. The expectation (including background)
for complete spin correlation as predicted by the SM and the
case of no spin correlation. The measured tt̄ distribution is
shown with the spin correlation strength measured in the dilepton and lepton+jet channels.

C is defined by dσt2t̄ /(d cos θ1 d cos θ2 ) = σtt̄ (1 − C cos θ1 cos θ2 )/4, where σtt̄ is a production cross
section, θ1 , θ2 are the angles between the spin-quantization axis and the direction of flight of the
down-type fermion from the W boson decay in the respective parent t or t̄ rest frame. Using the
beam momentum vector as the quantization axis, the SM predicts C = 0.78+0.03
−0.04 at NLO QCD
for the proton antiproton collision with the center-of-mass energy 1.96 TeV 12 .
Two approaches have been developed at the Tevatron for this measurement. The first one
is the template based measurement, which consist in the comparing the angular distributions
templates with different spin correlation strength in simulation with data distribution. With
this approach D0 measured in the dilepton channel C = 0.10 ± 0.45(stat. + syst.) 13 . CDF
measured in the dilepton channel C = 0.04 ± 0.56(stat. + syst.) 14 and in the lepton+jet channel
C = 0.72 ± 0.69(stat. + syst.) 15 . All these results are compatible with SM prediction, but have
the limited statistical precision and can’t distinguish between “no spin correlation” and “spin
correlation” cases.
D0 pioneered the matrix element method for the spin correlation measurement. This method
P (x,H=1)
consist in the calculating the discriminant R for each event R = P (x,H=c)+P
(x,H=u) , where P(x)
is a probability, calculated as a function of all measured kinematic variables x using the leading
order matrix element for the tt̄ production for the “spin correlation” hypotheses (H = c) and
“no spin correlation” hypothesis (H = u). The simulated distributions of the discriminant R
for the correlation and no correlation hypotheses are used to fit the distribution in data and
determine the correlation strength (Fig. 2). Due to the maximal use of kinematic information
in the event and optimal use of the statistical weight of each event, this method is 30% more
precise than the template based one. Measuring the spin correlation strength in the dilepton and
lepton+jet channel and combining them together, D0 obtained C = 0.66 ± 0.23(stat. + syst.) in
agreement with the SM 16 . This measurement has excluded the “no spin correlation” hypothesis
for the first time a the level of 3.1σ or C > 0.26 at 95% C.L.
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Figure 3: Combination of the 2D W boson helicity measurements. The ellipses indicate the 68% and 95% C.L.
contours, the dot shows the best-fit value, and the star marks the expectation from the SM. The input measurements to the combination are represented by the open circle, square, and triangle, with error bars indicating the
1 uncertainties on f0 and f+ . Each of the input measurements uses a central value of mt = 172.5 GeV.
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W Helicity Studies and Search for the Anomalous Quark Couplings

In the SM, the top quark decays, almost always, to a W boson and b quark via the V − A
charge current interaction. The new physics contribution may alter the fraction of the W boson
produced in different polarization states from SM values of 0.688 ± 0.004 for the longitudinal
helicity fraction f0 , 0.310 ± 0.004 for the negative helicity fraction f− and 0.0017 ± 0.0001 for
the positive helicity fraction f+ 17 at the top quark mass of 173.3 GeV. Both D0 and CDF
collaborations have measured fractions f0 and f+ using the angular distribution of the downtype decay products of the W boson (charged lepton or d, s quarks) in the rest frame of the
W boson. Recently all these results with 2.7 – 5.4 fb−1 of integrated luminosity have been
combined together 18 . The obtained results are f0 = 0.722 ± 0.081 [0.062(stat.) ± 0.052(syst.)]
f+ = −0.033 ± 0.046 [0.034(stat.) ± 0.031(syst.)] for measurements in which both f0 and f+
are varied simultaneously (see Fig. 3). These are the most precise measurements of f0 and f+
to date. The results are consistent with expectations from the SM and provide no indication of
new physics in the tW b coupling.
D0 also make a direct search for the anomalous coupling in tW b vertex. Search for the
phenomena beyond the SM done in the form of right-handed vector couplings fVR or left- or
right-handed tensor couplings fTL , fTR , described by the effective Lagrangian including operators
up to dimension five:
g
g iσ µν qν Vtb L
L = − √ b̄γ µ Vtb (fVL PL + fVR PR ) tWµ− − √ b̄
(fT PL + fTR PR ) tWµ− + h.c. ,
MW
2
2
where MW is the mass of the W boson, qν is its four-momentum, Vtb is the Cabibbo-KobayashiMaskawa matrix element, and PL = 12 (1−γ5 ) ( PR = 12 (1+γ5 ) ) is the left-handed (right-handed)
projection operator. It is assumed that CP is conserved at the W tb vertex, meaning that all form

Table 1: Observed upper limits on anomalous tW b couplings at 95% C.L. from W boson helicity assuming fVL = 1,
from the single top quark analysis, and from their combination, for which no assumption on fVL is made.
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Figure 4: The dependence of the normalized tt̄ cross section R, on the sidereal phase for e+jets candidates (left
plot) and µ+jets candidates (right plot).

factors fiL,R are taken to be real. It is also assumed that the top quark has spin 12 . Variations in
the coupling form factors would mainly manifest themselves in two distinct ways: by changing
the rate and kinematic distributions of electroweak single top quark production, and by altering
the fractions of W bosons from top quark decay produced in each of the three possible helicity
states. D0 combines information from the measurement of W boson helicity fractions 19 with
information from measurement of single top quark production 20 . No indication of the beyond
SM phenomena are found, so upper limits on on anomalous tW b couplings have been set, see
Table 1.

6

Search for violation of Lorentz invariance

D0 collaboration has searched for the violation of the Lorentz invariance in the tt̄ production and
decay using 5.3f b−1 of data in lepton+jet final state. The standard model extension framework
provides an effective field theoretical treatment for violation of Lorentz and CPT symmetry in
particle interactions by introducing Lorentz-violating terms to the Lagrangian density of the
SM 22 . Rotation of the Earth about its axis and about the Sun, leads to the time dependence in
the tt̄ production cross section. The relevant time scale is the sidereal day, which has a period
of 23 hr 56 min 4.1 s. Study of the tt̄ cross section didn’t reveal any time dependence with the
sidereal period, see Fig. 4. In the absence of the any observed violation, the upper limit on the
standard model extension has been set in the publication 23 .

7

Conclusion

The data collection at the Tevatron has been stop at September 30, 2011. D0 and CDF collaborations accumulated about 10 f b−1 of data. Current results of the top quark properties
measurement are based on the half of the available statistics mainly. Both collaborations continue studies in the top quark sector, concentrating mainly on the measurement competitive
with LHC (like a top quark mass measurement) or complementary to the LHC (like top quark
production cross section and asymmetry measurement, spin correlation studies). More details
about recent top quark results could be found on the collaborations web pages 24,25 .
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Recent results on Top quark Physics with the ATLAS and CMS experiments
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CERN, CH-1211 Genève 23, Switzerland and
LIP, Av. Elias Garcia 14 - 1o 1000-149 Lisboa, Portugal
An overview of the most recent results on top quark physics obtained using proton-proton
collision data collected with the ATLAS and the CMS experiments at 7 TeV center-of-mass
energy is given. Measurements for inclusive and differential top quark pair or single top quark
production in different final states are reviewed. Top properties such as W helicity in top
decays, electric charge, charge asymmetry and spin correlations of top quark pairs, among
others have also been measured by the LHC experiments. All the measurements are found
to be consistent with the Standard Model predictions with a good level of accuracy. The
latest results in the measurement of the top quark mass at the LHC are also presented and
discussed.

1

Introduction

The Large Hadron Collider (LHC) has performed extraordinarily well throughout the year of
2011 providing both the ATLAS 1 and the CMS 2 experiments with over a million top quarks each.
The top quark is one of its kind - it has a mass close to an atom of Gold and a large width which
makes it decay before it transverses any significant distance to disturb the color field giving rise to
non-perturbative effects such as its fragmentation and hadronization 3 . Therefore all properties
of the “naked” quark are preserved in the decay chain of a top quark. Interestingly there are
also many unknowns in the top quark sector, namely on the role it plays in the electroweak
symmetry breaking mechanism (EWKSB) given that it is the heaviest fundamental particle and
that its mass is close to the EWKSB scale. The ATLAS and CMS experiments have eagerly
analysed the data they have collected seeking to understand better the top quark production
and its basic properties such as: mass, charge, branching ratios and kinematics of the decay
products. In these proceedings we can hardly condense the rich top quark programme at the
LHC so we highlight the most recent results obtained by the two collaborations and refer the
interested reader to the web pages with the public results 4,5 .
2
2.1

Top quark production
Top pair production

At the LHC the top pairs are mostly (≈90%) produced through gluon-gluon fusion. The measurement of the tt̄ cross section has been carried out in all the different final states which result
from the combinatorics of the W boson decays, since the top quark decays mostly in the t → W b
channel. The tt̄ decay channels comprise therefore fully-hadronic (46%), lepton+jets (45%) and

dileptonic (9%) final states. The most precise measurement is obtained in the lepton+jets
channel due to both its high statistics and the strategy followed by both experiments.
In the lepton+jets channel the main backgrounds are due to QCD multijets, W+heavy
flavour. While the transverse energy flux in QCD multijets processes is expected to be well
balanced, constraining these processes in the lower region of the missing transverse energy
miss ), and transverse mass (M a ) spectra, this is no longer the case for W events. Therefore,
(ET
T
given the similarities of the W +jets background and the signal, the strategy adopted by both
the ATLAS and CMS experiments is to analyse different categories of events according to the
jet multiplicity and the number of b-tagged jets, i.e. identified as b jets. This procedure has
the advantage of being able to constrain the actual contamination from background processes
which are expected to have lower jet multiplicity than the signal (i.e. <4 jets) and lower heavy
flavour content (i.e. b jets). The cross section is extracted after fitting either a simple and robust
variable as the mass of the secondary vertex for the jets (CMS 8 ) or a multivariate discriminator
based on the kinematics of the event (ATLAS 6 ) to the different event categories. The fit
takes into account not only the normalisation of the background processes but also how it can
be affected by the different systematic uncertainties such as jet energy scale, b-tag or mistag
efficiencies, the contamination from initial/final state radiation (ISR/FSR) and the factorisation
and renormalization scales use to model the signal and some of the backgrounds (i.e. Q2 scale).
The relative uncertainty in the measurement of the tt̄ cross section by the ATLAS collaboration
is ≈7% and it is dominated the uncertainty in modelling of the signal component and by the
measurement of the luminosity.
In the remaining channels the tt̄ production cross section has been carried out mostly through
counting experiments with the exception of: the fully hadronic channel, which has used a fit
to the distribution of the reconstructed top mass with a kinematics fit (CMS) or the min χ2
assuming mtop =172.5 GeV/c2 found from all possible jet combinations in the event (ATLAS),
and the τ channels where a multivariate analysis is used (ATLAS). Overall the results are
compatible with the theoretical predictions but its uncertainties tend to be larger with respect
to the measurement in the lepton+jets channel due to systematic effects such as jet energy scale
or background estimations.
Figure 1 summarises the results obtained in the different channels and the final combination.
The total uncertainty attained by each experiment has now surpassed the theoretical uncertainty
at approx. NNLO.
Besides inclusive tt̄ measurements the associated production with a photon has also been
measured by the ATLAS collaboration and the results are found to be in good agreement with
the SM predictions: σ(tt̄γ) = 2.0 ± 0.5stat ± 0.7syst ± 0.08lumi pb 7 .
With the large statistics sample acquired in 2011 the inclusive measurements were also
expanded to measure differential cross sections such as tt̄+N jets, ptTt̄ , ptop
T , Mtt̄ , among others.
Differential measurements were carried out in the lepton+jets and dilepton channels after
the reconstruction of the tt̄ kinematics 9 . In the lepton+jets this is achieved after choosing the
combination of jets which yields the best kinematical fit. In the dilepton channel due to the
presence of two neutrinos in the final state, and therefore unconstrained kinematics, the solutions
for the kinematics are found scanning mtop in the [100,300] GeV/c2 and compared with the
simulated expectations for the neutrino kinematics. The solution with larger probability which
makes use of the highest number of b-tagged jets is used. These arbitrations in the choice of the
kinematics may lead to misassignment of the objects or to event rejection in case the algorithm
fails to find a valid solution. These effects lead to an additional smearing of the reconstructed
kinematics (on top of the detector resolution effects). This effect is minimised by unfolding the
reconstructed kinematics to parton level. A Singular Value Decomposition (SVD) technique is
a
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Figure 1: Summary of the tt̄ cross section measurements at s =7 TeV performed by the ATLAS (left) and CMS
(right) collaborations. Different theoretical predictions are shown as represented as vertical bands.

applied and the widths of the bins (∆ix ) of each kinematical variable are chosen in order to keep
the purity and stability above 50%. The differential cross section is measured after background
subtraction and unfolding the observed value. b . Overall the agreement between the unfolded
data and the simulation is remarkable but the uncertainty attained is not yet at the level where
one signal model can be preferred among the ones studied. One distribution of particular interest
is ptTt̄ and it is shown in Fig. 2 (left).
The measurement of tt̄+N jets is correlated with the ptTt̄ spectrum and it assesses from data
how well the recoil of the tt̄ system and the modelling of ISR are predicted theoretically and by
the simulation. The lepton+jets channel has been used to study the associated production with
tt̄ with extra jets 10 . After background subtraction the jet multiplicity spectrum is compared to
the simulated prediction using Acer MC 11 . The nominal prediction is obtained after performing
the parton showering with the Pythia generator 12 and can be varied in two ways by enhancing
or suppressing: i) the ISR branching above the coherence scale; ii) the αQCD evolution scale of
the ISR (effect is proportional to Λ−1
ISR ). The measurement is dominated by the uncertainties
in the jet energy scale and in the subtraction of the background. Even if compatible with the
nominal prediction for the ISR in tt̄ events it has not yet attained the necessary precision to
constrain further the modelling of the production of extra jets in this sample.
2.2

Single top production

Single top quarks can be produced through the s- and t-channels and in association with a W
boson. Table 1 summarises the current status of the measurement of the single top production
cross section at the LHC 13,14,15,17,16 and compares the results with the theoretical predictions
18,19,20 . With the exception of the s-channel which will require larger amount of integrated
luminosity to be observed, the agreement between experiment and theory for the single top
production cross section is remarkable. In the following we summarise briefly the strategies
followed to extract these cross sections from data.
The dominant production mode is the t-channel and it is characterised by one central isolated
b

The differential cross section with respect to a kinematical variable x is usually expressed as 1/σ · dσ i /dx =
1/σ · (Ndata − Nbackground )/∆ix εi L where εi is the efficiency correction for the ith bin and L is the total integrated
luminosity.
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Figure 2: Differential cross section measurements in the lepton+jets channel. Left: The transverse momentum of
the top quark pair obtained after unfolding is compared to different MC generators. Right: The jet multiplicity
distribution after background subtraction is compared to the nominal and varied ISR showering predictions.
Table 1: Summary of the experimental and theoretical cross sections for single top production in the different
channels. See text for references.

Channel

σt (pb)
4(stat)+20
−19 (syst)

ATLAS

83 ±

CMS

70.2 ± 5.2(stat) ± 10.4(syst) ± 3.4(lumi)

Theory

64.57+2.09
−0.71

+1.51
−1.74

σtW (pb)

σs (pb)

+9.7
14.4+5.3
−5.1 (stat)−9.4 (syst)
22+9
−7 (stat ⊕ syst)
15.74 ± 0.40+1.10
−1.14

< 26.5 @ 95% CL
+0.19
4.63 ± 0.07−0.17

miss , a b-jet and a forward high p recoiling jet. Due to the proton PDFs
lepton accompanied by ET
T
we expect that the ratio between single top and single anti-top produced through the t-channel
to be ≈1.9. The main backgrounds to this channel are due to QCD multijets and W+heavy
flavour production. The first type of background can be controlled in a sideband where the
miss or M distribution can be derived and used
lepton is non-isolated and a template for the ET
T
as input to fit in the signal region. The second type of background is almost irreducible and
can at most be constrained (by splitting the data sample in different categories according to the
jet and b-tag multiplicities, or failing a requirement on the reconstructed top quark mass from
miss -b-jet system) or partially discriminated (with a multivariate analysis). Both
the lepton-ET
approaches have been followed: ATLAS measures the cross section by fitting the distribution of
a multivariate discriminant constructed with a neural network and the most recent result, from
CMS, uses a fit to a simple and robust variable - the pseudo-rapidity of the recoil jet - to extract
the production of single top in the t-channel. The result is used to measure the CKM matrix
element Vtb and the result obtained is: |Vtb | =1.04 ± 0.09 (exp) ± 0.02 (th) (CMS).
Both experiments are close to find evidence for single top production in the tW -channel
using dilepton events. The definition of this channel overlaps partially with the tt̄ process when
one of the top quarks is virtual. The distinctive feature of the tW channel is the presence of a
single b-jet in the majority of the events and the fact that at LO the the decay products of the
top and the W boson balance each other. Both experiments extract the tW cross section from
a likelihood fit for counts of events with n-jets and k b-tags. Even if the signal is absent from
high multiplicity events these control regions help further in constraining the tt̄ contribution.

The rarest, and nevertheless most interesting of the channels, is the s-channel which is
expected to be sensitive to new physics. Although not yet observed, the ATLAS experiment has
put upper limits on the cross section value from a kinematics analysis. The S/B1/2 expected is
0.98.
3

Top quark properties

With large statistics samples many properties can be measured accurately. The main challenge
is to constrain the systematic uncertainties which in many case dominate the final uncertainty.
Part of these uncertainties can indeed be constrained from data as we have highlighted in the
previous section: ISR/FSR and Q2 -scale are some examples.
Information on spin correlation of the tt̄ system is preserved by the decay products. It is
found that the degree of information is maximal in the lepton and down-type quark kinematics.
The measurement can be performed in two alternative ways: i) reconstructing the full kinematics
and studying the tt̄ system in a specific reference frame (usually the helicity basis where the
system is at rest or a maximal frame which is defined event by event from the top kinematics
with respect to the beam-line); ii) using a simple robust variable reconstructed from a high
purity final state and translate it to a reference frame. The second strategy was pursued by the
ATLAS experiment to find evidence for spin correlations in tt̄ production 22 . The difference in
the azimuthal angle of the dilepton candidates is fit using templates for the predictions within
the SM and in the absence of correlations. The distribution is shown in Fig. 3 (left) and it
depicts both the high purity of the sample and the evidence for correlation of the two leptons.
The result of the fits is in good agreement with the SM prediction and the asymmetries measured
+0.18
SM
are: Ahelicity = 0.34 ± 0.07stat +0.13
−0.09 syst (Ahelicity = 0.32) and Amaximal = 0.47 ± 0.09stat −0.12 syst
(ASM
maximal = 0.44). The quoted SM predictions were computed with MC@NLO and CTEQ6.6
PDF. The systematic uncertainty is at this point dominated by the effects of ISR and signal
modelling.
The top quark charge has also been measured using the charge of the decay products 23,24 .
The charge can be measured directly from the lepton from the W decay and from the b-jet.
In the latter case two possibilities can be used: using a charge estimator based on the tracks
associated to the jet or using semi-leptonic B decays which minimize charge assignments but
are prone to sub-decays or oscillations of the B hadrons. Both cases can be optimised and have
its efficiency measured from the abundant QCD bb̄ production. The events are counted in two
charge possibilities (2e/3 or 4e/3) and from the observed asymmetry an upper limit on exotic
scenarios is set. Both experiments set a > 5σ limit on exotic top quark charge production.
Both ATLAS and CMS have searched for deviations in the SM predictions for the EWK
couplings of the top quarks. Although the top quark is primarily expected to couple to a W b
vertex, Flavour Changing Neutral Currents (FCNC) may contribute because of the presence of
new physics. Anomalous tW b couplings can also be enhanced by the presence of new physics.
The search for FCNC in tt̄ events has been carried out in trilepton events where one t →
miss
Zq → ``q is produced. In this topology the full kinematics of the event is specified (the ET
is the direct signature of the escaping neutrino) and the objects can be assigned to each top
decay by using a kinematics fit or by requiring one of the jets to be b-tagged. This search
is mostly expected to be dominated by the statistical uncertainty due to small presence of
backgrounds (other than di-boson production). The full 2011 dataset is used by the CMS
experiment to set an upper limit of B(t → qZ) < 0.34 25 and limits are also provided by
ATLAS 26 . Evidence for FCNC can also be sought in single top production. The signature is
challenging experimentally as qg → t → W (→ `ν)b is characterised by a single lepton + b jet +
miss final state which is contaminated mostly by W+heavy flavour production. The ATLAS
ET
collaboration has explored the topology of the signal via a multivariate analysis. The signal
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Figure 3: Left: Difference in the azimuthal angle of dilepton tt̄ candidates. The data observed is compared with
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is mostly characterised by the fact that: i) top quarks are produced at rest; ii) W bosons are
miss >60 GeV) iii) N (t)/N (t̄) ∼4; An upper limit is set on the production
boosted (with mT + ET
exp
obs
cross section σqg→t <3.9 pb at 95% CL (with an expectation of σqg→t
<2.4 pb). Limits on
FCNC decays of the top quark are set in the B(t → ug) versus B(t → cg) plane yielding
B(t → ug) <5.7·10−5 , if B(t → cg)=0, and B(t → cg) <2.7·10−4 , if B(t → ug)=0. More details
can be found in 21 .
A generic estimator for deviations of the predicted B(t → W b) is the measurement of
R = B(t → W b)/B(t → W q). This measurement was made from the modelling of the btag multiplicity distribution observed in tt̄ dilepton events which are expected to be highly pure
in signal. The residual background and the model for the counted b-tags is derived from data
taking into account not only the b-tag and mistag probabilities (as measured from QCD dijet
events, an orthogonal sample) but also the probability to fully reconstruct and accept in the
event the decay products of a top quark decay. The result is well in agreement with the SM
prediction: R =0.98±0.04 (stat+syst) and a lower endpoint for the confidence interval at 95%
CL is set using the Feldman-Cousins approach: R >0.85 27 .
The decay products of the top quark can be further analysed to look for deviations from
the SM predictions. The polarisation of the W boson is of great interest as new physics might
lead to anomalous tW b couplings. Given the fact that spin information is preserved and that
the b quark has an almost negligible mass compared to the top and the W , the SM predicts,
through the V-A couplings, that the W bosons from top quark decays are mostly longitudinally
polarised (F0 =0.687±0.005) or left-handed (FL =0.311±0.005) 28 . The presence of anomalous
couplings would thus lead to deviations of the fractions of polarised W bosons. These fractions
can be derived from the distribution of the angle between the lepton from the W decay and
the b-jet from the same top decay, evaluated in the W boson rest frame. In first approximation
cos θ∗ ≈ 4pb · p` /(m2T − m2W ) − 1. The experimentally observed distribution has to be corrected
for experimental effects such as acceptance (introduced by the selection) and resolution (mostly
from the jets). Moreover the theoretical prediction needs to take properly into account effects
such as the Q2 , ISR/FSR, mass of the b quark. In order to interpret the observed spectrum

Table 2: Measured fractions of longitudinally, left- and right-handed polarisation by the ATLAS and CMS collaborations. The statistical and total systematic uncertainties are shown separately. The limits on the anomalous
couplings (and effective operator coefficients) are also included when available.

Measurement
F0
FL
FR
φφ
Re VR (Re C33
/Λ2 )
dW
Re gL (Re C33
/Λ2 )
uW
Re gR (Re C33 /Λ2 )

ATLAS
0.67 ± 0.03 ± 0.06
0.32 ± 0.02 ± 0.03
0.01 ± 0.01 ± 0.04
[-0.20,0.23] ([-6.7,7.8])
[-0.14,0.11] ([-1.6,1.2])
[-0.08,0.04] ([-1.0,0.5])

CMS
0.57 ± 0.07 ± 0.05
0.39 ± 0.05 ± 0.03
0.04 ± 0.04 ± 0.04
[-0.17,0.02] ([-1.9,0.2])

based on general polarisation scenarios a re-weighting procedure may be applied taking into
account all these effects (CMS 29 ) or using dedicated samples generated with Protos 30 (ATLAS 31 ). ATLAS introduces further the measurement of the asymmetries of the spectrum which
are robust estimators less prone to the effect of some of the systematic uncertainties. The angular asymmetries are defined in such a way that the FL and the FR contributions are allowed
to cancel out: A± = [N (cos θ∗ > z) − N (cos θ∗ < z)] / [N (cos θ∗ ) > z) + N (cos θ∗ ) < z)], where
z = ±(1 − 22/3 ). Table 2 summarises the results obtained for the contributions from differently
polarised W bosons. A good agreement is found with respect to the SM predictions and the
results are used to set limits on anomalous tW b couplings.
We conclude the summary of the measurements of the top quark properties with a discussion on the top pair charge asymmetry which is expected to be highly sensitive to new physics
effects 32 . In p − p collisions the asymmetry manifests through a preferential production of top
quarks in the forward direction due to the fact that the anti-quarks from the proton’s sea tend
to carry a lower momentum fraction. The quantity of interest is therefore the charge asymmetry
which can be written as AC = (N + − N − )/(N + + N − ) where N + (N − ) is the number of events
with ∆η = |ηt | − |ηt̄ | > 0 (< 0) c . The asymmetry is measured in lepton+jets events. In order
to reconstruct the kinematics of the top and anti-top complementary approaches are used: i) a
kinematics fit (based on a likelihood approach) that assesses the compatibility of the observed
event with the decays of a top-antitop pair 35 ; ii) the full reconstruction of the leptonically decay
W and the top which originated it (after complementing with a selected jet) followed by the
reconstruction of the second top from three selected jets 33 . In the latter case a probability is defined for each jet permutation and the combination with larger probability is used to reconstruct
|∆η| (expected to be correct in 72% of the cases). After background subtraction of the reconstructed events an unfolding procedure is applied to recover the parton level kinematics. CMS
applies a regularised unfolding procedure to the data through a generalised matrix-inversion
method using twice as many bins for the uncorrected as for the corrected spectrum. ATLAS
uses a bayesian approach to invert the response matrix in order to find the corrected spectrum. Both experiments measure an asymmetry which is compatible with the NLO prediction:
ANLO
=0.0115±0.0006 34 . ATLAS measures AC =-0.018 ±0.028stat ±0.023syst using 1.04 fb−1
C
while CMS measures AC =0.004 ±0.010stat ±0.012syst using 4.7 fb−1 . Differential measurements
of the asymmetries have been carried out namely as function of pT , y and invariant mass (Mtt̄ )
of the tt̄ pair and found to be consistent with the NLO predictions. The dependency of AC as
function of any of these variables has been compared to BSM models (ATLAS) or to Effective
Field Theory (CMS) and no hints for contributions from physics beyond the standard model
have been found. Figure 4 (left) shows the differential measurement of AC as function of Mtt̄ as
obtained by the CMS experiment. The ATLAS collaboration has used its results to set stringent
c

The events can also be counted using ∆y 2 = (yt − yt̄ )(yt + yt̄ ) = (yt2 − yt̄2 ) as alternative variable.
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Figure 4: Left: Observed asymmetry as function of the invariant mass of the tt̄ pair compared to SM predictions
and to an effective field theory (see text). Right: Limits set on BSM models from the observed charge asymmetry
compared with the value measured by the CDF experiment.

limits on some of the models after obtaining AC for Mtt̄ >450 GeV/c2 as shown in Fig. 4 (right).
4

Top quark mass

The mass of the top quark is a property which deserves particular attention. It is a fundamental
parameter of the EWK theory which is able to constrain indirectly, together with the mass of
the W boson, the mass of the Higgs boson. We must notice that the definition of the mass
depends on the renormalization scheme used. With the exception of top mass measurements
derived from the production cross section, experimentally the invariant mass of decay products
or the observed kinematics properties are used and may be compared to matrix element based
predictions. Therefore experiments measure the mass as encoded by the MC generators which is
¯
2
MS
usually related to the mass used for the EWK fits by: mMC
top ≈ mtop + 10 GeV/c . The dominant
systematic uncertainty is the jet energy scale (JES). Both ATLAS and CMS experiments have
carried out an extensive calibration of the JES from di-jet and Z/γ+jets events, and have
pinned down the overall uncertainty to ≈2-3% depending on the kinematics (pT and η) of the
jet. Currently, even in the high pileup regime at which the LHC runs, the JES uncertainty is
mostly dominated by uncertainties from the absolute scale, ISR/FSR, fragmentation and single
particle response in the calorimeter. In-situ JES measurement can be performed, in particular
using the W → qq 0 decays in the lepton+jets channel. This is a powerful method which allows
the experiments to reduce the main uncertainty and focus on a better understanding of the
modelling of signal namely non-perturbative, ISR or jet-parton matching scales and Q2 effects.
It’s only limited by the fact that the quarks from W decays are mostly light.
The ATLAS collaboration has performed a combined fit of mtop by using templates with varied JES and mtop 37 . Data from the lepton+jets channel are fit with likelihood and mtop =174.4
±0.6stat ±2.3syst GeV/c2 is measured. The systematic uncertainty is dominated by flavourspecific JES, ISR/FSR. Given also the fact that the top quark has color there are non-perturbative
effects which alter the kinematics properties observed and therefore the mass. These effects may
depend on kinematics such as the production channel, the boost of the top quark or the final state
used, among others. Non-perturbative effects usually known as color reconnection (CR) effects
are estimated from simulation using PYTHIA 6.4 36 and are found to contribute at the level
of ∼3% for the systematic uncertainty associated to this measurement. The CMS experiment
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Figure 5: Summary of the top mass measurements carried by the ATLAS (left) and CMS (right) experiments.

has also performed a combined fit of mtop in the lepton+jets channel employing an ideogram
technique 38 . After a kinematic fit an event likelihood is defined by taking into account the expected contribution from correct assignments, wrong permutations and also tt̄ events where at
least one of the decay products (jet or lepton) has not been properly reconstructed or selected.
Background events are also taken into account. The individual event likelihoods are combined
in the sample allowing one to extract mtop (and JES) from the maximum likelihood found.
The top mass is measured to be: mtop =172.6 ±0.6stat ±1.2syst GeV/c2 with the systematic
uncertainty being dominated by the modelling of the signal namely the choice of the Q2 and
jet-parton matching scales and by the uncertainty in the flavour-specific JES corrections. The
effects of CR and underlying event tune on this measurement are currently being evaluated by
the experiment.
The top quark mass has also been measured in the dilepton channel by the CMS experiment
employing the KINb method which solves numerically the equations for the kinematics of the tt̄
pair decay using different hypothesis for the tt̄ imbalance along the beam line according to the
expectations from simulation. In this case the measurement is dominated by the JES uncertainty
followed by the modelling of the signal and mtop =173.3 ±1.2stat ±2.6syst GeV/c2 is obtained 39 .
Figure 5 summarises the different top mass measurements carried out by the LHC experiments. A good agreement with the Tevatron measurements is found and the overall uncertainty
attained by each experiment starts to be competitive with the most precise measurements 40 .
A combination of these measurements, once all the uncertainties are estimated is expected to
yield a significant improvement in the knowledge of mtop .
The difference between the top/anti-top masses has also been measured at the LHC. The
observation of a deviation from the null result is a signature of CPT violation in the top quark
sector. In this measurement many systematic uncertainties cancel out as a difference between
masses is measured. The CMS collaboration has reconstructed mtop from the µ± +jets samples
using a kinematic fit and the combination of jets with lowest χ2 . The final measurement of the
mass in each sample is taken after combining the event-per event likelihood with the ideogram
method. The result obtained is in good agreement with the SM prediction and it is currently
statistically limited: ∆mtop =-0.44 ±0.46stat ±0.27syst GeV/c2 41 .

5

Summary

The LHC experiments have entered the precision era for top quark physics. The results presented
indicate an excellent agreement with the theoretical predictions in all aspects explored so far.
The challenge laying ahead is the reduction of the systematic uncertainties either from more
precise theoretical computation either by constraining some of these uncertainties from data
(e.g. ISR/FSR contribution, Q2 scale, CR effects). More precise characterisation of the top
quark will help to shed light on the EWKSB mechanism and the role the top quark plays in it.
Precision measurements of the top quark production environment will be of great value in the
continuation of searches for new physics to which the top constitutes an important background.
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Updated results of the OPERA neutrino experiment are presented covering both the direct
search for νµ → ντ transition and the measurement of the neutrino time-of-flight over a 730
km baseline.

1

Introduction

OPERA is a long baseline (730 km), high-energy neutrino oscillation experiment aimed at providing direct evidence of the process νµ → ντ through the detection of the appearance of τ
leptons on an event-by-event basis. The experiment is exposed to a νµ beam (CNGS) produced
from the 400 GeV SPS at CERN with a mean energy of about 17 GeV. The flux energy spectrum is optimized to maximise the convolution of oscillation probability (favoring low energies,
∼ 1.5 GeV) and τ cross section (favoring high energies). In order to be able to resolve the
submillimetric decay topologies of the short-lived τ leptons (mean decay length ∼ 450 µm), the
experiment is designed for an exceptional granularity over a large mass (1.25 kt) through the
use of nuclear emulsions. The basic unit is the so-called brick, a stack of 57 layers of nuclear
emulsions (300 µm thick) and lead plates (1 mm thick) with a size of (10 × 12.5 × 8 cm3 )
and a weight of 8.3 kg. The target is composed of about 150000 such bricks. The brick walls
are interspersed with scintillator planes with analog read-out (Target tracker, TT) in order to
reconstruct the event kinematics and locate the brick containing the neutrino interaction which
will be then extracted and analysed with optical scanning microscopes. Final state muons are
measured by two magnetic spectrometers being composed of bipolar magnets instrumented with
RPC and drift tube detectors. A full description of the detector can be found in this reference 1 .
The number of protons on target (pot) accumulated at the end of the 2011 run amounts to
14.2 · 1019 . The machine underwent a steady improvement through the years with increasing
exposures of 1.8, 3.5, 4.0 and 4.9 ·1019 pot going from 2008 to 2011. On the other hand the
nominal value of 4.5 · 1019 was exceeded only in 2011. If the CNGS performance in 2012 will

be at the level of 2011 OPERA could complete the running having accumulated about 84% of
the design luminosity.
2

Oscillation analysis results

We will report the physics results obtained with the 2008-2009 data sample (2738 fully analysed
events) for which the analysis in the nuclear emulsions is completed 2 . This corresponds to an
increase in statistics of a factor 2.6 with respect to the sample used for reference 3 where the
first candidate for νµ → ντ was reported. All the available events have been analysed for this
data taking period in order to get an inclusive selection on which to study the reconstruction
efficiencies. The current strategy which is being followed for 2010-2011 data relies on a preselection of a signal-enriched sample obtained with the electronic detectors. Charged current
interactions with low momentum negative muons (pµ− < 15 GeV/c) and NC-like interactions
are prioritized restricting the analysis to the brick to which the location algorithm associates
the highest probability.
Since the publication of the first τ candidate in 2010 several improvements have been introduced in the analysis:
• A new Monte Carlo framework integrating emulsion and electronic detector data has been
finalized. It allows a detailed simulation of all the steps of the reconstruction process, from
brick location to the tagging of the τ decay topology.
• Tools performing a systematic search for highly ionizing tracks (HIT) in a wide field of
view (2.5 × 2.1 mm2 ) have been developed. The tagging of nuclear fragments allows to
better distinguish genuine decays from hadron reinteractions. This results in a background
reduction in the τ → h channel of about 20 %. The rate of production and the angular
distributions of HIT have been cross-checked with pion test beam data. Good agreement
is found with expectations based on the FLUKA Monte Carlo.
• A new procedure has been introduced which consists in following the vertex tracks in the
downstream direction using, eventually, data from several bricks (“track follow-down”).
Profiting of correlations between momentum and range it is possible to obtain an increased
µ identification efficiency. The result is a reduction of background from both charm and
mis-identified hadronic tracks from νµCC interactions.
• The state-of-the art charm cross section from the CHORUS 4 experiment has been introduced. The updated analysis, which is based on about one thousand charged charm
events, implies an increase of the charm background by a factor 1.6 to 2.4 depending on
the decay channel, the main contribution coming from D + decays.
Data driven hadron background constraints are being pursued:
• Hadronic tracks from real CNGS neutrino interactions have been followed for a length in
lead of 14 m which is equivalent to a sample of 2300 NC events a . No events are found in
the signal region defined by requiring 1-prong hadronic interactions with θkink > 20 mrad,
p > 2 GeV/c and pT > 0.6 GeV/c b . In the side-band defined by pT > 0.2 GeV/c, we
observe 10 events while 10.8 are expected.
• Interactions with charm production have been studied. This sample offers the opportunity to benchmark the τ efficiency thanks to the similarity of the decay topologies. The
observed events for the 2008-09 sample (39 events) are compared to the full Monte Carlo
a
b

To mimic a τ decay the interaction should happen within the first two 1 mm thick lead plates.
Considered with respect to the daughter particle.
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Figure 1: a) Data (bullets) and Monte Carlo prediction (solid histogram) are shown for the 2008/09 charm control
sample, in bins of charged multiplicity of the charm decay (“prongs”). b) Distribution of the angle between the
muon and the hadronic system in the transverse plane. c) Decay length of the charmed meson. d) The τ signal
and backgrounds divided by decay channel.

expectation (42.2 ± 8.3 events) in Fig. 1a in bins of the charm decay charged multiplicity.
The comparison between data and Monte Carlo for the angle between the muon and the
hadronic system in the transverse plane and the charmed meson decay length is shown in
Figs. 1b and 1c.
Including all the improvements in the analysis, in the considered 2008-09 sample one τ
candidate has been observed in the τ → h channel 3 with a signal expectation of 1.65. The
expected background in τ → h amounts to 0.05 ± 0.01 events while, considering all channels the
number of background events becomes 0.16 ± 0.03. The prediction for signal and background in
all the channels is given in Fig. 1d. It can be noticed that the cleanest decay channel is τ → µ
mainly thanks to the recent developments in the analysis.
Future releases are expected with a time scale of a few months including the findings for the
τ search, obtained with a larger data sample and the analysis of νe events in the 2008-09 data.
3

Measurement of the neutrino time-of-flight

In the first release 5 on the neutrino time-of-flight (T oF ) measurement OPERA reported a
significant deviation from the speed of light, in the direction of neutrino superluminality, which
could not be explained at that time in terms of known instrumental effects. The result was
obtained using the standard CNGS beam (2009-11 data), which, due to its time structure,
allows the extraction of the time-of-flight on a statistical basis only, and then (Nov. 2011)
confirmed by a special beam consisting of four well separated (524 ns) narrow peaks (about 3
ns wide). With the so-called “bunched-beam” data taking, concerns related to the statistical
extraction of the time-of-flight and additional possible systematics were removed.
Further investigations, being pursued since the first release, have indicated the presence of
two instrumental effects which are actually able to reconcile the measured value of the neutrino
time-of-flight with the expected value. Before describing them we will briefly recall how the
measurement is performed.

The proton beam time-structure of the SPS extracted beam, is accurately measured by a
fast Beam Current Transformer (BCT) detector (400 MHz bandwidth) read out by a 1 GS/s
Wave Form Digitiser (WFD) with a 250 MHz bandwidth. The waveforms recorded for each
extraction by the WFD are UTC (Coordinated Universal Time) time-stamped with a standard
GPS receiver and stored in the CNGS database.
The time profile of protons crossing the BCT can then be compared with the time distribution of the interactions detected in OPERA, in order to measure T oFν . The quantity
δt = T oFc − T oFν is obtained by an un-binned maximum likelihood analysis of the time tags of
the OPERA events with respect to the proton time profile c .
The ignorance on the point of production of neutrinos in the decay tunnel introduces a
negligible inaccuracy in the measurement of T oFν , thanks to the fact that the decaying mesons
are ultra-relativistic. The difference in the T oF computed assuming a particle moving from the
target down to LNGS at c, with respect to the value derived by taking into account the real speed
of the parent meson down to its decay point is less than 0.02 ns (from a full FLUKA simulation
of the CNGS beam). Similar arguments apply to muons produced in νµCC interactions in the
rock in front of the OPERA detector (external events): a full GEANT simulation indicates a
bias for external events smaller than 2 ns with respect to internal events.
The required accuracy of the relative time tagging at CERN and at the OPERA detector
is achieved by adopting two identical systems, composed of a GPS receiver for time-transfer
applications operating in “common-view mode” and a Cs atomic clock, installed at both sites.
The two systems were calibrated by two national metrology institutions, the Swiss METAS in
2008 and independently by the German PTB in 2011 by taking data at CERN and LNGS with
a portable time-transfer device. The difference between the time base of the two GPS receivers
was measured to be (2.3 ± 0.9) ns and subsequently corrected for.
The travel path of protons from the BCT to the focal point of the CNGS target is known with
millimetric accuracy LBCT−targ = (743.391 ± 0.002) m. This precision degrades to about 2 cm
when these coordinates are transformed into the global geodesy reference frame (RF) ETRF2000
by relating them to external GPS benchmarks. The coordinates of the origin of the OPERA
RF were measured in 2010 by establishing GPS benchmarks at the two sides of the 10 km long
Gran Sasso highway tunnel and by transporting their positions with a terrestrial traverse down
to OPERA. A common analysis in the ETRF2000 of the 3D coordinates of the OPERA origin
and of the target focal point allowed the determination of Ltarg−OP = (730534.61 ± 0.20) m.
The 20 cm uncertainty is dominated by the long underground link between the outdoors GPS
benchmarks and the benchmark at the OPERA detector. Finally, the baseline considered for
the measurement of T oFν is: LBCT−targ + Ltarg−OP = (731278.0 ± 0.2) m.
Three delays characterise the CERN timing chain: 1) δtU T C = (10085 ± 2) ns: propagation
through the General Machine Timing chain of the time base of the Control Timing Receiver
(CTRI-1) in the proximity of the BCT to a corresponding device at the Prévessin site (CTRI-2);
2) δttrigger = (30 ± 1) ns, the time needed to produce the replica of the kicker magnet signal
from CTRI-1; 3) δtBCT = (580 ± 5) ns: interval between the transit of protons through the BCT
to the arrival of the signal to the WFD.
At LNGS every ms a pulse synchronously derived from the 1PPS of the ESAT2000 GPS
system (PPmS) is transmitted from the surface laboratory to the OPERA master clock (OMC)
in the underground via an 8.3 km long optical fibre. The OMC is disciplined by a high-stability
oscillator (Vectron OC-050, Allan deviation of 2 · 10−12 over 1 s) which keeps the local time in
between synchronisations from the external GPS. The PPmS signal is tagged with respect to
the uncorrelated internal frequency of the 20 MHz OMC, thus producing a ±25 ns time jitter.
c

Proton waveforms associated to selected neutrino interactions in OPERA are individually normalised to unity
and summed in order to build a global probability density function. A second approach, which has also been
used, consists in building the likelihood function by associating each neutrino interaction to the corresponding
proton waveform instead of the average one.

Figure 2: Distribution of the tLV D − tOP ERA. For each year all events are grouped in one single point but for
2008 which is subdivided in three periods: before May, May-August, and after August.

The frequency of the oscillator was measured after the end of the 2011 CNGS run and found to
be larger than the specification by 0.124 ppm. We will return on this point later on.
The delays characterising the LNGS timing chain are the following: 1) δtU T C−LN GS : the
delay on the PPmS signal from the external laboratory to the OMC. It was measured with a
two-way fibre procedure in July 2006 to be (40996 ± 1) ns and confirmed with a transportable
Cs clock in June 2007. The fiber delay was re-measured in December 2011 obtaining a value
of 41069 ns, 73 ns larger than the value quoted above. We will discuss this point later on.
2) δT T −F E = (50.2 ± 2.3) ns: the delay from the PMT photocathode signal, to the timestamping by the OMC FPGA (measured inclusively with a ps laser). When also including the
correction related to the transverse event distribution inside the detector the correction becomes
δT T = 59.6 ns. 3) δtclock = (4263 ± 1) ns: the delay in the transmission of the time base of the
OMC to the TT front-end cards. 4) δF P GA = (24.5 ± 1.0) ns: the internal delay of the FPGA
processing the OMC signal to reset the counter which is incremented every 10 ns to time-stamp
TT hits.
The time of the neutrino interaction is defined as that of the earliest TT hit. Since T oFc
is computed with respect to the origin of the OPERA RF (ORF), located beneath the most
upstream spectrometer magnet, the time of the earliest hit is corrected for its distance to the
ORF along the beam line.
We will briefly give some further description on the two flaws which were discovered more
recently leaving the reader to 10,9,7 for more detailed reports:
• The mis–calibration of the OPERA master clock resulted in a time drift of 124 ns/s
accumulating in between re-synchronizations occurring every 0.6 s (“DAQ” cycle). This
cycle remains in phase with the CNGS cycle over time-scales of several months introducing
a practically constant time-offset. The effect goes in the direction of artificially decreasing
the anticipation effect by about 15 ns.
• The re-measurement of the δU T C−LN GS component 10 evidenced a discrepancy with the
previously measured value of 73.2 ns going in the direction of an artificial increase of the
neutrino anticipation. The delay effect is related to an anomalous attenuation of the light
signal introduced by an improper match of the optical fiber underground introducing a
reproducible and stable condition. The existence of this anomalous condition during the
bunched-beam data taking in November 2011 was confirmed by the inspection of pictures

taken before that time. Furthermore the analysis of the OPERA-LVD horizontal cosmic
muon coincidences 8 which was promoted by OPERA in collaboration with LVD to confirm
the direct measurement of the fiber delay and determine its stability in time, has provided
a strong evidence for the presence of this condition throughout the full period of the data
taking considered for the analysis (confirming both the extra delay and the OMC drift) 8,9 .
The analysis is based on coincidences of almost horizontal high energy cosmic ray muons
penetrating a region with limited overburden and crossing both the OPERA and LVD
detectors. The timing of these events allows to profit of a natural time scale (the T oF of
cosmic muons over the 162 m separating the experiments) which can be used to monitor
anomalous states of one of the two timing systems (Fig. 2).
The total sample used for the analysis consists of 15223 events (7235 internal, CC and
NC, and 7988 external CC) detected in OPERA, corresponding to about 1020 protons on target
(pot) collected during the 2009-2010-2011 runs. The updated results 6 using the standard timing
structure after all corrections are fully consistent with neutrinos travelling at the speed of light
within the experimental accuracy both using the standard beam or the bunched beam data of
autumn 2011 (6 internal and 14 external events). The dominant uncertainty comes from the
calibration of the BCT time response and the a posteriori value for the δU T C−LN GS correction.
There is furthermore no indication for a dependence on the period of the year, time of the day,
neutrino energy, beam intensity or containement in the detector 5 .
In preparation for a new bunched-beam run which took place during two weeks in May 2012
the experiment has improved the timing system by using a new oscillator for the OMC and
introduced the possibility for an offline correction for the 25 ns jitter between the PPmS and the
OMC clock. Furthermore data from the RPC system have been successfully employed 11 both
with the standard OPERA DAQ and with an ad-hoc stand-alone TDC system which by-passes
the complexity introduced by the full DAQ system. All these results will be the subject of
reports in the near future.
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Results from T2K
M. Otani
(for the T2K collaboration)
Department of Physics, Kyoto University,
Sakyo-ku, Kyoto, Japan
T2K is a long baseline (295 km) neutrino oscillation experiment, aiming the measurement of
θ13 via νµ → νe oscillation and the precise measurement of θ23 via νµ → νx oscillation. This
article describes these results obtained from neutrino data taken until March 2011.

1

Introduction

Neutrino oscillations, in which neutrinos change from one flavor to another during propagation,
was discovered in 1998 by Super-Kamiokande 1 . It is the phenomena beyond the Standard Model
of particle physics, giving the concrete evidence that neutrinos have non-zero mass.
In the three generation framework, neutrino oscillation is described by a 3×3 unitary matrix
called the Pontecorvo-Maki-Nakagawa-Sakata matrix 2,3 which is written by four parameters:
mixing angle θ12 , θ23 , θ13 and CP-phase δ. The parameters are being measured with increasing
precision; θ12 is well constrained by solar 4 and reactor 5 experiment; θ23 has been measured
by atmospheric 6 and accelerator based experiments 7,8 ; recently θ13 is found to be non-zero by
reactor 9,10 experiments. Only δ still remains unknown.
Conclusive evidence of θ13 6= 0 opens the way to the CP-violation quest; δ would be measured
in differences in the neutrino oscillation probabilities of νµ → νe and the corresponding antineutrino channel. The precise measurement of θ23 casts physics beyond the Standard Model,
suggesting the difference of the flavor structure between lepton and quark.
2

Overview of the T2K experiment

T2K (Tokai-to-Kamioka) 11 is a long baseline neutrino oscillation experiment, aiming the measurement of θ13 via νµ → νe oscillation and the precise measurement of θ23 via νµ → νx oscillation. An intense muon neutrino beam is produced by using the 30-GeV proton synchrotron
at J-PARC (Japan Proton Accelerator Research Complex) in Tokai. The proton beam strikes a
graphite target to produce charged pions, which are focused by three magnetic horns. The pions
decay mainly into muon and muon-neutrino pairs during their passage through the 96-meter
decay volume. After traveling 295 km, the neutrinos are detected by the Super-Kamiokande
(SK) detector in the Kamioka Observatory.
T2K adopts an off-axis beam configuration; the beam center direction is 2.5 degrees away
from the direction of SK so that the muon neutrino beam has a narrow energy peak at ∼ 0.6 GeV,
which maximizes the effect of the neutrino oscillation at SK and reduces the background due
to the high energy neutrino. In this off-axis beam configuration, the neutrino flux varies as a
function of the off-axis angle. Therefore, the beam direction is required to be controlled within
±1 mrad to measure sin2 2θ23 with a precision of δ(sin2 2θ23 ) ∼ 0.01.
In T2K, the manifestation of νµ → νe oscillation is an excess of νe interactions at SK over
the expected background from misidentified interactions and the intrinsic νe contamination in
the beam. For the νµ → νx oscillation, the oscillation parameters can be determined by the
energy-dependent deficit of νµ interactions relative to the expectation without oscillation. Thus,
precise prediction and precise measurement of the neutrino beam flux are important.
At 280 meters from the proton beam target, there are two sets of neutrino detectors: one
is located on on-axis to the beam (INGRID) for the measurement of the beam direction and

another is located on off-axis in the direction of SK for the measurement of the neutrino flux.
The INGRID detector covers a transverse section of 10 m × 10 m around the beam center
with 14 identical modules arranged as two identical groups along the horizontal and vertical axis.
Each of the modules has a sandwich structure of iron target and scintillating tracking planes.
By measuring the neutrino event rate at each module, the neutrino beam profile is reconstructed
and the beam center is identified as the profile peak.
The off-axis detector ND280 is comprised of a magnetic tracking detector, a dedicated π 0
detector, an electromagnetic calorimeter, and muon range detectors. A 0.2 T magnetic field is
provided by the refurbished UA1 magnet. The tracking detector consists of three large volume
time projection chambers (TPCs) interspersed by two fine grained scintillating tracking detectors
(FGDs). The latter provide target mass and tracking at the neutrino interaction vertex while
the former provide sign and momentum information via the curvature in the magnetic field
and particle identification through dE/dx measurements. The π 0 detector (P0D), which lies
upstream of the tracking system, is a scintillating tracking detector with layers of brass and lead
between the scintillator layers to enhance conversions of the decay photons.
The far detector of Super-Kamiokande 12 is located 295 km west of J-PARC. It is a cylindrical
cavern, 39 m in a diameter and 41 m in height, filled with 50 kton of pure water and has a
22.5 kton fiducial volume. It is comprised of two segments: the inner detectors (ID) and outer
detectors (OD). ID is completely surrounded by OD and the size of ID is 36.2 m in height and
33.8 m in diameter. ID holds 11129 inward-facing 20-inch diameter photomultiplier (PMT) and
OD holds 1885 outward-facing 8-inch diameter PMTs on its cylindrical wall. The charge and
timing of all the hit PMTs within 500 µsec from the beam arrival time are written to disk and
fed into the offline analysis processing.
3

Beam Data Taking and Beam Stability

The left in Figure 1 shows the history of the T2K data taking till 11th March 2011. The range
of the beam intensities is from 8 kW to 145 kW and the delivered beam is corresponding to
1.4 × 1020 POT. Though the data taking had been interrupted by the 2011 Tohoku Earchquake,
it have resumed from December 2011. This article shows the result using the data before the
Earthquake.
INGRID monitored the beam direction, taking 99.6% of all the beam data. The right in
Figure 1 shows the beam direction measured on a monthly basis. We confirmed that the beam
direction is stable well within our requirement of 1 mrad and the beam direction is estimated
to be
Xcenter = −0.014 ± 0.025(stat.) ± 0.33(syst.)
(1)
Ycenter = −0.107 ± 0.025(stat.) ± 0.37(syst.)

4
4.1

(2)

Prediction and Measurement of the Neutrino Flux
Flux prediction

The flux prediction is made from the simulation of protons interacting in the proton target.
The geometries of the secondary beamline are implemented in the simulation and particles are
tracked in materials until they decay into neutrinos or are absorbed in the material. The proton
interaction inside the target is simulated by the FULUKA hadron interaction model 14,15 . The
differential cross section and production rate for the secondary charged pions production are
tuned using the NA61 measurement 13 . This measurement covers 92% (98%) of the T2K phase
space for π + (π − )’s. The systematic errors are typically 5 ∼ 10% for the differential cross section

Figure 1: Left: Summary of the T2K data-taking till 11th March 2011. The cyan line shows the integrated POT
as a function of time, while the blue shows the POT used in the analysis. The pink and red points show the
per-pulse intensity for all delivered beam and for data used in the analysis, respectively. Right: monthly neutrino
beam direction measured by the INGRID detector.

and 2.3% for the production rate. These errors are propagated to the error of the neutrino flux
prediction.
4.2

Flux measurements

The νµ and νe flux are measured by the ND280 detectors.
FGDs and TPCs are used to select a sample of inclusive νµ CC interactions. The tracks
are identified in the TPC and extrapolated into the FGD, where FGD hits along the track
are associated to it. Among those tracks that start in the fiducial volume of the FGDs, the
highest momentum negative track is required to be consistent with a muon using the dE/dx
measurement. In this selection, 1529 νµ CC interactions are selected with 38% efficiency and
90% purity with the data of 2.88 × 1019 POT. The left in Figure 2 shows the reconstructed muon
momentum of selected 1529 events. The yield is compared with the MC expectation and the
ratio is obtained to be
Rdata/M C = 1.036 ± 0.028(stat.)+0.044
−0.037 (det.sys.) ± 0.038(phys.mod.)

(3)

where the physics model uncertainty includes neutrino interaction modeling uncertainties such
as the angular distribution of the muons. This result is used to provide an overall normalization
factor for the νµ flux in the far detector.
In νe flux measurement, the highest momentum track is required to be consistent with an
electron by the measured dE/dx. To suppress the background due to the photon conversion,
events with a pair with invariant mass < 100 MeV/c2 are rejected. The reconstructed electron
momentum of the 102 selected events with 2.88 × 1019 POT is shown on middle in Figure 2.
The resulting double ratio F = Nνe /Nνµ between data and MC gives
Fdata /FM C = 0.6 ± 0.4(stat.) ± 0.2(syst.)

(4)

Another measurement is performed for a credible assurance of the νe flux by using P0D.
An electron is identified by the shower-like track because P0D has the high Z materials such
as brass. The right in Figure 2 shows the reconstructed neutrino energy of selected 129 events
with 8.6 × 1019 POT. The resulting double ratio F = Nνe /Nνµ between data and MC gives
Fdata /FM C = 1.19 ± 0.15(stat.) ± 0.26(syst.)

(5)

Figure 2: Reconstructed momentum distribution for νµ (left) and νe (middle) charged current interactions by
FGDs and TPCs. Right panes shows the reconstructed neutrino energy measured by P0D.

5

Far detector Event Selection

The far detector, Super-Kamiokande, aims to identify νe and νµ CCQE interactions. The event
selection starts by selecting fully-contained in fiducial volume (FCFV). Then Cherenkov ring is
reconstructed and the event with two or more rings are rejected. Muon- and electron-induced
Cherenkov rings are distinguished by the Cherenkov ring pattern. In addition to the information
of the Cherenkov rings, the number of decay electrons arising from the (π →)µ → e decays are
used; for the νe (νµ ) CCQE selection, the number of decay electrons is required to be zero (one
or less).
For the νe CCQE selection, one of the dominant background comes from Neutral Current
(NC) π 0 production interaction where the π 0 → 2γ can mimic the electron signature when one
of two γ is missed. To suppress the NCπ 0 background, the reconstruction of second ring is forced
with various position and energy. Iteratively, an optimal position and energy for a second ring
is determined and an invariant mass (Minv ) is computed from first ring and second ring. The
Minv is required to be less than 105 MeV/c2 .
Table 1 and 2 summarize the event selection for νe and νµ CCQE events, along with
the expectation normalized by POT. The expectation is corrected by the normalization factor
measured by ND280.
6
6.1

Results
νe appearance results

The left in Figure 3 shows the reconstructed neutrino energy of the selected six νe events. The
number of expected events for θ13 = 0 is 1.5 ± 0.3(sys.). The systematic uncertainty includes the
flux uncertainty (±8.5%), neutrino interaction modeling (±14.0%), near detector measurement
(+5.6
−5.2 %), and the SK detector uncertainty (±14.7%). The p-value for a fluctuation to six or more
events is estimated to be 0.7%. The allowed regions for θ13 as a function of the CP-phase δ are
shown on the right in Figure 3 16 .
6.2

νµ disappearance results

The left in Figure 4 shows the reconstructed neutrino energy of the selected 31 νµ events. A
clear energy dependent deficit can be seen and it is consistent with νµ → νx oscillation with the
best fit values of sin2 2θ23 = 0.99 and ∆m232 = 2.6 × 10−3 eV2 . The right in Figure 4 shows the
90% confidence region 17 extracted from the likelihood fit, where two fit methods were employed:
one in which parameters governing the systematic uncertainties are marginalized (dashed red)
and another in which the parameters are not marginalized (solid red). The boundary of the

Table 1: Summary of the νe CCQE selection at SK. The expectation assume νµ disappearence with ∆m232 =
2.4 × 10−3 eV2 and sin2 2θ23 = 1, but θ13 = 0. The last column shows the expected number of events from solar
νµ → νe oscillations, which is not included in the ”Total” column.

Selection
FCFV
Single Ring
e-like
Evis > 100MeV
Decay e = 0
Minv < 105MeV/c2
Eνrec < 1250MeV

Data
88
41
8
7
6
6
6

Expected number of events for θ13 = 0
Total νµ CC NC νe CC
νµ → νe
73.8
52.4 18.3
3.0
0.12
38.4
30.9
5.7
1.9
0.11
6.7
1.0
3.7
1.9
0.11
5.8
0.7
3.2
1.9
0.11
4.5
0.1
2.8
1.6
0.10
1.9
0.04
0.8
1.1
0.09
1.4
0.03
0.6
0.8
0.09

Table 2: Summary of the νµ CCQE selection at SK. The expectation assume ∆m232 = 2.4 × 10−3 eV2 and
sin2 2θ23 = 1. The last column shows the expected number of events in the absence of oscillations.

Selection
FCFV
Single Ring
µ-like
pµ > 200MeV/c
Decay e ≤ 1

Data
88
41
33
33
31

Total
74.1
38.7
32.0
31.8
28.4

Expected number of events
νµ CCQE νµ CCnQE NC w/o Osc.
19.0
33.8 18.3
166
17.9
13.1
5.7
120
17.6
12.4
1.9
112
17.5
12.4
1.9
111
17.3
9.2
1.8
104

Figure 3: Left: reconstructed neutrino energy distribution for νe CCQE event. Right: Allowed regions in sin2 2θ13
as a function of CP-phase δ.

90% confidence region includes the points (sin2 2θ23 , |∆m232 |)=(1.0,3.1 × 10−3 eV2 ), (0.84, 2.65 ×
10−3 eV2 ) and (1.0, 2.2 × 10−3 eV2 ).

Figure 4: Left: reconstructed neutrino energy distribution for νµ CCQE event. Right: Allowed regions in sin2 2θ23
and ∆m232 .

7

Conclusions

We reported a measurement of νµ → νe oscillation and νµ → νx oscillation with the T2K data
of 1.4 × 1020 POT. The number of νe events is six at Super-Kamiokande and the probability
to observe six or more candidate event is 7 × 10−3 . Thus, we concluded that our date indicate
νµ → νe oscillation. We also showed the first observation of νµ → νx using the off-axis neutrino
beam. Though the beam data taking had been interrupted by the 2011 Tohoku Earchquake, it
have resumed from December 2011.
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First result from the Double Chooz reactor-neutrino experiment
T. Matsubara on behalf of the Double Chooz collaboration
Department of Physics, Tokyo Metropolitan University, Japan
We report first results of a search for the non-zero neutrino mixing angle θ13 from the Double
Chooz experiment. Double Chooz aims to measure the mixing angle based on ν̄e disappearance as a consequence of neutrino oscillation. A new generation of ν̄e detector having 10 m3
fiducial volume is located 1 km from the two 4.25 GWth reactors at the Chooz Power Plant
in France. Physics data taking has been continuing since April 2011. A ratio of observed-topredicted event rate of 0.944 ± 0.016 (stat) ± 0.040 (syst) was obtained in 101 days of detector
running. Analyzing both the rate and their energy spectral shape, we found sin2 2θ13 = 0.086
± 0.041 (stat) ± 0.030 (syst) at ∆m2atm = 2.4 × 10−3 eV2 .

1

Introduction

Prior to one year ago, the neutrino mixing angle θ13 had been an unknown parameter in the
neutrino oscillation framework. The best constraint on θ13 was come from the CHOOZ reactorneutrino experiment 1 , sin2 2θ13 < 0.15 (90 % C.L. at ∆m2atm = 2.5 × 10−3 eV2 ). The T2K and
MINOS accelerator experiments recently reported a sign of non-zero θ13 with νe appearance 2, 3 .
First reactor experiment to present a result was Double Chooz, which reported an indication
for a disappearance of reactor ν̄e in November 2011 4 . Other two reactor-neutrino experiments,
Daya Bay and RENO, gave consistent results with higher sensitivity in early 2012 5, 6 . These
results supporting relatively large θ13 value, sin2 2θ13 ∼ 0.1, potentially encourage us to measure
a leptonic CP violation in near future experiments. This paper describes the first results of a
search for the non-zero neutrino mixing angle θ13 from the Double Chooz experiment.
Neutrino oscillation occurs as a consequence of non-zero mass and a mixing of mass eigenstates and flavor eigenstates. In the reactor-neutrino experiments, survival probability of ν̄e is
given by:
Psurv ≃ 1 − sin2 2θ13 sin2 (1.27∆m2atm L/E),

(1)

where ∆m2atm (eV2 ) is the atmospheric squared mass difference, which is precisely measured
by the MINOS experiment 7 . L is the reactor-to-detector distance in meters and E the ν̄e energy in MeV. This formula indicates the sin2 2θ13 measurability by observing ν̄e disappearance
at appropriate baseline. We therefore placed a ν̄e detector located at ∼1050 m under a ∼300
m.w.e. rock overburden from the two 4.25 GWth reactors at the Chooz Power Plant in France.
In order to reduce systematic uncertainties such as neutrino flux, we will operate an identical
detector located at ∼400 m baseline under a ∼120 m.w.e. rock overburden by 2013. The ν̄e ’s are
detected through the inverse beta decay (IBD) reaction: ν̄e + p → e+ + n. Detector based on
hydrocarbon liquid scintillator provides free proton target and reacts with ν̄e . Positron ionization and annihilation (1∼8 MeV) then creates a prompt signal. Neutron capture on Gadolinium

(∼8 MeV) creates a delayed signal. The signature of IBD reaction is identified by a time coincidence of τ ∼ 30 µs between those signals. In this reaction, the ν̄e energy can be reconstructed
with prompt energy as: Eprompt = E(kin.)e+ + 2me ≃ Eν̄e - (Mn - Mp ) + me ≃ Eν̄e - 0.782 MeV.
A new generation of ν̄e detector for the Double Chooz experiment (Figure 1) consists of a
main detector, an outer veto and calibration devices. The main detector is separated into four
concentric cylindrical tanks. Innermost 8 mm thick transparent acrylic vessel is called neutrinotarget region. The region is filled with a liquid scintillator with a mixture of n-dodecane, PXE,
PPO, bis-MSB and 1 g/l Gadolinium as a beta-diketonate complex. This structure contains a
fiducial volume for the neutrino events within 10 m3 of the target vessel. The composition is
chosen for radiopurity and long-term stability. Gamma-catcher region surrounds the target vessel
to detect γ-rays escaped from neutrino-target region. It consists of 12 mm thick transparent
acrylic vessel containing 22.3 m3 of liquid scintillator. Buffer region is located outside of the
gamma-catcher region. The region is filled with 110 m3 of mineral oil to shield γ-rays from the
Photo Multiplier Tubes (PMT) and rocks. Total 390 10-inch low-radioactive PMTs are equipped
at the inner wall of stainless steel buffer tank to observe light from the inner volumes. These
three layers constitute the inner detector (ID). The ID is surrounded by the optically separated
region of the inner veto (IV) equipped with 78 8-inch PMTs. 90 m3 liquid scintillator is filled in
a steel tank for muon veto and shielding of spallation neutrons produced outside of the detector.
The detector is surrounded by 150 mm of demagnetized steel to reduce a contamination due to
external γ-rays. Outer veto system lies on main detector, which is not used for this analysis.
The main detector is read out with 500 MHz flash-ADC electronics with customized firmware
and a deadtime-free acquisition system.

Figure 1: A schematic view of the Double Chooz detector.
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Neutrino prediction and data analysis

The analysis is based on 101.5 days of data including 16 days with one reactor off and one day
with both reactors off. The expected number of ν̄e ’s are predicted as:
Nνexp (E, t) =

Np ϵ
Pth (t)
×
× ⟨σf ⟩,
2
4πL
⟨Ef ⟩

(2)

where Np is the number of protons in the detector, ϵ the detection efficiency, Pth (t) the thermal
power of reactor, ⟨Ef ⟩ the mean energy per fission and ⟨σf ⟩ the mean cross-section per fission.
Mean energy per fission and associated errors are evaluated with two reactor simulation codes,
MURE 8 and DRAGON 9 . Mean cross-section per fission and associated errors are estimated
with updated reference spectra 10 . Neutrino prediction is based on Bugey4 measurement 11 as
an anchor point of the mean cross-section with correction to Chooz reactor. Total systematic
uncertainty on reactor is estimated to be 1.8 %.
Energy measurements for data analysis are based on the total charge collected by the
PMTs. The energy is reconstructed scaling the total charge by a constant corresponding to
∼200 p.e./MeV, which is adjusted with the 2.2 MeV energy peak of neutron capture on H at
the target center. Our Monte Carlo simulation based on GEANT4 is used to calculate the detector response. Comparison between actual and simulated calibration data has been done to
correct the simulation and estimate an associated uncertainty to be 1.7 %, using two parametric
functions with respect to energy and position.
We applied the following criteria to select ν̄e candidates. Triggers within a 1000 µs after a
cosmic muon crossing the ID or IV are vetoed to suppress spallation neutrons and cosmogenic
backgrounds. This requirement is followed by five selections: (1) a cut rejecting events caused
by sporadically glowing PMT bases, resulting in light localized to a few PMTs and spread out in
time: Qmax /Qtot < 0.09 (0.06) for the prompt (delayed) energy and rms(tstart ) < 40 ns, where
Qmax is the maximum charge recorded by a single PMT and rms(tstart ) is the standard deviation
of the times of the first pulse on each PMT; (2) 0.7 MeV < Eprompt < 12.2 MeV; (3) 6.0 MeV
< Edelayed < 12.0 MeV; (4) 2 µs < ∆te+ n < 100 µs; (5) a multiplicity cut to reject correlated
backgrounds defined as no additional valid trigger from 100 µs preceding the prompt candidate
to 400 µs after it. In total, 4121 neutrino candidates were observed, which is equal to 42.6 ± 0.7
events/day on average (Figure 2).
Backgrounds mimicking the time coincidence have been estimated as follows. Accidental
background caused by uncorrelated coincidence, for example, prompt event from radioactivity
and delayed event from cosmogenic neutron capture. This background rate is estimated by
sequentially shifted off-time window, leading 0.33 ± 0.03 events/day. Fast neutron induced by
muon traveling the rock can interact in the detector producing recoil proton. Thermalized and
captured neutron accompanying the recoil proton then mimics the IBD events. We estimated
the rate to be 0.83 ± 0.38 event/day by modifying the Eprompt selection criteria to be 12.2 MeV
< Eprompt < 30 MeV and extrapolating to the signal region assuming flat energy spectrum.
Spallation product of 9 Li induced by energetic muons emits n and β, simulating IBD event.
This background is studied by time distribution between a muon energy deposition > 600 MeV
and neutrino candidates. Fitting the time distribution by a flat component and an exponential
with the 9 Li lifetime results in 2.3 ± 1.2 events/day. We account for a shape uncertainty between
some decay branches.
We had a chance to take data with both reactors off for ∼24 hours. It was an unique opportunity to validate our background estimation. Two candidates in neutrino energy window
following high energy muon were observed, which are compatible with candidates of 9 Li background. This result is consistent with the estimated number of BG events (Total 3.46 ± 1.26
events/day).
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Figure 2: Observed and expected neutrino event rate.
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Oscillation analysis

Oscillation analyses have been done based on χ2 estimator. Uncertainties used for the oscillation analyses are summarized in Table 1. A ratio of observed-to-predicted events of 0.944
± 0.016 (stat) ± 0.040 (syst) was observed, corresponding to sin2 2θ13 = 0.104 ± 0.030 (stat)
± 0.076 (syst) at ∆m213 = 2.4 × 10−3 eV2 . The analysis can be improved by using spectral information. The positron spectrum is divided into 18 variably sized energy bins from 0.7 MeV
to 12.2 MeV. In order to introduce bin-to-bin correlations, we use four covariance matrices to
include uncertainties on statistics, reactor, detector and background spectral shape. Shape difference between signal and background appears in the region from 8 to 12.2 MeV, reducing the
uncertainties due to correlated backgrounds. Analyzing both the rate and their energy spectral
shape, we found sin2 2θ13 = 0.086 ± 0.041 (stat) ± 0.030 (syst) with χ2 /n.d.f. = 23.7/17. Observed and predicted positron energy spectra for no oscillation and the best-fit sin2 2θ13 including
background are shown in Figure 3. No oscillation hypothesis is ruled out at the 94.6 % C.L.,
which can be interpreted as an indication of the non-zero θ13 . This result is compatible with
follow-up results from the Daya Bay and RENO experiments. A combined analysis with the
T2K and MINOS accelerator experiments on θ13 and CP violation phase δ vs θ13 plane for
normal mass ordering is presented as shown in Figure 4.

4

Conclusion

Double Chooz started a search for the non-zero neutrino mixing angle θ13 using the new generation of ν̄e detector since April 2011. A ratio of observed-to-predicted events of 0.944 ±
0.016 (stat) ± 0.040 (syst) was observed in 101 days of detector running. We found sin2 2θ13
= 0.086 ± 0.041 (stat) ± 0.030 (syst) at ∆m2atm = 2.4 × 10−3 eV2 , based on rate and spectral
shape information. The no oscillation hypothesis is excluded with 94.6 % C.L., which can be
interpreted as an indication of the non-zero θ13 .

Table 1: Summary of uncertainties

Source
Statistics

Reactor

Detector

Background

Bugey4 measurement
Fuel composition
Thermal power
Reference spectra
Energy per fission
IBD cross section
Baseline
Energy response
Edelay containment
Gd fraction
∆te+ n
Spill in/out
Trigger efficiency
Target H
Accidental
Fast neutron
9 Li

Uncertainty w.r.t signal
1.6 %
1.4 %
0.9 %
0.5 %
0.5 %
1.8 %
0.2 %
0.2 %
0.2 %
1.7 %
0.6 %
0.6 %
0.5 %
2.1 %
0.4 %
0.4 %
0.3 %
< 0.1 %
0.9 %
3.0 %
2.8 %
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deceased

Borexino is a large-volume liquid scintillator detector installed in the underground halls of
the Laboratori Nazionali del Gran Sasso in Italy. After several years of construction, data
taking started in May 2007. The Borexino phase I ended after about three years of data taking. Borexino provided the first real time measurement of the 7 Be solar neutrino interaction
rate with accuracy better than 5% and confirmed the absence of its day–night asymmetry
with 1.4% precision. This latter Borexino results alone rejects the LOW region of solar neutrino oscillation parameters at more than 8.5 σ C.L. Combined with the other solar neutrino
data, Borexino measurements isolate the MSW–LMA solution of neutrino oscillations without assuming CPT invariance in the neutrino sector. Borexino has also directly observed
solar neutrinos in the 1.0-1.5 MeV energy range, leading to the first direct evidence of the
pep solar neutrino signal and the strongest constraint of the CNO solar neutrino flux up to
date. Borexino provided the measurement of the solar 8 B neutrino rate with 3 MeV energy
threshold.

1

Introduction

Solar neutrinos (νe ) are expected to be produced in the two distinct fusion processes, in the main
pp fusion chain and in the sub-dominant CNO cycle. In the past 40 years, solar neutrino experiments 1 have revealed important information about the Sun 2,3 and have shown that solar νe
undergo flavor transitions that are well described by Mikheyev–Smirnov–Wolfenstein Large Mixing Angle (“MSW–LMA”) type flavor oscillations 4 . Reactor anti–neutrino (ν̄e ) measurements 5
also support this model. The MSW model predicts a transition in the solar νe survival probability Pee at energies of about 1-4 MeV from vacuum–dominated to matter–enhanced oscillations.
This transition is currently poorly tested. Therefore, in order to test MSW-LMA thoroughly,
to probe other proposed νe oscillation scenarios 6 , and to further improve our understanding of
the Sun (metallicity problem 7,3 ), it is important to measure the solar νe fluxes.
Borexino is a real–time large–volume liquid scintillator detector 8 installed in the underground halls of Laboratori Nazionali del Gran Sasso in Italy (3800 m water equivalent). It
was designed to measure the 862 keV 7 Be solar νe . One of its unique features is the very low
background level that allowed the first 7 Be-νe measurement 9 soon after the detector became
operational in May 2007. This made Borexino the first experiment capable of making spectrally
resolved measurements of solar νe ’s at energies below 1 MeV. Borexino performed also a measurement of the 8 B solar νe ’s with a recoil–electron energy threshold of 3 MeV 10 . Recent Borexino
solar νe results include a high–precision measurements of the 7 Be–νe interaction rate 11 and of
the absence of its day–night asymmetry 12 , the first measurement of pep-νe ’s and the strongest
constraint up to date on CNO solar neutrinos 13 . Other Borexino results include the study of
solar and other unknown ν̄e fluxes 14 , observation of geo–neutrinos 15 , experimental limits on the
Pauli–forbidden transitions in 12 C nuclei 16 , and a search for 5.5 MeV solar axions produced in
p(d,3 He)A reaction 17 .
2

Borexino detector

Borexino detects low–energy solar νe via their elastic scattering off the electrons of a ∼280 tons
ultra–pure liquid scintillator, while ν̄e are detected via the inverse neutron β–decay reaction,
with 1.806 MeV kinematic threshold. The high light yield and the extreme radiopurity achieved
allow the real–time detection of solar νe ’s down to about 20 keV of electron recoil energy, being
limited below this value by the presence of the unavoidable 14 C(e− ) background.
The main features of the Borexino detector 8 are illustrated in Figure 1-Left. The active
medium is a mixture of pseudocumene (PC, 1,2,4- trimethylbenzene) and a wavelength shifter
PPO (2,5-diphenyloxazole, a fluorescent dye) at a concentration of 1.5 g/l. The scintillator is
contained in a 125 µm thick nylon vessel with a radius of 4.25 m, shielded by the two PC buffers
separated by a second nylon vessel which acts as a barrier against the inward radon diffusion.
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Figure 1: Left: The Borexino detector. Right: A Monte Carlo based fit over the energy region (270–1600) keV;
Rate values in the legend are integrated over all energies and are quoted in units of counts/(day·100 ton).

The 1000 tons of PC buffer contain 5.0 g/l DMP (dimethylphthalate) quenching the residual
PC scintillation. The scintillator and buffers are contained within a 13.7 m diameter stainless
steel sphere that is housed in a 16.9 m high cylindrical dome filled with ultra–pure water that
serves as an additional passive shielding and as an active Cherenkov muon veto system equipped
with 200 PMTs 18 . The scintillation light is viewed by 2212 800 PMTs (ETL9351) mounted on
on the inside surface of the stainless steel sphere. The number of hit PMTs is a measure of the
deposited energy. The position of the scintillation event is determined by a photon time–of–flight
method. There is no sensitivity to the intrinsic neutrino direction.
With the muon flux and external background highly suppressed, the crucial requirement for
solar νe detection is a high scintillator radiopurity achieved via a combination of distillation,
water extraction, and nitrogen gas stripping 19,8 . Assuming secular equilibrium in the Uranium
and Thorium decay chains, the Bi–Po delayed coincidence rates imply 238 U and 232 Th levels of
(1.6 ± 0.1)×10−17 g/g and (6.8 ± 1.5)×10−18 g/g 20,8 . The radon progenies 210 Po and 210 Bi
however, are higher than expected and are out of secular equilibrium. The 85 Kr is present in the
data due to a small air leak during the detector filling. Nevertheless, the current low background
has made possible measurements of 7 Be neutrinos with high accuracy, measurements of 8 B and
pep neutrinos, and strong limits on CNO neutrinos. Systematic errors were reduced thanks to
extensive calibration campaigns performed deploying α, β, γ, and neutron sources within the
scintillator volume. The calibration data were also used to validate and improve both the Monte
Carlo (MC) and the analytic detector response function.
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Precision measurement of 7 Be neutrinos

The observed energy spectrum based on 740.7 days of life time after cuts is shown in Figure 1Right. The apparent shoulder at 665 keV is due to the Compton–like spectrum of recoil e− ’s
scattered by the 862 keV mono-energetic 7 Be-νe . The peak at 440 keV is due to 210 Po α’s.
The 11 C produced by muon interactions on 12 C has the continuous e+ spectrum above 800
keV. The 7 Be-νe rate was determined by fitting the energy spectrum to the expected νe and
background spectra. Two independent methods were used, one MC based and one using an
analytic detector response function. In both methods, the weights for the 7 Be−νe and the main
background components (85 Kr, 210 Po,210 Bi, and 11 C) were free fit parameters, while those of the
pp, pep, CNO, and 8 B νe ’s were fixed to the SSM predictions assuming MSW–LMA oscillations.
The MC method includes also external γ-ray background. The energy scale and resolution
were floated in the analytic fits, while the MC approach automatically incorporates the detector
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Figure 2: Left: Energy spectra before (solid blue) and after (solid black) the TFC veto. The estimated 11 C rate is
shown before (dashed blue) and after (dashed black) the veto. The green line shows 210 Bi. The red lines represent
the pep–νe best estimate (solid) and the CNO–νe upper limit (dashed). Rates in the legend are integrated over all
energies and in units of counts/(day·100ton). Right: The Pee as a function of νe energy. The grey band shows
the MSW–LMA prediction with 1σ range of mixing parameters. The data points are described in the legend.

response. The stability of the results was studied by repeating the fits with slightly varied
characteristics. One example of the MC–fit spectrum is shown in Figure 1-Right.
The best estimate for the 7 Be–νe interaction rate in Borexino is (46.0 ± 1.5(stat)+1.5
−1.6 (syst))
11
31
−
counts/(day·100ton) ; 100 tons of Borexino scintillator contain 3.757 × 10 e . The measured rate is to be compared to the predicted rate without νe oscillations of (74.0 ± 5.2)
counts/(day·100ton), based on the high metallicity SSM flux 3 . The experimental result is
5σ lower. The ratio of the measured to the predicted νe -equivalent flux is 0.62 ± 0.05. Under the
assumption that the reduction in the apparent flux is the result of νe oscillation to νµ or ντ , we
find Pee = 0.51 ± 0.07 at 862 keV. Alternatively, by assuming MSW-LMA solar neutrino oscillations, the Borexino results can be used to measure the 7 Be solar neutrino flux, corresponding
to Φ7 Be = (4.84 ± 0.24) × 109 cm−2 s−1 .
4

Search for a day-night asymmetry in the 862 keV 7 Be neutrino rate

Borexino data can be used to search for a change in the 7 Be–νe rate associated with matter
effects possibly causing νe regeneration as they pass through the Earth during the night. The
asymmetry between the night and day rates, RN and RD , is described by Adn parameter
Adn = 2

RN − RD
RN + RD

(1)

The result is Adn = (0.001 ± 0.012(stat) ± 0.007(syst)), fully consistent with zero 12 . The ∆m212
region between ∼10−8 and 2 × 10−6 eV2 is excluded by this result alone. In particular, the
minimum Adn computed in the LOW ∆m2 region is 0.117, more than 8.5σ away from our
measurement. The inclusion of this result in a global analysis of all solar νe data can single out
the LMA solution of solar νe oscillations with very high confidence. The result does not use the
KamLAND ν̄e data 21 , and therefore does not assume CPT invariance in the neutrino sector.
5

First evidence of pep solar neutrinos and limit on CNO solar neutrino flux

The 1.44 MeV pep νe ’s are an ideal probe to test the Pee transition region predicted by the
MSW–LMA model because, thanks to the solar luminosity constraint, its SSM predicted flux
has a small uncertainty of 1.2% 3 . The detection of νe from the CNO cycle would be the first
direct evidence of the nuclear processes that are believed to fuel massive stars (>1.5 M ). The

CNO spectrum is the sum of 3 continuous spectra with end–point energies of 1.19 (13 N), 1.73
(15 O), and 1.74 MeV (17 F). The predicted CNO flux is strongly dependent on the solar modeling,
being 40% higher in the High Metallicity (GS98) than in the Low Metallicity (AGSS09) solar
model 2,7 . The detection of pep and CNO νe ’s is more challenging than that of 7 Be νe ’s, as their
expected interaction rates are ∼10 times lower and because of the background in the 1-2 MeV
energy range, the cosmogenic β + -emitter 11 C (lifetime: 29.4 min). Thanks to the extremely low
levels of intrinsic background and to the novel background discrimination techniques Borexino
provided the first time measurement of the solar pep–νe rate and the strongest limit on the CNO
solar νe flux to date 13 .
The 11 C background can be reduced by performing the Three–Fold–Coincidence (TFC)
space–time veto after coincidences between muons and cosmogenic neutrons which are produced
together with 11 C in 95% of the cases. The TFC veto relies on the reconstructed muon track
and position of the neutron–capture γ-ray 18 . The rejection criteria were chosen to obtain the
optimal compromise between 11 C rejection and preservation of fiducial exposure. The resulting
energy spectra before and after the TFC veto are shown in Figure 2-Left. The residual 11 C
surviving the TFC veto is still a significant background. We exploited the pulse shape differences
between e− and e+ interactions in organic liquid scintillators 22 due to the finite lifetime of ortho–
positronium as well as from the presence of annihilation γ–rays. An optimized pulse shape
parameter was constructed using a boosted–decision–tree algorithm and used to discriminate
11 C β + decays from neutrino induced e− recoils and β − decays. The analysis is based on a
binned likelihood multivariate fit performed on the energy, pulse shape, and spatial distributions
of selected scintillation events whose reconstructed position is within the fiducial volume 13 . The
fit included MC based distributions of the external γ–ray backgrounds.
The best estimate for the pep–νe interaction rate in Borexino is (3.1 ± 0.6 (stat) ± 0.3 (syst))
counts/(day·100ton) 13 . The measured rate is to be compared to the predicted rate without νe
oscillations, based on the SSM, of (4.47 ± 0.05) counts/(day·100ton); the observed interaction
rate disfavors this hypothesis at 97% C.L. If this reduction in the apparent flux is due to νe
oscillation to νµ or ντ , we find Pee = 0.62 ± 0.17 at 1.44 MeV. Alternatively, by assuming MSW–
LMA solar νe oscillations, this can be used to measure the pep solar νe flux, corresponding to
Φpep = (1.6 ± 0.3) ×108 cm−2 s−1 , in agreement with the SSM. Due to the similarity between
the electron–recoil spectrum from CNO νe ’s and the spectral shape of 210 Bi decay, whose rate
is ∼10 times greater, we can only provide an upper limit on the CNO νe rate. Assuming MSW–
LMA solar νe oscillations, the 95% C.L. limit on the solar CNO νe flux is 7.7×108 cm−2 s−1 .
Our CNO limit is 1.5 times higher than the flux predicted by the High Metallicity SSM 3 and
in agreement with both the high and low metallicity models.
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Conclusions

The precision measurement of the 7 Be solar νe rate validates the MSW–LMA solution of neutrino
oscillation at 862 keV. Borexino measurement of the absence of the day–night asymmetry of the
7 Be solar ν flux excludes the LOW solution at more than 8.5 σ C.L. and, when combined with
e
the other solar neutrino data, allows to select the LMA region of neutrino oscillation parameters
without assuming CPT invariance in the neutrino sector. The independent determination of the
LMA solution obtained by Borexino with solar neutrinos only is reinforcing the consistency of
our understanding of neutrino oscillations. Borexino has also achieved the necessary sensitivity
to provide, for the first time, evidence of the rare signal from pep solar νe ’s and to place the
strongest constraint on the CNO solar νe flux to date. This result raises the prospect for higher
precision measurements of pep and CNO interaction rates by Borexino, if the next dominant
background, 210 Bi, is further reduced by scintillator re–purification. Figure 2-Right summarizes
the current knowledge of the Pee for solar νe ’s to which Borexino results have contributed

significantly. All data are in a very good agreement with the MSW–LMA solution of neutrino
oscillations.
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136 Xe

double beta decay observation with EXO–200

R. MacLellan on behalf of the EXO Collaboration
Department of Physics & Astronomy, University of Alabama,
Tuscaloosa AL 35487
USA
EXO–200 has begun taking data with enriched xenon. Without a fully optimized detector,
analysis of a preliminary data set results in the first measurement of 136 Xe double beta decay
with a half-life of 2.11 ± 0.04(stat) ± 0.21(syst) × 1021 yr.

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. Double beta decay can be the dominant decay mode of some eveneven nuclei for which the single beta decay is energetically forbidden or highly spin suppressed.
This is a SM second order weak process that produces, among other things, two neutrinos
(2νββ). Should neutrinos be Majorana in nature, double beta decay could proceed without
the emission neutrinos (0νββ). The observation of this process would require neutrinos to have
Majorana masses, which can be related to the 0νββ rate, and lepton number conservation would
be violated.
0νββ results in a discrete electron sum energy distribution centered at the Q-value. The
allowed, yet also rare, two neutrino double beta (2νββ) is characterized by a continuous sum
energy spectrum ending at the Q-value. The measurement of the electron sum energy therefore
distinguishes 0νββ from 2νββ. To experimentally distinguish the different decay modes good
energy resolution is needed. The extremely low rate of double beta decay requires the use of
very large low background detectors.
A handful of isotopes have already been observed to undergo 2νββ. One controversial
claimed observation of 76 Ge 0νββ has been made.1 There are generic arguments to look for
0νββ in any number of these isotopes including the large variation in nuclear matrix element
calculations (needed to infer Majorana neutrino mass from decay rate measurements) and to
verify or refute claimed observations both with the same isotope and others with different Qvalues (thereby excluding the possibility that the signal could be the result of a sole unknown
or misunderstood source of background). 136 Xe, in particular, is relatively easy to enrich, is a
noble gas so it is easy to continuously purify, has no long lived isotopes, and has a relatively low
rate of 2νββ (which had actually not been observed before this result). The Q-value of 136 Xe
ββ, at 2458 keV, is also above the energy of most natural radioactivity. The greatest advantage
136 Xe could have over other 0νββ candidates is the potential to tag the decay product 136 Ba++ ,
making any measurements virtually background free. Only an observation of the 0νββ of 136 Xe
with barium tagging can discover 0νββ without later confirmation from a different isotope.
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Figure 1:
Schematic of the
EXO–200 liquid xenon chamber
with a cutout of one of the TPCs.
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Figure 2: Drawing of the EXO–200 liquid xenon (LXe)
vessel with surrounding shielding, clean room, and cosmicray veto system.

The Enriched Xenon Observatory (EXO)

The EXO Collaboration seeks to observe the 0νββ of 136 Xe. EXO is currently operating
EXO–200 on the 200 kg scale. With a low background and sufficient energy resolution, EXO–200
will test the claimed observation of the 0νββ of 76 Ge1 , probe Majorana neutrino masses down
to ∼100 meV, and observe the rare, and until recently unobserved, 2νββ of 136 Xe. Ultimately,
EXO–200 will test the feasibility a larger liquid xenon time projection chamber. A detector
containing 2–10 tonnes of xenon enriched to 80% in the A = 136 isotope would be sensitive to
Majorana neutrino masses well below the inverted hierarchy regime and could probe Majorana
neutrino masses down to . 20 meV.
3

EXO–200

Good energy resolution at the decay Q-value and an absolute minimal radioactive background
are required to make a significant observation of 2νββ or even a significant non-observation of
0νββ. EXO–200 uses liquid xenon, at a temperature of 167 K and pressure of 147 kPa, as both
a source of ββ and as a medium for measuring the summed energy of the decay electrons. This
maximizes the efficiency for observing 136 Xe ββ while minimizing the detector components that
could act as a source of radioactive background.
The liquid xenon is contained within a thin walled cylindrical copper chamber as shown
schematically in figure 1. The chamber is instrumented on either end with ∼ 250 inward looking
large-area avalanche photodiodes (LAAPDs) that are readout in (mostly) groups of 7. Just
inside the LAAPDs are two wire grids crossed at a 60◦ anglea . The wires in each plane are
separated by 3 mm but readout in groups of three for an equivalent channel separation of 9 mm.
All signals are readout in groups to reduce the quantity of signal cables that are a primary
source of potential background. A voltage of −8 kV is applied to the cathode plane (parallel to
the ends of the chamber) that divides the chamber into two identical time projection chambers
(TPCs). Charge deposited in either TPC is drifted to the outer wire plane. Two coordinates of
the energy deposition can be reconstructed by the charge collection signal in conjunction with
the induced charge signal recorded by the inner shielding grid plane. The third coordinate (the
a

This angle is set by the angle between the xenon chamber cable ducts which is constrained by the requirement
that they also provide structural support for the chamber.

z-coordinate) is reconstructed based on the difference between the arrival of the scintillation
light, observed by the LAAPDs, and the first charge, collected on the charge collection wire
plane. For the analysis presented in this paper, only the ionization signal, observed by the two
sets of wire planes, is used to estimate the energy deposited in the liquid xenon. However,
it has been shown by the EXO Collaboration3 that an appropriate linear combination of the
charge and and scintillation light signals can significantly improve the resolution of the energy
estimation.
The event topology in the TPCs permits the rejection of cosmic-ray muon and alpha-particle
energy depositions from ββ. γ-rays produced from radioactive decays can be tagged if interacting
in more than one location within the TPCs (MS) whereas ββs are primarily point-like energy
depositions (SS)b within a single TPC. Beyond event topology, the only manner of reducing
radioactive background deposits in the liquid xenon is to minimize its exposure to radiation.
This means using a minimal amount of, and as radiopure of, materials in detector construction
as possible and employing sufficient low radioactivity shielding of the detector.
All of the components of the detector, from the smallest screws inside the TPCs to the massive lead shielding, have been rigorously tested for radio-purity.4 The impact of the remaining
trace radioactivity, and that due to potential cosmic-ray activation of the copper components
of the detector, has been estimated on the signal regions of interest5 and found to be compatible with both measuring 136 Xe 2νββ and testing the claimed observation1 of 0νββ with 76 Ge.
External backgrounds, from the environment surrounding the experiment, are essentially eliminated by: a low background lead shield that is, at its minimum, 25 cm thick; the 5 cm of low
background copper that make up the detector cryostat; and at least 50 cm of low background
heat transfer fluid (HFE-70006 ) that provides thermal contact between the inner cryostat wall
and the liquid xenon vessel. The last remaining potential source of backgrounds was found to be
due to radiation associated with the residual cosmic-ray muon flux, even with EXO–200 being
∼ 1600 m.w.e. underground at the Waste Isolation Pilot Plant (WIPP). It has been calculated5
that a reduction of 90% of cosmic-ray related backgrounds would be compatible with the goals
of EXO–200. The tagging of cosmic-ray muons passing through the TPCs is achieved, to better
than 95%, by an extensive array of 5 × 65 × (315|375) cm plastic scintillator panels around the
clean room that contains inner detector. The inner detector vessel, cooling system and cryostat,
external shielding, and cosmic-ray veto system are all shown in figure 2. A threshold of 720 keV
was chosen for this analysis, above which event reconstruction is 100% efficient.
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First EXO–200 data

Of the 200 kg of enriched xenon, 175 kg resides inside the inner vessel in liquid phase. Only data
reconstructed within the inner 63 kg of liquid xenon are presented by this work.7 Data collected
between May 21 and July 9 of 2011 amounts to 752.55 h under optimal noise and background
conditions. The primary source of down time during this period was time devoted to daily
radioactive source calibrations to monitor the stability of this newly commissioned detector. The
energy spectra, showing good agreement with a GEANT4 based detector simulation, of 228 Th
calibration source data is shown in figure 3. The disagreement between the absolute activity of
the calibration sources and that determined by comparing simulation to the radioactive source
calibration data is better than ±8%.
The electron lifetime (τe ) in the liquid xenon is determined by analysis of such calibration
data. After the initial filling of the detector, the τe rose to ∼ 250 µs. The electron loss due to
the finite τe is corrected for in the energy estimation. The uncertainty in τe is considered as a
systematic error in the error estimation in subsequent analysis utilizing reconstructed energy.
b

This is strictly true to within our position reconstruction resolution. However, ββ electrons can deposit energy
non-locally due to bremsstrahlung.

Figure 3: SS and MS (inset) spectra from 228 Th calibration data. The
intensity of the simulation (the solid
lines) is not derived from a fit to the
data; the overall scale of the simulated spectrum tests the agreement
between the calibration data and the
simulation modulo the error on the
calibration source activity (∼ 1%).

Figure 4: Top: Residual of fully absorbed γ-ray energy for both SS and MS events. The solid and dashed
lines represent the systematic errors on the SS and MS
energy scales respectively. The long dash line represents the simulations prediction of the shifted energy
scale of direct electron energy depositions. Bottom:
Measured energy resolution with a parametrization.

The reconstructed energy residual of two 60 Co and two 228 Th γ-ray full absorption peaks
is shown in figure 4. The three highest energy γ-rays each provide a sample of both SS and
MS (defined hereafter as two energy depositions separated by & 15 mm on the charge collection
wire plane or by & 17 mm in z) calibration events. The energy scale of the two event types
differs due to the finite energy threshold of single wire channels. e+ e− pairs created by the
highest energy γ-ray deposit 1592 keV of energy in the liquid xenon. This energy deposition is
more similar, topologically, to that of ββ. This pure sample of electron energy deposition again
results in a different energy scale as the ionization of the xenon takes place over a smaller volume
than electrons that have interacted with a γ-ray. However, this shift is well reproduced by the
simulation. The uncertainty in these energy scale offsets, the remaining discrepancy between
calibration data and the simulation, are assigned as systematic errors in the subsequent analysis.
The energy resolution at 2615 keV was measured to be σE = 4.5 % utilizing only the ionization signal. The parametrization of σE shown in figure 4 is incoporated into the detector
simulation.
Two data selection cuts were applied to this data. Cosmic-ray muon induced backgrounds
are rejected from the data set by a 5 ms veto following any veto system trigger. The dead time
induced by this cut amounts to only 0.12% of the total live-time. A cut to remove β-particles
potentially in coincidence with α-particles, such as those from the decays of/following 220 Rn
and 222 Rn, reduces the live-time by a further 6%. The remaining data is shown as a function of
energy, separately for SS and MS events, as the data points in figure 5.

Figure 5: Reconstructed energy of SS and MS (inset) events contained within the data set
described in the text. The solid region represents the contribution to the total spectra (data
points) of 136 Xe 2νββ as determined by a maximum likelihood estimator. Prominent background contributions, also included in the fit, include 54 Mn (835 keV), 65 Zn (1.12 MeV), 60 Co
(1.17-1.33) MeV, 40 K (1.46 MeV), and multiple 232 Th and 238 U γ-rays consistent with having
originated in the copper vessel. The solid line is the fit to the data.
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Analysis of first EXO–200 data

The detector simulation, with calibrated energy scale and resolution, is used to generate 2νββ
eventsc and various sources of backgrounds from various detector components as indicated by
the exhaustive materials screening. The simulated data is divided into SS and MS spectra to
form probability distribution functions (PDFs) for the signal and each of the backgrounds. Using
a maximum likelihood estimator, the signal and background PDFs were fit simultaneously to
both the SS and MS data sets, the MS data acting as the primary constraint on the low levels
(relative to the apparent 2νββ signal) of backgrounds in the SS data set. These low levels of
residual radioactive contamination in the SS data set are consistent with the materials screening
measurements.
α-particle spectroscopy was used to constrain the levels of 238 U in the liquid xenon. A
decay of 238 U eventually leads to the beta decay of 234m Pa that has a Q-value of 2195 keV. The
α-particle scintillation spectrum was calibrated with those observed from 222 Rn decays in the
liquid xenon. The limits on 238 U restrict the total number of 234m Pa decays in this data set
to < 10 counts. Further, studies of fast neutron production, resulting in neutron capture, and
thermal neutron capture in the liquid xenon bound backgrounds from neutron activated xenon
to < 10 events in this data set.
The result of the fit is shown in figure 5 as the solid line through the data points with a χ2
per degree of freedom equal to 85/90. The resulting 136 Xe 2νββ half-life is 2.11 ± 0.04(stat) ±
0.21(syst) × 1021 yr. The dominant systematic uncertainty contributions arise from fiducial
volume (9.3%), event multiplicity (3.0%), energy calibration (1.3%), and γ-ray background
model (0.6%) uncertainties. The fiducial volume uncertainty is derived from the disagreement
between the measured and simulated calibration source event distributions.
c

The 2νββ events are generated using the Fermi function calculation of Schenter and Vogel.?
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Conclusion

This initial period of data taking by EXO–200, filled with enriched xenon, has produced the first
observation of 136 Xe 2νββ. The half-life measured is significantly lower that the previous halflife limits reported by Bernabei et al.8 and Gavriljuk et al.9 and equates to a 136 Xe 2νββ nuclear
matrix element of 0.019 MeV−1 This is the as yet smallest measured among 0νββ candidate
isotopes.
The background measured within 2σ of Qββ , 4 × 10−3 counts kg−1 yr−1 kev−1 , is already
very competitive among 0νββ experiments. This is without the lead shielding for the cryostat
penetrations, without a blanket of reduced radon air within the lead shielding, without fully
three dimensional MS event selection, and with sub-optimal energy resolution. More recent results from EXO–20010 demonstrate a background rate of only 1.5 × 10−3 counts kg−1 yr−1 kev−1 ,
primarily through improved reconstruction techniques, and an energy resolution, with the additional information provided by the scintillation yield, at Qββ of 1.67%. Both of these parameters
are already consistent with the design goals of EXO–200 and a projected sensitivity down to a
100 meV Majorana neutrino mass.
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Heavy Sterile Neutrinos and Neutrinoless Double Beta Decay

a
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Sterile neutrinos of mass up to a few tens of TeV can saturate the present experimental bound
of neutrinoless double beta decay process. Due to the updated nuclear matrix elements, the
bound on mass and mixing angle is now improved by one order of magnitude. We have
performed a detailed analysis of neutrinoless double beta decay for the minimal Type I seesaw
scenario. We have shown that in spite of the naive expectation that the light neutrinos give
the dominant contribution, sterile neutrinos can saturate the present experimental bound of
neutrinoless double beta decay process. However, in order to be consistent with radiative
stability of light neutrino masses, the mass scale of sterile neutrinos should be less than
10 GeV.

1

Introduction:

Neutrinoless double beta decay (0ν2β) is a very important probe of lepton number violation.
The process is (A, Z) → (A, Z + 2) + 2e− , where lepton number is violated by two units. On
the experimental side, there is a very lively situation as far as present and future experiments
1,2 are concerned a , and even a claim of observation of neutrinoless double beta decay 16 by
Klapdor and collaborators. The observation of lepton-number violating processes would be a
cogent manifestation of incompleteness of the standard model, and could be even considered
as a step toward the understanding of the origin of the matter. Indeed, this process can be
described as creation of a pair of electrons in a nuclear transition.
The exchange of virtual, light neutrinos is a plausible mechanism 17 of neutrinoless double
beta decay process, provided they have Majorana mass 18 . However, if the new physics scale is
not too high, alternative possibilities may exist, where neutrinoless double beta decay is mostly
due to mechanisms different from the light neutrino exchange. Infact this possibility has been
proposed since long 19 and has been widely discussed in the literatures 20,21,22,23,24 (see the other
references in 3 ). With this motivation in mind, we have considered the minimal Type I seesaw
25 scenario, and we have analyzed how sterile neutrinos can give dominant contribution in neutrinoless double beta decay process. We discuss the following points in this context:
i) Large contribution from light neutrino states and constraints from cosmology.
ii) Contribution from sterile neutrino states and bound on the active-sterile mixing.
iii) Naive expectations from the sterile neutrino states in Type I seesaw.
iv) Possibility of dominant sterile neutrino contribution in Type I seesaw.
v) Upper bound on the mass scale of sterile neutrinos.
a

See the exhaustive list of references in 3,4 for the present and future experiments on 0ν2β. See 4,5,6 and list of
references in 3 for reviews on 0ν2β. See 7,8,9,10,11,12,13,14,15 for the reviews on neutrino physics.
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Light neutrino contribution and constraints from cosmology

If the light neutrinos are Majorana particle, they can mediate the neutrinoless double beta decay
process. The observable is the ee element of the light neutrino mass matrix |mee | (also denoted
P 2
by ’effective mass’), where |mee | = | i Uei
mi |, U is the PMNS mixing matrix. Certainly mee
P
2 |m . From cosmology, we have bound on the sum of light neutrino masses
is smaller than i |Uei
i
P
i.e., mcosm = i mi . For the lightest neutrino mass scale mmin > 0.1 eV, relevant to the case of
present experimental sensitivities, one can approximate |mee | < mcosm /3 ≈ mmin .
The bound coming from Heidelberg-Moscow experiment 1 is T1/2 > 1.9 × 1025 yrs at 90%
C.L. In terms of the effective mass of light neutrinos, the above implies 1 |mee | < 0.35 eV. The
experimental claim by Klapdor and collaborators 16 implies |mee | = 0.23±0.02±0.02 eV 3,16,26 at
68% C.L . This experimental hint of 0ν2β challenges the result from cosmology 27 , as emphasized
in Fig. 1. In the left panel, the effective mass mee vs the lightest neutrino mass 28 has been
shown (note the region disfavored from cosmology), while the figure in the right panel (note the
linear scale) shows the combination of Klapdor’s claim and the recent cosmological 29 bound
Σmi < 0.26 eV at 95% C.L. It is evident from the figure, that the light neutrino contribution
can not reach the Klapdor’s limit 16 , if we consider the cosmological bound seriously. The above
discussion suggests us to think for an alternative possibility: whether any new contribution to
0ν2β can be large enough to saturate the experimental bound (or hint).
1
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Figure 1: In the left panel, the red and green regions represent the effective light neutrino mass for normal and
inverted hierarchy. In the right panel, the same but using a linear scale to emphasize the region presently under
study. Moreover, we show in light colors the regions resulting from the combination of the recent cosmological
bound and Klapdors claim at 95% C.L.
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Heavy Sterile Neutrino contribution

Consider nh generation of heavy sterile neutrinos with mass Mi and mixing Vei . Let us define
2 m /m and η = V 2 m /M . The traditional expression of the half-life is:
ην = Uei
i
e
i
N
ei p
1
= G0ν |Mν ην + MN ηN |2 ,
T1/2

(1)

where Mν and MN are the nuclear matrix elements for light and heavy exchange respectively,
G0ν is the phase-space factor 26 . One can recast this into a useful form 30 :
1
T1/2

= K0ν Θ2ei

µi
hp2 i − µ2i

2

.

(2)

N
where K0ν = G0ν (MN mp )2 and hp2 i ≡ −me mp M
Mν . This agrees with the Eq. 1, if one identifies,
(µi , Θei ) = (mi , Uei ) for µi → 0 and (Mi , Vei ) for µi → ∞. The scale of comparison is

hp2 i ∼ (200)2 MeV2 , the typical size of Fermi momentum inside the nucleus. Using Eq. 2, we
obtain the bound on the mass and mixing parameters, shown in Fig. 2. In addition, we also
show the bounds coming from different meson decay experiments as well as heavy neutrino decay
experiments 31 for comparison b . The upper yellow region in Fig. 2 is disfavored by neutrinoless
double beta decay experiment. The thick black line in the middle gray band represents the
present bound on the mass and mixing angle, where the updated nuclear matrix elements 26
Mν = 5.24 and MN = 363 have been used. In terms of numerical values, the bound corresponds
Θ2
to µeii ≤ 7.6 × 10−9 GeV−1 . The upper thin black line corresponds to the previous bound 31,32 ,
while the lower line represents rather a conservative limit. Evidently, the most stringent bound
on active-sterile neutrino mixing comes from neutrinoless double beta decay experiment.

Figure 2: Bounds on the mixing
between the electron neutrino and
a (single) sterile neutrino as obtained from Eq. 2. For comparison, we also show other experimental constraints as compiled in
Atre et al.. See text for details.
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Type I seesaw and naive expectation

In this section, we consider the minimal seesaw scenario Type I seesaw 25 . We discuss what is the
naive expectations from the sterile neutrino states in a) neutrinoless double beta decay process
b) heavy neutrino searches at colliders c) lepton flavor violating processes. In order to discuss
the above mentioned points, we denote the mass scale of MD and MR by two parameters m and
M respectively. The naive expectations from the sterile neutrino states are shown in Fig. 3. The
details of the figure are as follows,
• The three gray bands are excluded from the following considerations: (a) M > 200 MeV,
i.e., heavy sterile neutrinos are assumed to act as point-like interactions in the nucleus.
(b) m < 174 GeV, in order to ensure perturbativity of the Yukawa couplings; (c) M > m,
namely, seesaw in a conventional sense.
• The remaining (m − M )-plane is divided in various regions by the three oblique lines, defined as follows: (1) The leftmost oblique line (between white and blue region) corresponds
to neutrino mass Mν ∼ m2 /M = 0.1 eV. The region below this line is excluded from light
neutrino mass constraint. (2) The line between pink and blue region represents the contribution from heavy sterile neutrinos, which saturate the Heidelberg-Moscow bound 1 . The
region below this line is excluded, since contribution larger than the experimental bound
is achieved in this region. (3) The oblique line that separates the pink and yellow region
corresponds to large mixing between active and sterile neutrinos, i.e., Vµi ∼ m/M ∼ 10−2 .
In the region below this line, the production of the heavy Majorana neutrinos in colliders is
not suppressed by a small coupling 34,35 . (4) Finally, we also show the constraints coming
from µ → eγ process 36,37 .
b

For more detail on the bounds from meson decay and heavy neutrino decay, see 31 . Also, to compare the
bounds coming from lepton number violating B − meson decays, see Aaij et al. 33

The above discussion clearly suggests, that the naive expectations on Type I seesaw rules
out large contribution to 0ν2β from heavy sterile neutrinos, or the prospect of heavy neutrino
searches at collider or even a rapid µ → eγ transition.
5

Dominant sterile contribution in multiflavor scenario

In this section we show how to achieve a dominant sterile neutrino contribution in neutrinoless
double beta decay process. For this purpose, we go beyond naive dimensional analysis, discussed
in the previous section. However, to achieve dominant contribution to 0ν2β from sterile neutrinos, the light neutrino masses have to be smaller than the naive seesaw expectation. Below, we
discuss this possibility in detail.
5.1

Vanishing seesaw condition and the perturbation

T M −1 M ∼
We are interested to the case when the naive expectation for the light neutrino mass, MD
D
R
m2 /M , typical of Type I seesaw, does not hold. For this purpose, let us start with the vanishing
T M −1 M
seesaw condition MD
D = 0. This is compatible with an invertible right handed mass
R
matrix MR and a non-trivial Dirac mass matrix MD , if in the Dirac-diagonal basis the two
matrices have the following form 3 :

0

MD = 0
0


0 0
0


0 0 ; MR =
0
0 m
M1




0
M2
M3

M1
M3 
M4


(3)

The light neutrino masses will be generated as a perturbation of this vanishing seesaw condition.
For definiteness, we consider the following perturbation of the Dirac and Majorana mass matrix:




MD = m diag(0, , 1) MR−1





1 1 1
0 0 0
m2 



= M −1  1 1 1  ⇒ Mν =
 0 2  
M
1 1 
0  

(4)

where  is the perturbing element and  < 1. In Eq. 4 we have written down elements which
are of O(1). For notational clarity we skip writing the coefficients of O(1) terms explicitly. It
is evident from Eq. 4 that the light neutrino mass matrix depends crucially on the perturbing
element , and as  → 0, the light neutrino mass matrix becomes zero.
5.2

Sterile contribution in neutrinoless double beta decay

For Mi2  |p2 | ∼ (200)2 MeV2 and for real MR , the amplitude for the light and heavy neutrinos
T M −3 M )
are represented by mpee
and (MD
D ee respectively. Going from Dirac-diagonal to the
2
R
2

m
flavor basis, the sterile contribution will be κ M
3 where the factor κ contains the information of

Figure 3: Naive expectations on
Type I seesaw model are displayed
on the (m − M )-plane.
The
constraints from 0ν2β transition
heavy Majorana neutrino searches
in colliders and lepton flavor violating decays are shown. See the
text for detailed explanation.

the change of basis. For the particular example which we have discussed in the previous section,
this turns out to be:
T
(MD
MR−3 MD )(Fl.)
=ξ
ee

m2
M3

×


∗ √m +U ∗ √m )2
(Ue2
2
3
e3


m2 +m3

with normal hierarchy
(5)

∗ √m +U ∗ √m )2

 (Ue2
2
1
e1

with inverted hierarchy

m1 +m2

where ξ is an O(1) factor that depends on the elements of MR . The light neutrino contributions
2 − m U 2 | (resp., |m | = |m U 2 − m U 2 |) for normal (resp., inverted)
are |mee | = |m3 Ue3
2 e2
ee
2 e2
1 e1
mass hierarchy. Note that, both the numerator and denominator in Eq. 5 depends on the light
neutrino masses m1,2 or m1,3 in the same way. Hence, the sterile neutrino contributions are
m2
not suppressed from the smallness of light neutrino mass. Depending on the factor M
3 , the
sterile neutrinos can give dominant contribution in neutrinoless double beta decay c . To give an
m2
−9 GeV−1 , the sterile neutrinos can saturate the present bound 1 on
estimate, for M
3 ∼ 7.6 × 10
0ν2β half-life. See the texts in 3 for the other cases leading to similar conclusions.
6

Upper bound on the sterile neutrino mass scale

In this section, we discuss what could be the upper bound on the sterile neutrinos mass scale
M , that is consistent with radiative stability. Note that, the dominant contribution in 0ν2β will
imply that the Dirac mass scale m and Majorana mass scale of sterile neutrinos M should be
related as follows:


M = 16 TeV ×

T1/2
1.9 × 1025 yrs

1/6 

MN × κ
363 × 1

1/3 

m
174 GeV

2/3

(6)

Hence, if m reaches to its upper bound 174 GeV, T1/2 = 1.9 × 1025 yrs, and the nuclear matrix
element is MN = 363, sterile neutrinos of mass up to M ∼ 16 TeV can saturate the experimental
bound. However, the question is whether the loop correction of the light neutrino masses can
put further constraints on this mass scale. Note that in this case, when M ∼ 16 TeV and
m ∼ 174 GeV, one will need excessive fine-tuning  ∼ 10−9 to satisfy the neutrino mass constraint
2
m
M < 0.1 eV. Decreasing M as well as m from their maximum values will however reduce the
fine-tuning 3 .
g 2 m2
The one loop correction to the light neutrino mass is 35 δMν ∼ (4π)
2 M log(M1 /M2 ), if M is
larger than electroweak scale. On the other hand, for M smaller than electroweak scale, the loop
g 2 m2 M 2
correction has a polynomial nature, i.e., δMν ∼ (4π)
2 M M 2 . If combined with the following
ew
2

two considerations: a) smallness of light neutrino mass  m
M < 0.1 eV and b) sterile neutrinos
saturating the present bound on 0ν2β half-life, the sterile neutrino mass scale turns out to be
smaller than 10 GeV. See 3 for a detailed discussion.
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Conclusion

Neutrinoless double beta decay is a major experiment to probe lepton number violation. On
the experimental side, there is scope of order of magnitude improvement of the half-life of this
process. We have considered the most basic Type I seesaw scenario and studied the sterile
neutrino contribution in detail. We find that due to improvement of nuclear matrix elements,
the bound on active-sterile mixing angle is now improved by one order of magnitude. Despite
of the naive expectations that the light neutrinos give dominant contribution, heavy sterile
neutrinos can saturate the present experimental bound.
c

See 3 for discussion on another interesting seesaw scenario that leads to similar conclusion.

Acknowledgments
M.M would like to thank the organisers of EW Interaction and Unified Theories, Moriond 2012
for their invitation. Special thanks to Pilar Hernandez and Jean-Marie Frère.
References
1. H. V. Klapdor-Kleingrothaus et al., Eur. Phys. J. A12 (2001) 147-154.
2. I. Abt et al., [hep-ex/0404039]; S. Schonert et al. [GERDA Collaboration], Nucl. Phys. Proc. Suppl. 145,
242-245 (2005); C. Arnaboldi et al. [CUORE Collaboration], Nucl. Instrum. Meth. A518, 775-798 (2004);
R. Arnold et al. [SuperNEMO Collaboration], Eur. Phys. J. C70, 927-943 (2010); V. E. Guiseppe et al.
[Majorana Collaboration] [arXiv:0811.2446 [nucl-ex]].
3. M. Mitra, G. Senjanovic and F. Vissani, Nucl. Phys. B 856 (2012) 26.
4. W. Rodejohann, [arXiv:1106.1334 [hep-ph]].
5. Seventy years of double beta decay: From nuclear physics to beyond-standard-model particle physics,
H. V. Klapdor-Kleingrothaus, Hackensack, USA. World Scientific (2010).
6. K. Zuber, Acta Phys. Polon. B37 (2006) 1905.
7. A. Strumia and F. Vissani, arXiv:hep-ph/0606054.
8. B. M. Pontecorvo, Sov. Phys. Usp. 26 (1983) 1087-1108.
9. S. M. Bilenky, S. T. Petcov, Rev. Mod. Phys. 59, 671 (1987).
10. S. P. Mikheyev, A. Y. Smirnov, Prog. Part. Nucl. Phys. 23 (1989) 41-136.
11. G. Gelmini, E. Roulet, Rept. Prog. Phys. 58, 1207-1266 (1995).
12. K. Zuber, Phys. Rept. 305 (1998) 295.
13. M. C. Gonzalez-Garcia, Y. Nir, Rev. Mod. Phys. 75, 345-402 (2003).
14. R. N. Mohapatra, A. Y. Smirnov, Ann. Rev. Nucl. Part. Sci. 56 (2006) 569-628.
15. G. Senjanović, Riv. Nuovo Cim. 034, 1-68 (2011).
16. H. V. Klapdor-Kleingrothaus et al., Phys. Lett. B586, 198-212 (2004); H. V. Klapdor-Kleingrothaus et
al., Mod. Phys. Lett. A21, 1547-1566 (2006).
17. G. Racah, Nuovo Cim. 14, 322-328 (1937); W. H. Furry, Phys. Rev. 56, 1184-1193 (1939).
18. E. Majorana, Nuovo Cim. 14, 171-184 (1937).
19. G. Feinberg, M. Goldhaber, Proc. Nat. Ac. Sci. USA 45, 1301 (1959); B. Pontecorvo, Phys. Lett. B26,
630-632 (1968).
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26. F. Šimkovic, J. Vergados, A. Faessler, Phys. Rev. D82, 113015 (2010).
27. G. L. Fogli et al., Phys. Rev. D78, 033010 (2008).
28. F. Vissani, JHEP 9906, 022 (1999).
29. R. de Putter et al., arXiv:1201.1909 [astro-ph.CO].
30. S. Kovalenko, Z. Lu, I. Schmidt, Phys. Rev. D80 (2009) 073014.
31. A. Atre, T. Han, S. Pascoli, B. Zhang, JHEP 0905 (2009) 030.
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FIRST RESULT FROM KamLAND-Zen
Double Beta Decay with 136 Xe
A. GANDO
for the KamLAND-Zen Collaboration
Research Center for Neutrino Science, Tohoku University, Sendai 980-8578, Japan
We present the ﬁrst result of the KamLAND-Zen experiment, measurement of 136 Xe doublebeta decay. In an exposure of 77.6 days with 129 kg of 136 Xe, two-neutrino double-beta decay
2ν
half-life is measured precisely to be T1/2
= 2.38±0.02(stat)±0.14(syst)×1021 yr. This value is
consistent with the measurement by EXO-200 and signiﬁcantly below the lower limit obtained
by previous experiment. For the neutrinoless double-beta decay half-life, improved lower limit
0ν
is set to T1/2
> 5.7 × 1024 yr at 90% C.L. and corresponding upper limit of the eﬀective
neutrino mass is ranged to 0.3-0.6 eV depending on the adopted nuclear matrix elements.

1

Introduction

Double-beta decay is a very slow nuclear transition and there are two main modes of the decay.
Two neutrino double-beta (2νββ) decay which emits two electrons and two anti-neutrinos is
described by known physics and have been observed with various nuclei. On the other hand,
neutrinoless double-beta (0νββ) decay which violates the lepton number conservation, is predicted theoretically, but not yet observed. It requires two characteristic neutrino properties;
neutrinos have mass and are Majorana type lepton 1 . Although absolute mass of neutrinos are
not known yet, neutrino oscillation experiments established that neutrinos have non zero mass.
If 0νββ decay is observed, we can conclude the neutrino is Majorana particle. In addition, if
0νββ transition mechanism is simply exchange of a light Majorana neutrino, eﬀective neutrino
2 m , which is proportional to square root of 0νββ decay rate, provide
mass, hmββ i ≡ Σi Uei
νi
neutrino mass hierarchy and information of absolute neutrino mass scale. Allowed region of
hmββ i narrowed by oscillation experiments is divided into three; degenerated hierarchy (m1 ∼
m2 ∼ m3 ) where hmββ i is more than 50 meV, inverted hierarchy (m2 > m1  m3 ) ranging from
20 to 50 meV, and normal hierarchy (m3  m2 > m1 ) less than 20 meV 2 . In addition, there
is a claim of observation of 0νββ decay at a few hundred meV with 76 Ge experiment (KKDC
claim) 3 . From an experimental point of view, features of double-beta decay, very long half-life
(>1018 yr) and a few-MeV Q value, require a large amount of isotopes and low background
environment. Recent experiments plan to use more than 100 kg of double-beta decay isotopes
with various techniques to cover the degenerated hierarchy. Extension of nucleus mass to order
of ton will enable to investigate and mostly cover the inverted hierarchy.
With large and clean environment of KamLAND, KamLAND-Zen (KamLAND ZEro Neutrino double-beta decay) experiment studies 2νββ and 0νββ decays with 136 Xe. The ﬁrst phase
was started in September, 2011, with ∼300 kg of 136 Xe (the largest isotope mass in current ββ
decay experiments), to explore the degenerated hierarchy and test the KKDC claim.

Corrugated tube
KamLAND LS
1000 ton in
R=6.5m balloon

Suspending film belts

Buffer oil
Xe loaded LS in
R=1.54m inner balloon
Outer detector
225 of 20 inch PMTs
1325 of 17 inch PMTs+ 554 of 20 inch PMTs
mounted on stainless-steel tank

Figure 1: Schematic view of KamLAND-Zen
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Detector

KamLAND is a low energy anti-neutrino detector with 1 kton of highly puriﬁed liquid scintillator
(LS) and KamLAND-Zen is a modiﬁcation of the detector (Fig. 1). Double beta decay isotope
of KamLAND-Zen is ∼300 kg of 136 Xe whose Q value is 2.476 MeV. Advantages of using Xe in
our experiment are soluble to LS ∼3% by weight and easily extracted. Furthermore, isotopic
enrichment and puriﬁcation method are already established. The primary source/detector for
double-beta decay is 13 tons of Xe-loaded liquid scintillator (Xe-LS) contained in a 1.54-mradius spherical inner balloon (IB), suspended at the center of the detector. IB is made of
25-µm-thick transparent clean nylon ﬁlm. Twelve belts made by the same material as IB and
connected Vectran strings support the IB. Xe-LS is surrounded by 1 kton of LS contained in
a 6.5-m-radius spherical balloon. The Xe-LS consists of 82% decane and 18% pseudocumene
(1,2,4-trimethylbenzene) by volume, 2.7 g/liter of the ﬂuor PPO (2,5-diphenyloxazole), and
(2.52 ± 0.07) % by weight of enriched xenon gas, as measured by gas chromatography. The
isotopic abundances in the enriched xenon were measured by a residual gas analyzer to be
(90.93±0.05)% 136 Xe, (8.89±0.01)% 134 Xe, and the other xenon isotopes are negligible. Density
diﬀerence between Xe-LS and LS is controlled within 0.10% to reduce the load for IB, and LS
acts as an active shield for external γ’s and as a detector for internal radiation from the Xe-LS
or IB. Scintillation light is monitored by 1,325 of 17-inch and 554 of 20-inch photomultiplier
tubes (PMTs) mounted on the 18-m-diameter spherical stainless-steel tank. Stainless-steel tank
is surrounded by outer detector fulﬁlled with 3.2 kton of pure water as a Cherenkov detector.
225 of 20-inch PMTs are mounted on the wall. Detail of KamLAND detector is described in
Ref. 4 .
Modiﬁcation of KamLAND for the double beta decay experiment was done in August, 2011.
The most important work, inner balloon installation was carried out by nearly 20 researchers
and students. Since balloon and corrugated tube has ∼14-m-long in order to put that at the
detector center, people hold the folded balloon and slowly forward with repetition of sending
small amount of liquid to forefront of inner balloon to sink it. Installation successfully ﬁnished
within 2 hours. IB in the LS was monitored by “monitor system” consist of web cameras and
LED lights. Inner balloon was inﬂated with “dummy-LS” which is Xe-free LS, to check its shape
and ﬁnd possibility of leakage by small amount of Rn as a tracer contained in a LS pipe line.
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Figure 2: [Left] Visible energy distribution of (a) γ’s from the ThO2 -W (208 Tl) source and (b) 214 Bi (β + γ)
decays in the Xe-LS. The line indicate the best-ﬁt curves. The ﬁt to (a) has a χ2 /d.o.f. = 5.0/8 and (b) has a
χ2 /d.o.f. = 27.0/29. In (a), geometry of calibration source is also shown. [Right] R3 distribution of candidate
events for (a) 1.2 < E < 2.0 MeV (136 Xe 2νββ window), (b) 2.2 < E < 3.0 MeV (0νββ window) and (c) 214 Bi.
Lines indicate the best-ﬁt components. (a) 136 Xe 2νββ (dashed) and 134 Cs (dotted). (b) 2.6 MeV γ (dashed)
and 214 Bi (dotted); 136 Xe 0νββ (long-dashed) is also shown instead of 2.6 MeV γ. (c) 214 Bi from Xe-LS (dashed)
and 214 Bi from IB (dotted). The vertical lines show the ﬁducial 1.2-m-radius (dashed) and IB radius (dotted).

After that, we started Xe-LS ﬁlling replacing with dummy-LS. Thanks to KamLAND, whose
DAQ and analysis tools were already established, we took data to monitor the inner balloon
condition during the inﬂation and Xe-LS ﬁlling. Data taking for double beta decay started on
September 24, 2011. After Rn decay and removal of “monitor system”, the data presented here
were collected between October 12, 2011, and January 2, 2012.
3

Calibration and systematic uncertainty

KamLAND-Zen observes the summed energy of two electrons in the double-beta decay due to
inseparable scintillation light of those. Event energy (visible energy) is estimated by the number
of PMT hit and observed photoelectron (p.e.) after correcting various parameters such as gain,
dark rate and transparency depending on the event vertices. The energy response is calibrated
with three kind of sources that (1) 208 Tl 2.614 MeV γ’s from artiﬁcial calibration source of ThO2 W, (2) 2.225 MeV γ’s from spallation neutrons capture on protons, and (3) 214 Bi (β + γ) from
222 Rn (τ = 5.5 days) introduced during ﬁlling of liquid scintillator. From the energy distribution
√
of (1) and Monte Carlo study, energy resolution is estimated to be σ = (6.6 ± 0.3)%/ E(MeV).
The systematic variation of the energy reconstruction is monitored by (2) and it is less than 1.0%.
The detector energy response is also stable within 1.0%. Energy nonlinearity eﬀects caused by
scintillator quenching and Cherenkov light production are constrained by (1) 2.614 MeV peak
of 208 Tl γ (Fig.2 [Left], (a)) and spectrum shape of (3) 214 Bi, ﬁtted well√with simulation data
(Fig.2 [Left], (b)). The vertex resolution is estimated to be σ ∼15 cm/ E(MeV) from radial
vertex distribution of 1.2 < E < 2.0 MeV and 2.2 < E < 3.0 MeV window (Fig. 2 [Right], (a)
and (b)). Fig. 2 [Right] shows the event density variation in the Xe-LS as a function of the
distance from IB center. The vertex reconstruction performance is estimated with that of 214 Bi
(Fig. 2 [Right], (c)).

Fiducial volume (1.2-m-radius) is selected to mitigate the background from IB material, seen
in Figures 2 [Right], (a) and (b). Xe-LS volume in the ﬁducial volume is 7.24 m3 , corresponding
amount of 136 Xe is 129 kg, and volume ratio of FV to total volume (16.51 ± 0.17 m3 ) is 0.438 ±
0.005. Total volume was measured by a ﬂow meter during the deployment. This volume fraction
is compared with event-counting ratio of 214 Bi. In this calculation, IB surface background
contribution is subtracted and its uncertainty is included to the event-counting ratio. The total
diﬀerence of those ratio gives an estimate of the FV uncertainty (5.2%). Other systematic
uncertainties come from enrichment of 136 Xe (0.05%), Xe concentration (2.8%), detector energy
scale (0.3%), Xe-LS edge eﬀect (0.06%), and detection eﬃciency (0.2%), and total systematic
uncertainty is evaluated to 5.9% from the quadrature sum of individual contributions.
4

Background

Main background of measurement comes from (1) radioactive impurities from inner balloon
(external), (2) those from Xe-LS and (3) spallation products generated by cosmic-ray muons.
Originally, (1) was thought to be dominated by 238 U and 232 Th chain and 40 K, however, from radial vertex distribution, it reveals that there are unexpected backgrounds in 2νββ energy region.
Expected background with (2) is only 238 U and 232 Th chain, 85 Kr and 210 Bi but unknown peak
appear in the 0νββ window (2.2 < E < 3.0 MeV). For (3), dominated spallation product from
12 C in the 136 Xe double-beta decay energy range is 10 C (β + decay, τ = 27.8 s, Q = 3.65 MeV)
and 11 C (β + , τ = 29.4 min, Q = 1.98 MeV). The spallation product from xenon is also estimated with lifetime < 100 sec and is revealed to be small.
Unexpected peak in the 0νββ window is ﬁtted with 0νββ spectrum ﬁrstly (see Fig. 3 (c))
but found to have ∼3% energy diﬀerence, and the hypothesis that the peak is explained by 0νββ
event only is excluded at more than 5σ C.L. by χ2 test. Events in the 0νββ window have stable
rate and distribute uniformly in Xe-LS. The well known 2.614 MeV gamma from 208 Tl (β − decay,
Q = 5.0 MeV) as a candidate 0νββ background, is actually distributed to 3-5 MeV due to the
coincident β/γ detection in the surrounding LS. There are two possibilities of the background;
long-lived radioactive impurities or cosmogenic spallation nuclei. Unfortunately, identiﬁcation
of β or γ from the small diﬀerence of those radial distributions is diﬃcult, and ex-situ measurements don’t have enough sensitivity to determine isotopes due to its small amount. So we search
all isotopes and decay path in ENSDF 5 database as the following procedure. For all tabulated
decay chains in the database, the visible energy spectrum is calculated taking into account of
alpha quenching, energy resolution, energy non-linearity and the time structure of the chain
and pile-up in DAQ. Considering only nuclei with peak structure is in 2.4-2.8 visible-MeV, and
has long-lived parent whose lifetime is longer than 30 days, only 4 nuclei remained; 110 Agm (β −
decay, τ = 360 day, Q = 3.01 MeV), 88 Y (EC decay, τ = 154 day, Q = 3.62 MeV), 208 Bi (EC
decay, τ = 5.31 × 105 yr, Q = 2.88 MeV), and 60 Co (β − decay, τ = 7.61 yr, Q = 2.82 MeV) as
potential background sources. Although 88 Y and 60 Co is a little bit constrained by its half-life
and shape, remained 4 background candidates are all included in the ﬁtting as a free parameters
since there is no clear identiﬁcation of the background nor determination by an ex-situ measurement. Presence of 110 Agm may be explained by the spallation of 136 Xe at aboveground caused
by high cosmic ray ﬂux since Xe gas was enriched in Russia and sent to Japan by airplane,
or fallout by the Fukushima I reactor accident in March 11, 2011 since it is observed with Ge
detector in the soil sample in Sendai where is located 100 km away from the reactor. The possibility of 208 Bi is diﬃcult to explain. From Xe gas bottle and ﬁlter of Xe system used for making
Xe-LS, 209 Bi, not 208 Bi, was detected with ﬁnite value by ICP-MS, but for Xe-LS, it was less
than detection sensitivity. Calculated amount of 208 Bi from measured 209 Bi in Xe-LS cannot
explain the peak in 0νββ window. If bismuth was contained in Xe-LS, the 2.3 MeV peak of
207 Bi should also appear but no clear peak found and ratio of 207 Bi/208 Bi is much smaller than
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Figure 3: (a) Energy spectrum of 136 Xe 2νββ decay and best ﬁt backgrounds in 0.5 < E < 4.8 MeV. 90%
C.L. upper limit of 0νββ decay is also shown. (b) Close up of (a) for 2.2 < E < 3.0 MeV. (c)-(e) Close up
for 2.2 < E < 3.0 MeV with assumption of (c) only 0νββ, (d) 110 Agm + 0νββ, (e) 208 Bi+ 0νββ existed, for
comparison. χ2 provided in (b)-(e) is taken from data in shown energy range.

expected. Short-lived nuclei with a lifetime between 100 sec and 30 days possibly supported by
muon spallation is stringently constrained from the study of energy spectrum with close (A, Z)
nuclei scaled with the production cross sections 6 . The estimated value from data with lifetime
< 100 sec associated with muons depositing more than ∼3 GeV is 0.02 (ton·day)−1 at 90% C.L.,
where ton is a unit of the Xe-LS mass.
Unexpected background also existed in the 2νββ decay region. 134 Cs (β + γ) is dominating
around the IB boundary. This rare nuclei not existing in nature is brought by the fallout of
Fukushima I reactor since fabrication of IB was done in Sendai, and ratio of observed activity of
134 Cs/137 Cs is consistent with soil sample measurements. Amount of 137 Cs can’t be explained by
the spallation of 136 Xe as Cs is not observed in Xe-LS. Visible energy distribution as a function
of R3 distribution also show the two peak of 134 Cs on the IB.
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Result

We measured the half-lives of 136 Xe 2νββ and 0νββ decays from likelihood ﬁt to the binned
energy distribution between 0.5 and 4.8 MeV. The 2νββ, 0νββ decays, and backgrounds are
ﬁtted simultaneously. Main backgrounds contained in Xe-LS such as 85 Kr, 40 K, 210 Bi and the
238 U-222 Rn and 232 Th-224 Ra decay chains are unconstrained, while 222 Rn-210 Pb and 228 Th-208 Pb
chains, 10 C, 11 C and contribution from IB such as 238 U chain, 232 Th chain, 134 Cs and 137 Cs are
allowed to vary but constrained by the estimated rates respectively. For the possible backgrounds
in Xe-LS, we also include reactor fallout which was found in the ex-situ measurement and have
half-life longer than 30 days, such as 137 Cs, 134 Cs, 110 Agm , 129 Tem , 95 Nb, 90 Y (from 90 Sr), and
89 Sr in the ﬁt without any constraint. For the 0νββ window, 4 nuclei (110 Agm , 208 Bi, 88 Y, 60 Co)
searched from ENSDF are included in the ﬁt as unconstrained free parameters. Half-lives of
each nuclei is considered with χ2time . Calibration source 208 Tl and radon-induced 214 Bi are used
for constraint of the energy scale uncertainty.

The result of ﬁt is presented in the Figure 3(a) and it has a χ2 /d.o.f. = 99.7/87 obtained by
comparing the binned data and the best ﬁt expectation. Totally 80% of 136 Xe 2νββ spectrum is
in the ﬁtting range and the best-ﬁt number of decay is (3.55 ± 0.03) × 104 , which correspond to
an event rate of 80.9 ± 0.7 (ton·day)−1 . Combined background decay rate of 110 Agm , 208 Bi, 88 Y
and 60 Co is 0.22 ± 0.04 (ton·day)−1 . In Figures 3(d) and 3(e), ﬁtting result with an assumption
that only one kind of nuclei among 4 kinds found in ENSDF is relevant to the background is
shown for 110 Agm and 208 Bi. 0νββ limit is calculated by ﬂoating these backgrounds [Fig. 3(b)].
The upper limit (90% C.L.) of 0νββ decay is < 15 events, and corresponding event rate is <
0.034 (ton·day)−1 . Decay rate of 2νββ and event rate in 0νββ window (2.2 < E < 3.0 MeV)
are stable during the data-set.
2ν = 2.38±0.02(stat)±
From the ﬁtting result, the measured half-life of 136 Xe 2νββ decay is T1/2
2ν = 2.11 ± 0.04(stat) ±
0.14(syst) × 1021 yr, which is consistent with EXO-200 result, T1/2
2ν > 1.0 × 1022 yr, obtained by DAMA 8 .
0.21(syst) × 1021 yr 7 and fall below the lower limit, T1/2
0ν > 5.7×1024 yr at 90% C.L.. This corEstimated lower limit of 136 Xe 0νββ decay half-life is T1/2
responds to ﬁve-fold improvement over previous limits 8 . From this limit, corresponding upper
limit of eﬀective neutrino mass via QRPA (CCM SRC) 9 and shell model 10 is 0.3-0.6 eV.
6

Summary

KamLAND-Zen measured 136 Xe 2νββ decay half-life the most precisely. This result is consistent
with the measurement by EXO-200 and signiﬁcantly below the lower limit obtained by a previous
experiment. Obtained lower limit of 0νββ decay half-life is almost ﬁvefold improvement over
previous experiments. To improve the sensitivity of 0νββ decay search, removal of contaminants
in the Xe-LS such as distillation is planned. In the future, the largest systematic uncertainty
from ﬁducial volume determination will be reduced by source calibration inside of the inner
balloon.
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DOUBLE BETA DECAYS STUDY
WITH NEMO-3 AND SUPERNEMO
E. CHAUVEAU, on behalf of the SuperNEMO collaboration
School of Physics and Astronomy, The University of Manchester
Oxford Road, Manchester M13 9PL, UK

The NEMO-3 experiment was devoted to search for neutrinoless double beta decay as well
as to investigate two-neutrino double beta decay with seven differents isotopes. The detector
has completed data taking end of 2010. A summary of latest results is presented. The design
of its proposed successor, SuperNEMO, is being finalized. The project status and expected
performances will be discussed.

1

Introduction

Two-neutrino double beta decay (ββ2ν) is a transition involving the simultaneous emission of
four particles by a nucleus, two electrons and two anti-neutrinos. It occurs with unstable eveneven isotopes for which the single beta decay mode is strongly suppressed or forbidden. The
study of this rare decay, allowed by the Standard Model and observed by experiments, provides
prominent input to constraint nuclear physics models within this second-order weak interaction
process.
The interesting point for neutrino physics is the possibility of a neutrinoless mode of double
beta decay (ββ0ν). The observation of a such transition, forbidden by Standard Model, may
imply a violation of the lepton number conservation and reveal the Majorana nature of the
neutrino. Furthermore, most of models of ββ0ν mechanism require a massive neutrino and offer
experimental access to an absolute mass scale.
The expected signal of a ββ0ν decay is the simultaneous emission of two electrons with
a kinetic energy sum equal to the energy Qββ released during the transition, compared to a
continuous spectrum with a ββ2ν decay. The key point of a double beta decay experiment is
isotope enrichment and purification, calorimeter energy resolution and a ultra-low background
environment.

2

The NEMO-3 experiment

NEMO-3 1 was a low background experiment, based on identification of electrons from ββ
decay by a tracker. This approach reduces the background drastically and allows a multi-source
detector. It has been taking data for 8 years in the underground laboratory of Modane, at a
4800 m water equivalent depth.
2.1

Detector design and specificity

The detector consists of thin ββ source foils, placed inside a tracking system, all surrounded by a
calorimeter (Fig. 1). The tracker is made of a chamber of 6180 drift cells working in Geiger mode.
A magnetic field of 25 Gauss is applied to bend tracks of charged particule for discriminating
e− and e+ . The calorimeter, segmented in 1940 plastic scintillators blocks, each coupled to 3”
or 5” low radioactivity photomultiplier, gives the energy measurement (15 % FWHM resolution
at 1 MeV) as well as the time of flight of particles (250 ps resolution at 1 MeV).

Figure 1: Picture of NEMO-3 and schematical view of the detector.

This design gives some unique feature for a double beta decay experiment, as the use of 7
differents ββ isotopes (Tab. 1), an identification of all particles in the detector (α, β − , β + , γ)
and a full reconstruction of ββ decays : two simultaneous β − track, a common vertex in the
source foil, a measurement of individual energy and relative angle of emission (Fig. 2).
Event candidate for ββ2ν decay of ¹⁰⁰Mo foil
Run : 3478
Event : 6930
Date : 09/11/2004

calorimeter hit

E1 + E2 = 1.097 MeV
internal hyp. : |Δtmeas - Δtcalc| = 0.33 ns
external hyp. : |Δtmeas - Δtcalc| = 5.21 ns
(Δvertex)t = 4.4 mm (Δvertex)z = 3 cm

track
vertex

Top view
Figure 2: Event candidate for ββ2ν decay of

Side view
100

Mo.

2.2

Background

The background to ββ decays is strongly rejected and reduced to such a 2-electrons event
mimiced by the surrounding radioactivity. The origin can be contamination of source foils with
β emitters, presence of radon 222 Rn in the tracking chamber and other external background.
Figure 3 shows some examples of background mechanisms leading to false ββ events.
²²²Rn

Foil
β

²⁰⁸Tl

β

²¹⁴Bi

Qβ = 4.99 MeV

Beta
+ IC

Foil

Foil

3.8 days

γ

Qβ = 3.27 MeV

e⁻

e⁻

Beta +
Möller

(a)

(b)

e⁻

e⁻
Compton
+ Möller
(c)

Figure 3: Example of NEMO-3 background mechanism : (a) decay of β emitter in the source foil followed by
its internal conversion, (b) decay of radon in the tracking chamber and contamination of its daughter on the foil
surface, (c) multiple interaction in the source foil of an incoming (and not tagged) γ from external radioactivity.

The data analysis through various independent channels other than two-electron channel,
allows a measurement of all different background components 2 : one-electron channel for pure
β emitters in the source (40 K, 90 Y, 234m Pa), one-electron N-gamma(s) for β + γ emitters in
the source (207 Bi, 214 Bi, 208 Tl), one-electron one-alpha for radon in gaz (β/α cascade of its
daughter), ...
2.3

Two-neutrino double beta decay results

Figure 4 shows the different observables measured with NEMO-3 concerning the ββ2ν decay of
100 Mo. This is the main isotope in terms of mass in the detector, which gives, for a such rare
process, an unprecedented high statistics of ββ2ν decays (almost 106 events) with a very low
background (signal over background ratio of 76).

(a)

(b)

(c)

Figure 4: NEMO-3 results with 100 Mo, energy sum (a), individual energy (b), and angular distribution (c) of
two-electron events from the 100 Mo foil (7 kg x 4 years).

Table 1 summarizes the latest measurement of half-lifes, which are currently the most
accurate for all isotopes. This includes the first observation of ββ2ν decay of 130 Te with a

7.7 σ significance 3 , which provides a reference value to a long-standing mystery due to the wide
range of measurements by geochemical observation 6 .
2ν
T1/2

value ± stat. ± syst.

Isotope

Mass

Qββ

100 Mo

6.9 kg

3.03 MeV

7.16 ± 0.01 ± 0.54

x 1018 y

0.93 kg

2.99 MeV

9.6 ± 0.1 ± 1.0

x 1019 y

130 Te

454 g

2.53 MeV

7.0 ± 0.9 ± 1.1

x 1020 y

116 Cd

405 g

2.80 MeV

2.88 ± 0.04 ± 0.16

x 1019 y

150 Nd

37 g

3.37 MeV

9.11 ± 0.25 ± 0.63

x 1019 y

4

96 Zr

9.4 g

3.35 MeV

2.35 ± 0.14 ± 0.16

x 1019 y

5

48 Ca

7.0 g

4.27 MeV

4.4 ± 0.5 ± 0.4

x 1019 y

82 Se

3

Table 1: List of ββ isotope present in NEMO-3 and current ββ2ν half-lifes measured.

The ββ2ν decay of 100 Mo to the first excited state of 100 Ru has also been observed and its
2ν (0+ → 0+ ) = 5.7+1.3 (stat) ± 0.8 (syst) x 1020 y 8 .
half life measured to be T1/2
1
−0.9

2.4

Neutrinoless double beta decay results

The ββ0ν research with NEMO-3 experiment is performed using the two most abundant isotopes
in the detector, 100 Mo and 82 Se. Figure 5 shows the two electron energy sum spectrum in the
region around Qββ , where no evidence of ββ0ν decay is observed for both isotopes. This leads
0ν > 1.0 x 1024 years for 100 Mo and T 0ν > 3.2 x 1023 years for
to the following upper limits T1/2
1/2
82 Se (at 90 % CL). The corresponding constraints on the effective neutrino mass are, respectivly,
mββ ≤ 0.31 – 0.96 eV and mββ ≤ 0.94 – 2.60 eV, using to the most recent nuclear matrix element
values 7 .

¹⁰⁰Mo : 6.9 kg x 4.5 years

Events in [2.8 - 3.2] MeV :
DATA = 18 Total MC = 16.4 ± 1.4

Figure 5: Energy sum of two-electron events from

⁸²Se : 0.9 kg x 4.5 years

Events in [2.8 - 3.2] MeV :
DATA = 14 Total MC = 10.9 ± 1.3
100

Mo and

82

Se around their Qββ value.

NEMO-3 gives besides current best limits on ββ0ν decay through Majoron modes, which
may involve the emission of this massless Goldstone boson 9 .

3

SuperNEMO project

SuperNEMO is the next generation experiment to probe an effective neutrino mass of 50 meV
by extending and improving the NEMO-3 technology to a 100 kg x 5 years experiment. The
baseline design is a detector split in about 20 modules (Fig. 6), each housing 7 kg of 82 Se. 150 Nd
or 48 Ca are also considered and may be used depending on progress on enrichmnent technology.
The modular approach includes the possiblity of source foil exchange, which would allow the
detector to confirm in a reasonable time a possible positive signal by another experiment using
the same isotope, and study its kinematics for a better theoric interpretation.

source

4 x 3 m² foil (40 mg/cm²)

tracker

drift chamber
2000 Geiger cells

calorimeter 550 scintillation counters
PVT block + 8" PMTs

Figure 6: Exploded view of a SuperNEMO module.

The SuperNEMO collaboration has already obtained 5 kg of enriched 82 Se. After production
of source foils, their radiopurity in 214 Bi and 208 Tl which should not exceed 10 µBq/kg and
2 µBq/kg, will be controlled through a dedicated detector, BiPo 3. The challenge is indeed to
not only reach this ultra-low level of radiopurity, but also to be able to control it with sensitivity
of few µBq/kg.
A 90-cell tracker prototype has been built and tested, reaching target resolutions of 0.7 mm
in transverse and 1.3 cm in longitudinal coordinates. An automated wiring robot is currently
under construction for the large production of cells in ultra clean condition.
One limitation of the NEMO-3 technology was its energy resolution of 15 % FWHM for
1 MeV electrons, causing an overlap between ββ2ν and ββ0ν spectra (Fig. 5). Today, the
development of SuperNEMO calorimeter led to an improvement up to 7.3 % FWHM with 10 L
PVT blocks (Eljen) coupled to 8” photomultipliers (Hamamatsu). This results is so far the most
impressive headway from NEMO-3 to SuperNEMO.
The general background of the different detector component is also carefully investigated,
especially their emanation and permability to radon gaz. A control of materials with a sensitivity
of 100 µBq/kg is now possible using a radon concentration line coupled to a ”classical” radon
detector (electrostatic device).

4

Summary

NEMO-3 was a pioneer double beta decay experiment with its unique detection approach, giving
the world best accurate catalogue of ββ2ν half-lifes for seven isotopes and some competitive
limits on ββ0ν process thanks to its excellent background rejection. The extrapolation of
the tracking plus calorimeter technology to a 100-kg-scale detector will be demonstrated with
the commissioning of the first SuperNEMO module. Installed in 2014 in the former NEMO-3
location, this demonstrator will be a zero-background experiment (< 0.06 events/years) and will
be able to test in 2.5 years the Klapdor-Kleingrothaus claim of a positive ββ0ν signal 10 .
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Neutrino Interaction News: SciBooNE, MiniBooNE, & MINERνA
Aaron Mislivec
University of Rochester, Department of Physics, Bausch & Lomb Hall
Rochester, NY 14627, USA
Neutrino oscillation experiments need to understand neutrino-nucleus cross sections in the
1-10 GeV region. This is the transition region from quasi-elastic to inelastic scattering where
cross sections are not well understood. Data is needed to guide and tune neutrino-nucleus
interaction models, and current cross section data has 10-50% uncertainties depending on
the process. As a result, neutrino-nucleus cross sections can be one of the largest systematic
uncertainties for oscillation experiments. The MINERνA (Main INjector ExpeRiment ν-A)
experiment will make precision measurements of neutrino-nucleus cross sections in the 1-10
GeV region, and study nuclear effects that modify the cross section and the kinematics of the
final state. These proceedings present MINERνA’s progress in determining its neutrino beam
flux, muon reconstruction performance, and data taking and reconstruction stability. Recent
results by the SciBooNE and MiniBooNE experiments will also be discussed.

1

Neutrino Cross Sections and Oscillation Experiments

Neutrino-nucleus cross sections are important to neutrino oscillation experiments for calculating
event rates and energy distributions in both near and far detectors. Many oscillation experiments
operate at a few GeV, which is the transition region from quasi-elastic to inelastic scattering
where cross sections are not well understood. Cross section measurements, which are used
to develop and tune neutrino-nucleus interaction models, currently have 10-50% uncertainties
depending on the process. Nuclear effects that modify the final state are also not well understood.
An example of the significance of current cross section uncertainties to oscillation experiments
is provided by the recent measurement of θ13 by the T2K experiment 1 . For sin2 2θ13 = 0.1,
neutrino cross sections contributed a 10.5% uncertainty to the expected far detector event rate
even after normalizing to the near detector event rate. Reducing the cross section uncertainty
is important to current and future oscillation experiments, particularly those with a goal of
measuring CP violation in the lepton sector.
2

SciBooNE and MiniBooNE

The SciBooNE and MiniBooNE experiments are currently making precision cross section measurements near 1 GeV. Both experiments are located in Fermiab’s Booster Neutrino Beam
(BNB). SciBooNE is a scintillator tracker detector, while MiniBooNE is a mineral oil Cerenkov
detector.
SciBooNE has published a measurement of K+ production in the BNB line using high energy
neutrino interactions 2 . High energy neutrinos are produced predominantly in the decay of kaons
produced in the target. The kaon production rate can then be measured from the rate of high

Figure 1: Schematic of the MINERνA detector.

energy interactions in their detector. SciBooNE tuned their model of kaon production in the
target to this measurement, which reduced the model dependence of their electron neutrino
background prediction in the BNB line.
MiniBooNE has published their measurements of inclusive CC π + and π 0 production cross
sections 3,4 . This is the first time that full kinematics (single- and double-differential cross
sections) have been reported for these interactions near 1 GeV. These results are providing
important input to neutrino-nucleus interaction models.

3

The MINERνA Experment

MINERνA 5 is a neutrino-nucleus scattering experiment that utilizes Fermilab’s NuMI (Neutrinos at the Main Injector) neutrino beam 6 . The goal of MINERνA is to make precise measurements of cross sections for inclusive and exclusive final states in the 1-10 GeV region. MINERνA
will measure these cross sections on a variety of nuclei to study nuclear effects. The MINERνA
detector (Figure 1) is similar in design to a collider detector. It consists of a fully active central
tracker region surrounded by side and downstream electromagnetic and hadronic calorimeters.
The active components of MINERνA consist of planes of parallel scintillator strips read out by
multi-anode photo-multiplier tubes (MAPMTs). The upstream region contains a water target
and passive layers of C, Pb, and Fe and constitutes the nuclear target region. A liquid He target
sits in front of the detector. The MINOS near detector is situated immediately downstream of
the MINERνA detector and serves as the muon spectrometer for MINERνA.
The NuMI beam is generated from a 120 GeV proton beam incident upon a graphite target.
Charged hadrons produced at the target, primarily pions and kaons, are focused down a decay
pipe by two focusing horns. The direction of current in the horns determines whether the beam
is running in neutrino mode (forward horn current) or anti-neutrino mode (reverse horn current).
The neutrino energy spectrum can be adjusted by moving either the target or the downstream
horn or both. MINERνA will take data in the low and medium energy configurations, whose
energy spectra are shown in Figure 2.

Figure 2: MC Eν spectra prediction of the NuMI flux in
the low energy (LE) and medium energy (ME) configurations.
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Figure 3: The p+C→π + +X production cross section as a
function of pion momentum off the target in NA49 data 7
(points) and pre-tuned Geant4 QGSP (lines).

Flux Determination

MINERνA must understand its neutrino flux very well in order to make precision cross section
measurements. Monte Carlo flux predictions have large uncertainties, primarily due to uncertainties in modeling hadron production. MINERνA’s approach for determining its flux involves
tuning its model of hadron production at the NuMI target to external hadron production data,
and subsequently tuning its flux prediction to in situ MINERνA detector data.
MINERνA uses the Geant4 QGSP model to simulate hadron production at the NuMI target.
MINERνA tunes this model to data of hadron production from 158 GeV protons on graphite
from the NA49 experiment. The p+C→π + +X production cross section as a function of pion
momentum off the target in NA49 data 7 and pre-tuned Geant4 QGSP is shown in Figure 3.
In addition to tuning to NA49 data, several effects contributing to hadron production in the
NuMI beam line must be taken into account. NA49 data was taken on a thin target while the
NuMI target is approximately two interaction lengths long. Re-interactions in the target are
expected to be a 20-30% effect. Interactions in components downstream of the target, such as
the horns and shielding, also contribute to hadron production. These effects necessitate tuning
the flux prediction to in situ MINERνA detector data.
MINERνA is tuning its flux prediction to data taken in alternate target position and horn
current configurations of the beam. The energy spectra of CC inclusive events in the alternate
beam configurations data are shown in Figures 4 and 5. The flux is measured as a function of
the momentum of hadrons coming off the target, and the flux measurement from each alternate
beam configuration maps out a different region of the momentum space (Figure 6). The flux
measurements are fit simultaneously for hadron production, which allows the systematics in
measuring the flux to be deconvolved. These systematics include hadron production at the
target, horn focusing, and neutrino cross sections. A set of weights are generated from the fit
which are used to correct the flux prediction.
It should be noted that MINERνA will ultimately tune its flux prediction not to a CC inclusive sample, but instead to a CC quasi-elastic sample of moderate Q2 . At moderate Q2 the CC
quasi-elastic cross section is approximately independent of Eν , which is useful for deconvolving

Figure 4: Eν spectra of CC inclusive events in neutrino
mode alternate beam configurations. The beam configurations are denoted by leXXXzYYYi, where XXX is the
distance (cm) along the beam line between the target and
the upstream horn, and YYY is the horn current (kA).

Figure 5: Eν̄ spectra of CC inclusive events in antineutrino mode alternate beam configurations. The beam
configurations are denoted by leXXXzYYYi, where XXX
is the distance (cm) along the beam line between the target and the upstream horn, and YYY is the horn current
(kA).

Figure 6: Predicted distribution in PZ and PT of hadron parents that yield a neutrino that interacts in the
detector for low energy, pseudo-medium energy, and pseudo-high energy beam configurations.

the cross section and hadron production systematics.
While the alternate beam configurations data are being collected and analyzed, an estimate
of the expected uncertainty on the eventual tuned flux prediction has been made. This was done
using a mock data set generated from a flux simulation that employed the Fluka hadronic physics
model. The mock data set was fit for hadron production as described above. The MINERνA
flux prediction, which used the Geant4 QGSP hadronic physics model tuned to NA49 data, was
corrected to agree with the mock data set using the weights generated from the fit. The error
band on MINERνA’s flux prediction before and after applying the weights is shown in Figure 7.
The pre-weighted error band accounts for NA49 uncertainties, focusing uncertainties, and MC
model spread. The 1σ model spread is defined as the maximum difference between relevant
Geant4 hadronic physics models in describing re-interactions in the target and interactions in
the downstream beam line components. Until the analysis of the alternate beam configurations
data is complete, only incremental reductions to MINERνA’s pre-weighted flux uncertainty
estimate are expected, which will come from incorporating additional hadron production data
sets in the tuning.

Figure 7: The estimated error band on MINERνA’s flux prediction before (blue) and after (red) constraining the
flux using in situ data.
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Reconstruction Efficiency and Stability

As previously mentioned, the MINOS near detector serves as the muon spectrometer for MINERνA.
Reconstructing a muon’s path in both MINERνA and MINOS is critical to MINERνA’s CC
analyses. To evaluate this reconstruction, a sample of events containing a reconstructed MINOS
track were selected. The MINOS track was required to pass reconstruction quality cuts, originate at the front of MINOS, and point back to MINERνA’s tracker region. A cut on visible
energy in MINERνA falling within the time window of the MINOS track was also imposed.
Efficiency for this particular study is defined as the fraction of events having a reconstructed
track in MINERνA that is matched to the MINOS track. The efficiency in data and MC as
a function of the reconstructed muon momentum of the MINOS track and visible energy in
MINERνA are shown in Figures 8 and 9, respectively. The difference in efficiency between data
and MC is attributed to dead time and particles from neutrino interactions outside the detector
that are not yet simulated in the MC.

Figure 8: Efficiency of reconstructing a track in
MINERνA that is matched to a track in MINOS vs.
reconstructed muon momentum of the MINOS track in
data and MC.

Figure 9: Efficiency of reconstructing a track in
MINERνA that is matched to a track in MINOS vs. visible energy in MINERνA in data and MC.

The stability of data taking and reconstruction in MINERνA can be gauged by the rock
muon rate. Rock muons are muons generated in neutrino interactions in the rock upstream of
the detector hall a . Here, the rock muon rate is the number of rock muons normalized to protons
on target (POT) for rock muons that enter at the front of MINERνA and are tracked in both
MINERνA and MINOS. The rock muon rate is sensitive to performance of the NuMI beam
line and the MINERνA and MINOS detectors. Figures 10 and 11 show the rock muon rate vs.
integrated POT for data taken in LE neutrino mode and anti-neutrino mode runs. In both runs
the rate is stable to a few percent. The rise in the rate at the end of the neutrino mode run is
attributed to a reduction in dead time resulting from the beam running at ∼50% intensity.

Figure 10: Rock muons per POT vs. integrated POT
for one neutrino mode run comprising the first ∼30% of
MINERνA’s total LE neutrino mode POT.
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Figure 11: Rock muons per POT vs. integrated POT
for one anti-neutrino mode run comprising ∼50% of
MINERνA’s total LE anti-neutrino mode POT.

Conclusions

Many neutrino oscillation experiments operate at neutrino energies of a few GeV where neutrinonucleus cross sections are not well understood. The SciBooNE and MiniBooNE experiments
are currently making precision cross section measurements near 1 GeV. MINERνA is a newer
experiment designed to make precision cross section measurements in the 1-10 GeV region. These
proceedings have presented recent SciBooNE and MiniBooNE results, MINERνA’s progress in
flux determination, and MINERνA’s reconstruction efficiency and stability.
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The detector hall is located 106 m underground.

RECENT RESULTS FROM ICECUBE ON NEUTRINOS AND COSMIC RAYS
S.BÖSER for the IceCube collaboration a
Physikalisches Institut, Universität Bonn, Nußallee 12
53115 Bonn, Germany
Encompasing a volume of ∼ 1 km3 of glacial ice at the South Pole, IceCube is currently the
worlds largest neutrino detector. It consists of 5160 optical modules on 86 strings in a depth
between 1450 m and 2450 m, as well as 324 optical modules arranged in 81 stations on the
surface to detect charged cosmic rays. A large amount of data has already been acquired with
smaller configurations throughout the installation period.
Using this data the atmospheric neutrino spectrum in the northern hemisphere has been
measured up to 100 TeV. No point sources have been identified in a set of more than 105
neutrino candidates from both hemispheres. Searches for transient sources have set stringent
limits on neutrino emission from gamma-ray bursts, and are now accompanied by an extensive
neutrino-triggered follow-up program. A very large statistics of cosmic ray events has revealed
an anisotropy in the cosmic ray flux on the 10−3 level in the 10 − 100 TeV range. While no
sources of extra-terrestrial neutrinos have been found yet, the physics results obtained so far
illustrate the very good performance of the detector.

1

Introduction

The IceCube detector depicted in Figure 1 employs the ∼ 3 km thick glacial ice cap at the
South Pole as a target for neutrino-nucleon interactions. The emerging high-energetic charged
particles emit Cherenkov light that is detected by optical modules embedded in the ice. Each
optical module consists of a photomultiplier tube in a pressure housing 1 . In its now final
configuration a total of 86 strings holding 60 modules each has been deployed throughout seven
consecutive polar seasons from 2004 to 2011. To distinguish the data sets that have been acquired
throughout this construction phase, the different configurations are denoted by the numbers of
strings (e.g. IC59 for the 59-string setup completed in 2010).
With a horizontal spacing of 125 m and a vertical sensor spacing of 17 m on the majority
of strings, the best sensitivity is achieved for neutrino-induced muons above ∼ 100 GeV. In
the center of the array, the denser spaced DeepCore array, yields a lower muon threshold of
∼ 10 GeV. Waveforms of the PMT’s pulse from the Cherenkov photons are digitally captured
and timestamped with < 3 ns precision before being transmitted to the surface, where the data
is filtered and transmitted north via satellite. Using a likelihood method based on detailed
modeling of the optical scattering and absorption properties of the ice 2 , the Cherenkov cone
of the muon traversing the ice can be reconstructed. This reconstructed direction is used as
a primary discriminator between the abundant flux of atmospheric muons from cosmic ray
air-showers from above the detector and muons induced by neutrinos interacting in the ice or
bedrock below the detector.
a

http://www.icecube.wisc.edu

equal ratio of νµ and ν̄µ as a function of the true neutrino
energy.
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Figure 1: Schematic view of the IceCube detector
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Despite the scattering of the Cherenkov light in the ice, good pointing can be achieved
The final data sample
for the 59-string configuration has
due to the length of the muon track in the detector.
The resulting angular resolution for
p
number
of 107,569 events, among them almost 2/3
◦
νµ (including the ν-µ scattering angle ofahθtotal
νµ i ≈ 1 / Eν / TeV) obtained from simulation as
achieved in a point-source analysis with IceCube is shown in Figure 2. Typically an accuracy
of σθ (νµ ) ≈ 1◦ deg is achieved at Eν = 1 TeV. The accuracy of the resolution as well as the
absolute pointing has been verified by observation of the moon shadow in cosmic-ray induced
muons 3 , which has now been observed with more than 13σ. The energy of the neutrino has to
be estimated from the energy loss of the muon, which is increasingly dominated by stochastic
processes at higher energies, and is thus limited to σE (µ) ∼ 0.3 log10 (Eµ ). The muon energy
yields only a very coarse proxy for the neutrino energy which is only partially transferred to
the muon (that is also typically not contained in the detector). For νe -induced cascades that
are fully contained in the detector, a much better energy resolution of σE (νe ) ∼ 0.13 log10 (νe )
is achieved, albeit at an order of magnitude lower effective area.
This InIce part of the observatory is augmented by a 1 km2 air-shower detector IceTop
on top of the array. 324 of the same optical modules are placed in pairs in ice filled tanks of
2 m diameter, two of which are placed above every string. This geometry provides a combined
aperture of Aeff · Ω = 0.3 km2 sr that yields about 107 events per year above 300 TeV coincidently
detected in the InIce and IceTop part of the array.
2

Neutrinos

The detection of extra-terrestrial high-energy neutrinos is the main objective of IceCube.
Through the interactions of protons with ambient matter p + N → π ±/0 + X or radiations
fields p + γ → ∆+ → π ±/0 + p/n and subsequent decay of the pions π 0 → γγ and π ± →
µ± + νµ /ν̄µ → e± + νe /ν̄e + νµ /ν̄µ the sources of high-energy cosmic rays are intimately linked
to high-energy photons and neutrinos.
2.1

Point Sources

While charged cosmic rays are scattered in intergalactic magnetic fields and photons are easily
absorbed on the interstellar radiation fields or the cosmic microwave background, neutrinos can
free-stream from the sources, and reveal their identity by a flux enhancment from that particular
direction. Figure 3 shows a skymap of arrival directions of neutrino candidates. The plot contains
57460 up-going and 87009 down-going neutrino candidates selected from 723 days of data taken
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Figure 3: Skymap of neutrino candidates in equatorial coordinates
for IC40+IC59. The curved line indicates the galactic plane.

Figure 4: Spectrum of atmospheric neutrinos from unfolding of the IC40 data set 5 .

with IC40 and IC59. In the Northern sky it is dominated by atmospheric neutrinos. As the flux
of atmospheric muons falls with a much steeper spectral index of -3.7 than anticipated from a
neutrino source, this search can be extended to the Southern sky by raising the energy threshold
with zenith angle.
In a fine-binned full-sky likelihood analysis incorporating the number of likely signal events
as well as a spectral index for each point the hottest spot at (Ra,Dec) = (75.45 ◦ ,8.15 ◦ ) has a
pre-trial p-value of p=2.23 · 10−5 and a post-trial p-value of 0.67, indicating a high compatibility
with the null hypothesis 3 . The resulting zenith-dependant limit on neutrino fluxes from point
sources not only exceeds the initial sensitivity expected for the full detector configuration, but
also poses competitive limits in the Southern hemisphere. In addition, limits on the neutrino
emission are derived for a list of preselected source candidates 3 . No significant point source has
been observed in either search.
2.2

Diffuse neutrino flux

Following an analytic approximation 4 , the flux of atmospheric neutrinos can be approximated
P
Ai
as a sum over the meson decay channels φν (Eν ) = φN (Eν ) π,K,D,Λc ,... 1+Bi cos
θEν /ν where
φN (Eν ) is the primary spectrum of nucleons evaluated at the energy of the neutrino and θ is
the zenith angle at the effective production height. The most important contribution to at
TeV energies is the ”conventional” flux from K ± → µ± + νµ /ν̄µ and a smaller contribution
from π ± → µ± + νµ /ν̄µ . As the neutrino energy increases above the critical energy i / cos θ
(π ∼ 110 GeV, K ∼ 820 GeV), the spectrum steepens – asymptotically by one power of energy
with respect to the primary spectrum. Since the muon carries an unknown fraction of the
neutrino energy, a complex deconvolution mechanism has to be employed to infer the spectrum.
Figure 4 shows the result of an unfolding of the IC40 data of downgoing neutrinos. While the
contribution of the ”prompt” neutrino flux from the decays of charmed mesons is significantly
smaller in the TeV-regime, the critical energy is in the order of 107 GeV. Hence their contribution
will follow the primary spectral index of the charged cosmic rays over the sensitivity range of
IceCube and they will become the dominated flux in the PeV-regime, which is expected to be
accessible with the full statistics of the completed detector.
2.3

Gamma Ray Bursts

In the fireball model, GRBs are modeled as explosions of very massive stars which eventually
collapse to a black hole. In such models the observed gamma rays stem from synchrotron radiation and/or inverse Compton scattering of electrons accelerated in shock fronts in the collimated
explosive outflow. It was proposed that in the same way also protons are accelerated 6,7 . These
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Figure 5: 90% C.L. upper limits (solid lines) on the neutrino fluxes from GRBs set IC40 and IC59 11 with respect to
the flux expected from the model of Guetta et al. 9 (dashed
lines). The Waxman–Bahcall flux 10 assumes an average
shape of the GRB spectra.

Figure 6: Limit on the WIMP-induced muon flux
for annihilation to bb̄ (black dotted) and W + W −
(black) as well as the predicted senstivity for IC86
(red). The shaded area shows the allowed MSSM
parameter region with constraints from CDMS and
XENON 15 .

protons would undergo interactions with the surrounding photon field in the fireball and thus
generate neutrinos 7,9 .
In a search for neutrinos from GRBs using the IC40 and IC59 detector configurations,
224 GRBs reported by the GCN in the northern sky have been selected. A likelihood was
derived using a flat arrival time prior inbetween the first and last photon observed for each GRB
(typically ∆t = 0.1 − 100 s). The estimated pointing resolution is taken into account for the
neutrino direction from IceCube as well as the GRB position. No neutrino event has been
observed against an expectation of 8.4 events from the prompt phase model 9 with neutrino
spectra calculated from the observed photon spectrum for each GRB individually 8 . Figure 5
shows the predicted neutrino flux as a function of energy for an average model 10 as well as for
the specific set of GRBs entering the analysis, together with the flux limit derived using the
IC40, IC59 and combined IC40+IC59 dataset 11 .
2.4

IceCube’s Follow-up Program

While IceCube continuously monitors the full northern hemisphere with a typical uptime of
above 99%, most optical, X-ray and γ-ray detectors have significantly smaller fields of view
and/or duty-cycles. In order to increase the coincident observation time, a number of neutrinotriggered follow-up programs have been setup. In an online-analysis chain, neutrino candidates
are extracted from the data flow at the South Pole with a latency of a ∼ 6 min and a purity of
> 70%, from which alerts are generated and forwarded to the northen hemisphere via a satellite
connection.
• In the Optical follow-up deviations from the atmospheric neutrino flux are identified by
searching for multiplets within a time window of ∆t < 100 s and angular distance Ψ < 3.5 ◦ .
Based on a likelihood criterion incoorperating the temporal and spatial distance as well
as the angular resolution, alerts are forwarded to the optical telescopes ROTSE and PTF.
A first analysis 12 using data from Dec. 2008 to Dec. 2009 yields an insignificant 2.1σexcess of multiplets. No supernova has been identified in 17 follow-up observations with
ROTSE. For the first time a dedicated search set stringent limits on models for choked
jets in core-collapse supernovae 13 . Since Mar. 2011, the program has been extended by
an X-ray follow-up with the Swift satellite, aiminig at the observation of the rapidly
decaying afterglow from GRBs.

Figure 7: Average logarithmic mass of cosmic
rays from one month of data with IC40/IT40 17 .

Figure 8: Relative intensity map for cosmic rays of the 20 TeV
sample (top) and excess significance after subtraction of the
dipole and quadrupol component (bottom) 17 .

• For the γ-ray follow-up 3 a set of 109 source candidates (predominantly AGNs) is identified a-priory. A time-clustering algorithm searches for excesses from these directions in the
online neutrino stream within time scales of up to 3 weeks, taking into account the temporal variability of the background. Alerts from this program will be sent to the Magic
and Veritas γ-ray telescopes with an expectation of one background-induced alert/year.
2.5

WIMP searches

It is speculated that WIMPs can lose energy through elastic scattering with ordinary matter, and
become trapped in gravitational wells. The accumulated excess gives rise to an increased annihilation rate, resulting in turn in a neutrino flux enhancement from decay of the self-annhilation
products. IceCube is hence looking for neutrinos from WIMP annihilation by searching for enhanced signals from the Earth’s center 14 , the Sun 15 or the galactic halo 16 . By assuming that in
the Sun an equilibrium between capture and annihilation is reached, the neutrino-induced muon
flux can be related to the spin-dependant cross-section σSD . In Figure 6 limits for σSD are given
for WIMP masses mχ from 50 GeV to 5 TeV 16 . As the effective area of IceCube increases with
energy, its sensitivity will depend on the spectrum of the decay products. Hence significantly
stronger constraints can be placed on the decay χχ → W W̄ compared to χχ → bb̄. This analysis
combines data taken with IceCube and the precursor detector AMANDA between 2001 and
2008, with a total livetime of 1065 days when the Sun was below the horizon 16 .
The shaded area in Figure 6 indicates the region not yet excluded by the MSSM parameter
constraints through the direct searches by the experiments CDMS and XENON100. Comparing
with the expected sensitivity for a livetime of 180 days for the full detector also shown in Figure 6
illustrates the potential of the approach.
3
3.1

Cosmic Rays
Spectrum and composition

For measuring cosmic rays, IceCube is complemented by the surface air shower array IceTop,
which samples the electromagnetic shower component, whereas the deep detector responds to
punch-through muons from the hadronic shower component. This combination offers a unique
possibility to determine the spectrum and mass composition of cosmic rays from about 300 TeV
to 1 EeV. The first analysis exploiting this correlation 17 uses a small data set corresponding
to only one month of data taken with about a quarter of the final detector. A neural network

was employed to simultaneously determine the primary energy and mass from the measured
input variables shower size and muon energy. The resulting average logarithmic mass shown in
Figure 7 indicates that the average mass of the primary particles increases with energy in the
knee region around 1015 eV 17 .
3.2

Cosmic Ray anisotropy

A large sample of 1011 cosmic ray muon events has been collected by IceCube between 2007
and 2010 (and will roughly increase by the same amount every year with the full detector).
For the first time, the anisotropies previously reported on multiple angular scales 19,20 could be
studied in the Southern sky as well 21,22 . In a multipole analysis, a dominant dipole contribution
is found that does not coincide with the direction of the Compton-Getting effect 18 , indicating
that the cosmic rays co-rotate with the local galactic magentic field. Additional structures are
found on angular scales from 15 − 30 ◦ (c.f. Figure 8). These are potentially ascribed to the local
magnetic field and source configuration, and may hence carry key information on the origin of
galactic cosmic rays.
3.3

Future enhancements

It has been shown recently that air-showers can also be detected by the coherent radio emission
in the 10 − 100 MHz regime 23 dominantly stemming from deflection of the electrons in the
earth magnetic field and a net charge excess in the shower 24,25 . In contrast to IceTop which
samples the shower on the ground, the basically unattenuated radio signal reflects the integral
development of the shower through the atmosphere, and might additionally yield an independant
handle on the shower maximum 26 . It has hence been suggested 27 that complementing the
IceCube observatory with an array of radio receivers could contribute significantly to a precise
measurements of the cosmic ray spectrum and composition. Results from a first test setup 28
indicate very low ambient noise levels at the South Pole and therefore the good suitability of
the location for this approach.
4

Conclusion

While no extra-terrestrial sources of neutrinos have been identified yet, the physics results obtained with IceCube throughout the construction period demonstrate the excellent performance. The increased statistics available with the now complete detector and continous improvements in reconstruction and background rejection propose IceCube will continue to make
key contributions to a wide class of physics cases in the future.
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Recent Results from MEG Experiment
W. Ootani on behalf of MEG collaboration
ICEPP, University of Tokyo 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
The MEG experiment searches for the lepton flavor violating decay, µ+ → e+ γ, which would
be an unquestionable evidence of the new physics beyond the standard model if discovered.
The MEG has recently published a search result based on the data collected in 2009 and 2010.
No evidence of this decay mode is found in this data sample and the most stringent upper
limit on the branching ratio of 2.4 × 10−12 is set instead. The latest result as well as the
prospects of the experiment are presented.

1

Introduction

The lepton flavor violating decay, µ+ → e+ γ, is forbidden in the standard model. It can occur
with finite neutrino mass, but the decay rate should be immeasurably small due to the GIM
mechanism. On the other hand, many well-motivated theories beyond the standard model
such as supersymmetric grand unified theory predict sizable rates up to or even higher than
the present experimental bound. An observation of the µ+ → e+ γ would, therefore, be an
unambiguous evidence of the new physics beyond the standard model.
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) in Switzerland. The MEG started the data-taking in late 2008 and has recently
published a search result based on the data collected in 2009 and 2010 1 . The result from the
analysis on the data 2009 and 2010 is presented as well as the future prospects of the experiment.
2

MEG Experiment

The MEG experiment is being conducted at the πE5 beam line of the PSI, where the world’s
most intense continuous µ+ beam of around 108 µ+ /sec is available. The experiment employs
a liquid xenon (LXe) scintillation detector and a positron spectrometer with a special gradient
magnetic field for detecting γ-ray and e+ from µ+ → e+ γ, respectively as shown in Fig. 1.
Details of the MEG sub-detectors are described elsewhere 2 .
The γ-ray detector precisely measures the energy, position and timing of γ-ray with a nonsegmented 900 ℓ LXe scintillator volume surrounded by 846 photomultiplier tubes (PMTs) immersed in the liquid. The energy resolution of the LXe detector depends on the γ-ray conversion
position, especially on the depth from the entrance surface (w). The resolution σR (the spread
of the response function at the high energy side) is measured with γ-rays of 55 MeV from π − p
charge exchange reaction to be 1.9%(w > 2 cm) and 2.4%(w < 2 cm) for signal γ-ray of 52.8 MeV.
The position resolution also depends on the position on the LXe detector and is measured to be
5 and 6 mm on the entrance surface and along the depth, respectively.
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Figure 1: MEG Detector

A low-mass drift chamber system measuring the positron track and fast scintillator timing
counters measuring the positron timing are placed in a gradient magnetic field generated by
a thin-wall superconducting magnet called COBRA (COnstant Bending RAdius). The gradient magnetic field is designed such that only higher momentum positrons including the signal
positrons reach the drift chamber system and don’t make many turns even with emission angle
close to 90 degree, while lower momentum positrons are quickly swept away from the tracking
region.
The positron energy resolution is extracted from the spread of the kinematic edge of the
Michel decays (µ+ → e+ ν ν̄). The energy response function for the signal positron is found to be
well-described with three Gaussian functions with a resolution (fraction) of the core component of
0.31 MeV (80%) and 0.32 MeV (79%) for 2009 and 2010, respectively. A slightly worse resolution
in 2010 is due to an increase of noise caused by a deteriorated HV power supply of the drift
chamber system in 2010. The positron angular and vertex resolutions at the target are estimated
using events making two full turns in the tracker where the resolutions are extracted by looking
at the difference between two tracks independently reconstructed from the two turns. The φe
end θe resolutions are measured to be 6.7 (7.2) a and 9.4 (11.0) mrad, respectively for data 2009
(2010). The vertex resolutions are estimated to be 1.5 (2.0) mm along the beam axis and 1.1
(1.1) mm in the vertical direction for data 2009 (2010). Combining the γ position resolutions
and positron angular and vertex resolutions gives the resolutions on the relative angles (θeγ ,
φeγ ) of 14.5 (17.1) and 13.1 (14.0) mrad for θeγ and φeγ , respectively for data 2009 (2010).
The resolution of the relative timing (teγ ) is estimated to be 146 (122) ps for data 2009 (2010)
using the peak from the radiative muon decays observed in the Eγ side-band.
µ+ → e+ γ Search with data 2009 and 2010

3

After a preliminary result from data 2009 was presented in summer 2010 3 , there were several
updates on the analysis including improvements on relative alignment between the LXe detector
and the drift chamber system, implementation of correlations in the positron observables, magnetic field map and likelihood analysis tool. The result presented here is based on the improved
a

φe resolution depends on φe and the resolution at φe = 0 is shown in the text.

analysis on the combined data from 2009 and 2010 with 1.8 × 1014 µ+ stops in the target in total.
A maximum likelihood analysis is performed to extract the number of µ+ → e+ γ signal
events in an analysis region defined with 48 < Eγ < 58 MeV, 50 < Ee < 56 MeV, |teγ | < 0.7 ns,
|θeγ | < 50 mrad and |φeγ | < 50 mrad. The likelihood function is defined as,
L (Nsig , NRMD , NBG ) =
e−N −
e
Nobs !

(NRMD −hNRMD i)2
2σ 2
RMD

e

−

(NBG −hNBG i)2
2σ 2
BG

×

N
obs
Y

(Nsig S(~xi ) + NRMD R(~xi ) + NBG B(~xi )) ,

i=1

where Nsig , NRMD and NBG are the expected numbers of signal, RMD and BG events,
respectively, and N = Nsig + NRMD + NBG . Nobs is the observed total number of events
in the analysis window. S, R and B are the PDFs as a function of the observables, x~i =
{Eγ , Ee , teγ , θeγ , φeγ }, for signal, RMD and BG events, respectively, which are mostly formed
from the measured detector response functions and the background spectra observed at the sidebands. The two Gaussian terms are the constraints on the numbers of RMD and BG events,
where hNRMD i and hNBG i are the expected numbers of RMD and BG events, respectively, in the
analysis window which is estimated by extrapolating the rates of RMD and BG events observed
at the side-bands. The dependence of the resolutions on the γ-ray conversion point and on the
quality of the positron track reconstructions are taken into account in the likelihood function
on an event-by-event basis.
The confidence intervals on Nsig is calculated by a frequentist method with a profile likelihoodratio ordering, where NRMD and NBG are profiled as,

λp (Nsig ) =

b

b

b RMD (Nsig ), N
b BG (Nsig ))
L(Nsig , N
bsig , N
bRMD , N
bBG )
L(N

,

where the hat and double hat denote the best estimates maximizing the likelihood for floating
and fixed Nsig , respectively.
The sensitivity of the µ+ → e+ γ search, which is defined as a 90% confidence level upper limit
of the branching ratio averaged over an ensemble of toy MC experiments with a background-only
hypothesis, is calculated to be 3.3×10−12 , 2.2×10−12 and 1.6×10−12 for the data 2009 and 2010
and the combined data sample, respectively. The sensitivity is consistent with the branching
ratio upper limits observed at the side-bands.
The blinding box is unmasked when the calibration, the optimization of the analysis and the
background study at the side-bands are completed. The confidence intervals of the branching
ratio computed in the maximum likelihood analysis is shown in the left plot in Fig. 2 where
one can read the intervals at each confidence level. 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. 2. The confidence intervals at 90% C.L. and the best estimates of the
branching ratio are summarized in Table 1. The systematic uncertainties for the PDF parameters
and the normalization factor are taken into account in the computation of the confidence intervals
by fluctuating the PDFs according to the uncertainties. The largest systematic uncertainties are
from the uncertainties of the relative angle center, the correlations of the positron observables
and the normalization factor. The effect of the systematic uncertainties is around 2% shift in
the branching ratio upper limits.
The combined 2009/2010 data sample gives the most stringent branching ratio upper limit
of 2.4 × 10−12 at 90% C.L. which improves the previous best upper limit 4 by a factor of five. A
lower limit at 90% C.L. is set for the 2009 data. Its statistical significance is, however, not quite
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Figure 2: Confidence intervals of µ+ → e+ γ branching ratio where one can read the intervals at each confidence
level (left) and profile likelihood ratio as a function of the branching ratio (right).

Table 1: Best estimates and confidence intervals at 90% C.L. of the branching ratio for 2009, 2010 and combined
2009 + 2010 data sample.

Data sample
2009
2010
2009 + 2010

Best estimate
10−12

3.2 ×
−9.9 × 10−13
−1.5 × 10−13

Lower limit

Upper limit

10−13

9.6 × 10−12
1.7 × 10−12
2.4 × 10−12

1.7 ×
−
−

high and it is still consistent with the background-only hypothesis with a probability of 8%.
Fig. 3 shows the event distributions in the analysis region for the 2009 and 2010 data separately,
where a few events seen around the signal region in the Eγ − Ee plot for 2009 cause the slightly
positive estimate of the branching ratio mentioned above.
4

Summary and Outlook

The MEG experiment searches for the lepton flavor violating decay, µ+ → e+ γ, with an unprecedented sensitivity. The result of the analysis on the data from run 2009 and 2010 is recently
published. No evidence of µ+ → e+ γ is found in the analysis on this data sample and the most
stringent branching upper limit of 2.4 × 10−12 improving the previous limit by a factor of five is
set instead.
The run 2011 is successfully completed and the total data statistics is then doubled with
this data sample. The analysis on the data 2011 is going smoothly and we hope to be ready
for unblinding soon. The MEG experiment will be continuing the data-taking till 2012 or 2013
to explore 10−13 branching ratio region. A R&D work on detector upgrade has also started in
parallel aiming at improving the search sensitivity another order of magnitude.
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MINOS, NOVA : LONG BASELINE NEUTRINO OSCILLATIONS AT
FERMILAB
M.D. MESSIER
Department of Physics, Indiana University, 727 E. Third Street,
Bloomington, IN, 47405
The MINOS experiment has been running using Neutrinos at the Main Injector (NuMI) since
2005. During that time MINOS has made the world’s most precise measurement of the 2-3
neutrino mass splitting using beams of both muon neutrinos and antineutrinos. Additionally,
MINOS has made numerous checks of the – now standard – PMNS neutrino mixing framework.
MINOS will continue running through the middle of this year when the Main Injector will
shutdown for an power upgrade. I will present current results from MINOS and provide a
look ahead to the neutrino oscillation program at the Main Injector which will start in 2013
following this year’s shutdown. MINOS will continue to take data under the name MINOS+
with a focus on a precise characterization of the muon neutrino survival probability at high
energies. Construction of the NOvA experiment is underway and following the shutdown
NOvA will begin its studies of νµ → νe and ν̄µ → ν̄e oscillations with the ultimate goal
of resolving the neutrino mass hierarchy. Looking further into this decade LBNE will send
neutrinos 1300 km from Fermilab to the Homestake mine to search for leptonic CP violation.

1

Neutrinos and neutrino oscillations

Neutrinos are unique particles. They are among the most abundant yet least well understood particles in the Standard Model and neutrino mass and oscillations are the first laboratory signals for
physics beyond the Standard Model. Neutrinos are very light, perhaps due to the influence Majorana partners at the GUT scale who’s CP asymmetry drove the universe to its matter-dominated
state today. There is currently a world-wide program to better understand the neutrino and it
was my pleasure to spend the week at LaThuile and report results and plans from the Fermilab
long-baseline neutrino oscillation program: MINOS, NOvA, and the future LBNE experiment.
Much of what we know about neutrino masses comes from the study of neutrino oscillations.
The three neutrino electro-weak (“flavor”) eigenstates, νe , νµ , and ντ are superpositions of the
three mass states m1 , m2 , and m3 ,








νe
m1




ν
=
U
 µ 
PMNS  m2 
ντ
m3

(1)

where the unitary matrix UPMNS is parameterized in terms of three angles, θ12 , θ23 , and θ13 , and
a phase δ which allows for the possibility of CP violation. Much recent attention has been focused
on the measurement of θ13 since any CP violation in the neutrino sector enters proportional to
sin θ13 . The interference resulting from these superpositions is observed as an oscillation in the
flavor content of a neutrino beam. Often in a particular experimental setup the probability for

a neutrino of type a produced with energy E at one location to be observed in a different flavor
state b at another location a distance L from the source is well described by:
2

2

Pab = sin 2θ sin
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E [GeV]
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(2)

where sin2 2θ is a combination of the elements of the mixing matrix UPMNS and ∆m2 is the
difference between the squares of two neutrino masses. In the case of the long baseline experiments
based at Fermilab the neutrino energies E are measured in GeV and L = 735 km and 810 km; the
MINOS and NOvA experiments primarily probe the 2 − 3 and 1 − 3 sectors which are driven by
oscillations at a length scale determined by the mass splitting ∆m223 which is measured in units of
10−3 eV2 .
2

MINOS

The MINOS experiment uses 120 GeV protons from the Fermilab Main Injector to make muon
neutrino and muon antineutrino beams with energies peaked between 2 and 5 GeV. The baseline
of the experiment is optimized to give an L/E in the range required to explore neutrino oscillations
driven by a mass splitting in the range of meV2 . The neutrino beam is passed through a near
detector on the Fermilab site and then through a much larger detector, 5 kt in mass, located
735 km from Fermilab in Soudan, MN.
The NuMI beam has been running since 2005 and has delivered 15 × 1020 protons to the NuMI
target (POT); 12 of those have been in νµ beam setting and 3 have been in ν̄µ beam. The proton
intensity has stepped up regularly since the start of running and current operations regularly
achieve an average power 320 kW. The past year was marred by mechanical troubles with the
proton target but those seem to be behind us now. The neutrino results reported here are based
on 7 − 8 × 1020 POT recorded through 2009 and the antineutrino results are based on 3 × 1020 POT
recorded through 2011. MINOS ran through the end of April when the Main Injector shutdown
to begin upgrade work to increase the NuMI beam power to 700 kW. MINOS expects to analyze
all its data recored through April and release final results this summer at the Neutrino conference
in just a few weeks time.
2.1

The MINOS detectors

MINOS uses two detectors; one placed a 1 km from the neutrino source and a much more massive
detector placed at 735 km from the neutrino source. The detectors are optimized for muon tracking
and are made from 2.5 cm-thick iron planes magnetized to a average field of 1 T instrumented with
solid scintillator strips. Neutrino interactions in MINOS consist of a lepton and a hadron shower.
Muon neutrino charged-current events are distinguished by the presence of a long muon track in
the final state and are used to make the measurements of the 2-3 mixing angle and mass splitting.
Electron showers resulting from νe interactions are distinguished by their relative compactness
compared to the hadron showers resulting from neutral-current events and are used to measure
the rate of muon-to-electron neutrino oscillations driven by θ13 . Neutral-current interactions are
backgrounds to the electron neutrino search, but can be used as signals for processes that alter
the total flux of active neutrinos such as neutrino decay or oscillations to sterile neutrinos
In muon charged-current events, the energy of the neutrino is reconstructed as the sum of
the hadron shower energy plus the muon energy as reconstructed from either range or curvature.
Neutrinos and antineutrino events are distinguished by the curvature of the muon track. In the
case of electron charged-current events, the neutrino energy is estimated from the sum of the two
shower energies. In neutral current events, the hadron shower seen in the detector reflects only a

Table 1: A summary of MINOS long-baseline neutrino results through April 2012

νµ disappearance
ν̄µ disappearance
ν̄µ appearance
νe appearance
Time of flight
Active-sterile mixing
CPT violation
Non-standard, flavor-changing interactions

2
|∆m2 | = 2.32+0.12
−0.08 meV
+0.32
2
|∆m̄2 | = 2.62−0.29 meV
< few percent
2 sin2 θ23 sin2 2θ13 = 0.041+0.047
−0.031
2 sin2 θ23 sin2 2θ13 = 0.041+0.047
−0.031
v−c
−5
c = (5.1 ± 2.9) × 10
fs < 22%, θ34 < 26◦ , θ24 < 7◦
using neutrinos: a < 1 × 10−20 GeV
c < 1 × 10−23
using antineutrinos: a < 1 × 10−20 GeV
c < 1 × 10−21
+0.083
µτ = −0.068−0.080

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

fraction of the incident neutrino energy as the out- going neutrino often carries a sizable fraction
of the incident neutrino energy.
MINOS has a rich oscillation physics program which is summarized in Table 1. Flavor oscillations among the neutrinos alter the charged-current event rates between the two detector locations,
but leave the neutral current rates unchanged. Most analyses proceed in MINOS by comparing the
charged-current event energy spectrum at the near and far detector sites looking for appearance of
disappearance of neutrinos at the far site relative to the near site. In this way, MINOS measures
key parameters of the standard oscillation framework and makes searches for physics outside the
standard framework. This table itself is not complete as it does not include measurements using
cosmic-ray neutrinos or non-oscillation physics topics which use only the near detector. Here, I
will focus on the top four results listed in the table.
Figure 1 shows MINOSs primary measurement: the energy spectrum of the muon neutrino
charged-current rate at the far detector. The figure shows the spectrum for “fully reconstructed”
events where the event vertex is inside the detector and a complete reconstruction of the muon
and hadron shower are possible. MINOS also employs a sample of events with vertices outside
the detector. In these so-called “partially reconstructed evens” only a muon reconstruction is
possible and a lower limit is placed on the incident neutrino energy. In the spectrum plots, the
non-oscillated neutrino event rate as predicted from measurements at the near detector are shown
as are fits to models which allow for muon-neutrino disappearance. Of the models shown, only
2
neutrino oscillations provide a good fit to the data and the parameters |∆m2 | = 2.32+0.12
−0.08 meV ,
sin2 2θ > 0.90 are extracted.
As MINOS is magnetized, we can also look at the wrong-sign component of the beam. We
expect about 7% of the neutrino beam to be from antineutrinos due to imperfect focusing of the
secondary π − produced in the target. Is it possible that some of the muon neutrinos that have
disappeared reappear and muon antineutrinos? That would be surprising indeed, but interestingly,
Pontecorvos first paper on neutrino oscillations was for exactly this case. In figure 2 (center panel)
we dont see any evidence for a significant excess of ν̄µ events in the νµ beam.
MINOS has also run using an antineutrino beam with results summarized in Figure 2. The
same spectral distortion is seen in antineutrinos (although with lower statistics) as we see in
neutrinos and the oscillation parameters from the antineutrino running are in good agreement
with the neutrino running. This wasn’t always the case; early running showed some tension with
the neutrino results which attracted attention in the literature. More data has brought the two
results into agreement.
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Figure 1: Left: The energy spectrum of charged-current νµ events in the MINOS far detector. Right: Confidence
intervals for ∆m2 and sin2 2θ from MINOS and Super–Kamiokande atmospheric neutrinos.

Next we can ask what fraction of the muon neutrinos that have disappeared reappear as electron
neutrinos. Figure 3 shows the energy spectrum of νe -like events in the MINOS far detector in three
bins of νe charged-current likelihood (LEM). The backgrounds to this search (largely neutralcurrent events) are measured by MINOS in its near detector and then extrapolated to the far
detector. In the most electron-like bins we see some excess; 1.6σ in significance.
These spectra are then fit to the oscillation parameters 2 sin2 θ23 sin2 2θ13 and δCP for the
normal (∆m231 > 0) and inverted hierarchy (∆m231 < 0) cases. The fit results (Figure 3) are
somewhat more restrictive than a simple counting experiment because, as it happens, much of
the νe excess is in bins which are not in the signal energy region. Note that the limits for the
normal hierarchy are somewhat more restrictive than the inverted hierarchy. MINOS’s results for
the inverted hierarchy case are somewhat more in line with the large θ13 , sin2 2θ13 ' 0.1, values
other experiments have reported 10,11 , but not at more than 1σ significance.
3

New reactor results

What a difference a day makes. During the conference the Daya Bay experiment announced its
first result 12 , and since the conference the Reno experiment has released its first results 13 . These
experiments measure the disappearance of ν̄e produced in nuclear power reactors and yield precise
measurements of sin2 2θ13 with only very small contributions from the other oscillation parameters.
I will discuss a few details of the Daya Bay experiment. Overnight the parameter θ13 has gone
from one of the least known parameters in the oscillation framework to one of the best known
parameters.
Daya Bay uses a set of six 20 ton detectors located at distances of a few 100 ’s of meters and
2000 meters from six reactor cores. The total reactor power is enormous which in part explains
how Daya Bay was able to get results so quickly. As a point of comparison, the total reactor power
at Daya Bay is 17.4 GW; at Double Chooz is is 8.6 GW.
The detection technique used by Daya Bay and other reactor neutrino experiments is almost as
old as neutrinos themselves. The detectors consist of two 10 ton tanks filled with Gd doped liquid
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scintillator immersed in water which is used as a passive shield against neutrons and an active
shield against cosmic rays. Electron antineutrinos inverse beta decay in the liquid scintillator
producing a prompt positron signal between 1.8 and 8 MeV. The neutron produced in the inverse
decay captures on average 2 µs later releasing 8 MeV of visible energy. This time and space
coincidence is crucial to reduce backgrounds.
The Daya Bay experiment has recorded 10,416 events in its far detectors during 55 days
of operation and observes a deficit of 6% at its far detectors compared to extrapolations of its
measurements at its near detectors. To extract the value of sin2 2θ13 the experiment performs a
fit to the six event rates measured in three near detectors and three far detectors. The rate in
each detector is a sum over the rates due to the six different reactors and accounts for correlated
and uncorrelated uncertainties. The fit is good and excludes sin2 2θ13 at 5σ. The best fit is
sin2 2θ13 = 0.092 with about a 20% uncertainty. The statistical error is about 3× larger than
systematic error suggesting that Daya Bay can run 2 more years before hitting these systematics
limits.
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NOvA

I would now like to turn my attention back to Fermilab and the NOvA experiment 14 . NOvA will
use the NuMI beam to produce an intense source of 2 GeV neutrinos which will travel 810 km
– the longest baseline practical on the NuMI beamline – to the NOvA far detector in Ash River
MN. To produce the 2 GeV spectrum at NOvA’s location 14 mrad off the beam axis, NuMI will
run in its “medium energy” setting which produces a very high rate of neutrinos between 3 and 10
GeV on-axis. To take advantage of this high rate on-axis, MINOS will continue to run under the
name MINOS+ 15 to make a precise measurement of the muon neutrino disappearance probability
at high energies. Many sources of exotic physics, for example extra dimensions or light sterile
neutrinos, are predicted to alter the oscillation probability at these higher energies.
One of the main goals of the NOvA experiment is to resolve the neutrino mass hierarchy;
that is to determine if ∆m231 > 0 or < 0. The mass hierarchy is not only an interesting piece of
information about the nature of neutrino masses but is also interesting because of its relationship
to the nature of the neutrino. Neutrinos are unique among the particles in the standard model in
that, because they are electrically neutral, they can be their own antiparticles, that is Majorana
particles. If the neutrino is Majorana then the process of neutrinoless double beta decay (0νββ)
should be observed. However, the possible rate of 0νββ depends on the hierarchy. In the case
of the inverted hierarchy, there is a minimum rate for 0νββ which happens to be within reach of
the next generation of experiments. If NOvA can establish an inverted hierarchy, then these next
generation experiments will speak conclusively to the nature of the neutrinos. Either 0νββ will be
observed and we will know that neutrinos are Majorana or it will not be and we will know that
neutrinos are Dirac particles.
The principle of the NOvA experiment is demonstrated in Figure 5. The figure shows the
two main observables: the oscillation probabilities for νµ → νe and ν̄µ → ν̄e for E = 2 GeV and
L = 810 km. The ellipses show the prediction for those two oscillation probabilities in NOvA as
a function of the two remaining unknowns: the mass hierarchy and δCP for values of θ13 at the
center and 3σ edges suggested by Daya Bay. Generally the normal hierarchy tends to increase the
oscillations of neutrinos and suppress the oscillations of antineutrinos. Certain combinations of
hierarchy and δCP are relatively easy to resolve in NOvA; that is when both effects have the same
signs. However, there is a chance that the influence of the hierarchy and δCP have opposite signs
resulting in an inherent ambiguity in the region where the ellipses overlap. The amount of overlap
shrinks as θ13 grows larger which is why we on NOvA are cheered by the recent relatively large
θ13 results.
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The figure also shows NOvAs ability to resolve the mass hierarchy at 95% CL. In the region
of interest, there is a good chance for the experiment to resolve the hierarchy. The plot on the
right shows a possible NOvA measurement for 0.06. Now, what can one do in the unlucky case
where the matter effect and δCP effects tend to cancel? In this case, NOvA can not resolve the
hierarchy on its own. However, T2K 10 also measures oscillations at the first maximum, but with
considerably less matter effect due to its shorter baseline (295 km vs. 810 km). By comparing
T2Ks measurements to NOvAs we can hope to subtract out the δCP effects resolving the mass
hierarchy. If NOvA and T2K can double their statistics there is the possibility of resolving the
hierarchy for all values of δCP . In the case of NOvA, doubling the neutrino sample would require
an additional 3 years of running. One could be more ambitious and imagine adding a 5 kt liquid
argon time projector chamber in the space available in the experiment hall at the Ash River site.
This is a busy time on NOvA. During this past year we constructed a prototype detector on
the surface above the NuMI beam and weve recorded over 1000 neutrino events from the NuMI
beam. This detector has been extremely valuable for us to sharpen our reconstruction, calibration,
alignment, and analysis tools.
The Fermilab beam will shutdown in May to convert the anti-proton recycler ring to a proton
accumulator ring and to upgrade the RF in the Main Injector. This upgrade will double NuMI’s
beam power to 700 kW. Construction on the far detector is proceeding rapidly. The far detector
laboratory is complete and we are beginning to install our components required for construction
there now. By the time the beam returns next year, we will have more than 5 kt of the detector
operational so expect to see NOvA’s first events in the summer of next year. The far detector
construction will be complete in mid 2014.
5

LBNE at Fermilab

The planned follow on to NOvA is the LBNE experiment 16 which will construct a new beamline
pointed to the Homestake mine at a distance of 1300 km with the goal of measuring CP violation in
neutrinos. A large liquid argon detector will receive the beam. The longer baseline and wide-band
beam helps sort out the hierarchy–δCP ambiguities present at shorter baseline.
Many of the experimental details of the LBNE are still up in the air, but Figure 6 shows what
is possible. LBNE can establish CP violation in the lepton sector with more than 3σ significance
for roughly 70% of the available phase space and resolve the mass hierarchy for all values of δCP .
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Figure 6: Sensitivity of the LBNE experiment to sin2 2θ13 , mass hierarchy, and δCP . Shaded region indicates the 1
and 2σ region indicated by reactor experiments.

If the LBNE detector is located underground it can make an important contribution to the
search for Grand Unification through the observation of proton decay. Liquid argon detectors are
particularly well suited to the measurement of the SUSY favored decay mode p → K + ν and can
improve the current sensitivity to this mode by a factor of 50 beyond current limits and a factor
of 20 beyond what Super–Kamiokande could do with a seven decade run.
6

Thank you

I would like to thank the organizers for their invitation to present the results from and prospects for
the Fermilab long baseline neutrino program at this very pleasurable and informative conference.
My work on neutrinos is supported by a grant from the US Department of Energy #DE-FG0291ER40661.
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On the Cosmic Ray Muon Hypothesis for DAMA
Josef Pradler a
Perimeter Institute for Theoretical Physics, 31 Caroline St N, Waterloo ON N2L 2Y5, Canada
The DAMA dark matter search experiment observes a statistically significant percent-level
variation of its low-energy count rate with a period of one year. In this note we recall some of
the arguments which challenge the hypothesis that the cosmic ray induced underground muon
flux can be the origin of the modulation. In addition, we provide new comments on recent
works on this subject.

1

Introduction

In a recent publication ? henceforth referred to as CPY we examine recent claims that the cosmic
ray muon flux can be responsible for generating the modulation signals seen by the DAMA ?,?
and, more recently, by the CoGeNT ? Dark Matter (DM) direct detection experiments. By
examining the time series of the reported DAMA and CoGeNT signals we find the data sets
differ in phase, likely in amplitude, and potentially in their power spectrum from measurements
of the underground muon flux. A correlation analysis in CPY reveals that the data sets are
incompatible and that the muon flux as the sole source of the reported signals is excluded at
high confidence.
In this note we restrict the discussion of the muon hypothesis to DAMA which is the only
direct detection experiment which claims detection of a firm DM signal. It is situated at Gran
Sasso, Italy, in the underground LNGS laboratory. The collected data encompasses two major
runs, DAMA/NaI (Dec 1995 - July 2002) and DAMA/LIBRA (Sept 2003 - Sept 2009). The
residual count rate reported by the collaboration exhibits annual modulation compatible with
what is expected from generic DM models.
TeV-scale cosmic ray muons produced at stratospheric altitude levels can reach deep underground and induce spallation reactions in the detector and nearby. The seasonal variations of
the underground muon flux have been observed on the northern and southern hemisphere alike.
For DAMA, the relevant measurement at the LNGS site is the one from LVD ? which overlaps in time with DAMA/LIBRA cycles 1–5. The integral muon intensity underground reads
hIµ i ' 3 × 10−4 m−2 sec−1 and exhibits an annual variation of ∼ 2% in amplitude. In Fig. ??
we show the percent residuals of the muon flux when binned in concordance with DAMA with
the annual mean count rate subtracted. In addition, the (2–4) keVee bin of the DAMA/LIBRA
experiment are shown; a baseline rate of s̄ = 1.15 cpd/kg/keV has been assumed. The seeming
similarity in time and amplitude is tantalizing and has lead to the notion that both signals may
in fact be measurements of the very same cosmic ray phenomenon ?,?,? . In the following we recap
and further develop on the arguments which challenge this hypothesis.
2

The Null Hypothesis: periods, binning, and subtraction of means

A spectral analysis will most readily reveal periodic behavior in a time series {ti , Xi }i=1,...N . In
case the times ti are unevenly spaced, it is most convenient to make use of the Lomb-Scargle
(LS) periodogram ? ,
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Figure 1: Percent annual residuals of the LVD measured muon flux when binned in accordance with the
DAMA/LIBRA runs 1–5. The latter residuals are shown for the 2–4 keV bins assuming a baseline count rate of
s̄ = 1.15 cpd/kg/keV.

the data {Xi }, respectively. A Bayesian derivation and generalization of (??) can be found in
CPY. Noise is rejected at the 1 − α confidence level by demanding that the power at a sampled
frequency is in excess of
i
h
(2)
zα = − ln 1 − (1 − α)1/M .
A statistical penalty has been included for examining M independent frequencies. In order to
obtain a meaningful statistical interpretation we have to choose M carefully. In CPY we chose to
sample the data at frequencies ωn = nωF with n = 1, . . . , N , M = N , and with the fundamental
frequency ωF = 2π/T where T is roughly the range of years covered by the data set. In this
note we instead oversample the data using a finer grid of frequencies. Since Xi are not grossly
unevenly spaced in ti , M ≈ N holds ? as long as we only sample Xi above the average Nyquist
frequency, νc = 1/2∆ where ∆ denotes the average spacing between ti . We checked that both
approaches agree on coinciding frequencies.
The left panel of Fig. ?? shows the DAMA/LIBRA power spectrum for the residual count
rates as reported in ? and which are obtained by subtracting the mean count rate in each cycle ? for
the various energy bins as labeled. Above the horizontal line, noise is rejected at 99% C.L. With
an approximate power PX (2π/1 yr) ∼ 12 at a period of 1 yr, the null hypothesis is disfavored by
at least 4.5σ at a single frequency and at 3.6σ according to (??). Notably, there is significant
power at a period at 480 days in the (2 − 4) keVee and (2 − 6) keVee bins and a consistent power
in all three energy bins with period 1/3 yr corresponding to a triannual mode; for the latter only
the (2 − 5) keVee bin exceeds the 99% C.L. level.
The right panel of Fig. ?? shows the LS periodogram obtained from LVD data where
only those data points were included which have actual temporal overlap with the bins of the
DAMA/LIBRA cycles, namely, full cycles 1–5. We only show a fraction of the full power spectrum with smaller periods omitted. The horizontal line is calculated according to (??) from
all sampled independent frequencies. Since NLVD  NDAMA the required power to reject the
null hypothesis is larger when compared to the right plot —despite the similar period intervals
shown. The solid line is obtained from the unbinned LVD data set. Aside from the significant
yearly modulation, the spectrum exhibits temporal variations on time-scales smaller and greater
than one year. At first sight this is in stark contrast to the DAMA spectra which barely exhibit
power at periods other than at T = 1 yr. However, in order to better compare these data sets
one should (1) bin the muon data over the same time spans DAMA/LIBRA bins their signal
and (2) subtract the yearly mean of muon flux. The latter mimics the procedure employed by
the DAMA collaboration when they present their residual count rates. To isolate the effects of
(1) and (2) we carry out each procedure separately and show its effect on the power spectrum.
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Figure 2: Left: LS spectrum for DAMA/LIBRA residual count rates as a function of the period. The horizontal
gray line marks the power above which noise can be rejected with 99% confidence for any frequency. Right:
Power spectra of the LVD data which has temporal overlap with DAMA/LIBRA (cycles 1–5). The solid line is
for unbinned LVD data; the dotted line is obtained after binning the data in concordance with the time bins of
DAMA/LIBRA and after re-scaling the resulting power spectrum to match significance levels of the solid curve:
the dotted line is no LS but can directly be compared with the other lines. The dashed line is obtained from
unbinned LVD data but the yearly mean intensity has been subtracted. The subtraction results in damping of
the long period modes; binning damps power on all time-scales. Both effects make the muon data appear more
similar to DAMA.

We first observe that binning reduces the number of data points from N ∼ 1.3k to N = 38
when considering DAMA/LIBRA cycles 1–5. For a given significance α this changes the condition on the minimum power in Eq. (??). Therefore, we first bin the LVD data and subsequently
scale the resulting power spectrum in such a way that for a given y-value the significance agrees
with the one from the unbinned data. The result is shown by the dotted line in Fig. ??. Though
the dotted line is not a LS anymore, one can now directly compare the dotted with solid line.
We observe that the generic effect of binning is to mask power on all time scales. The effect
of subtracting the mean intensity from the data on a yearly basis is shown by the dashed line
instead. This time the power spectrum is not scaled and the dashed line is indeed a LS periodogram. In contrast to binning, this procedure largely preserves power on periods T ≤ 1 yr.
However, for larger periods we again observe that variations are masked due to the particular
treatment of the data.
In contrast to the LVD spectrum, the Fourier transformed DAMA residuals in the left panel
of Fig. ?? show much less significant power at periods smaller and greater than a year. As
shown above, this may simply be an artifact of the way the DAMA/LIBRA modulation signal
is obtained. It is unfortunate since a Fourier analysis could otherwise be used to discriminate
between background induced effects and real signal. It is not clear how to assign a quantitative
significance to this difference without knowledge of the full, unsubtracted time series. This calls
for a release of the yearly baseline count rates by the DAMA collaboration.
The DAMA collaboration has recently responded to the criticism that baselines are subtracted per cycle ? . Instead of providing the actual values, the LS power spectrum of the joint
DAMA/NaI and DAMA/LIBRA baselines is presented. No significant power which would point
towards long-term behavior is observed. However, the baselines are a mere set of 13 numbers.

It is not surprising that no statistically significant power is observed from such a small data
set. Similarly, we find that the LVD baseline spectrum does not yield any significant power
when calculated according to (??), too. This casts doubt that a presentation of the baseline-LS
precludes the existence of variations in DAMA with periods larger than one year, similarly to
what is observed in muons; see also ?,? .
3

The phase of muons: a potentially stretched concept

Given an isotropic DM velocity distribution f (v) in the earth’s vicinity, the differential recoil
rate dR/dER of DM scattering in the detector is predicted to peak on June 2nd , corresponding
to a phase of t0 = 152.5 days after January 1st ,
Z ∞
dR
f (v)
∝
dv ≈ c0 + c1 cos [ω(t − t0 )].
(3)
dER
vmin v
Here, vmin is the minimum required relative velocity between DM and target which produces
a nuclear recoil of energy ER . In the canonical case, the annual mode is at the percent level,
c1 /c0 = O(10−2 ); higher harmonic corrections to (??) have first been pointed out in CPY. The
clear-cut prediction on t0 arises from the geometric setup of the earth’s rotation around the sun
in conjunction with the movement of the solar system relative to the Galactic coordinate system. Hence, apart from the period, the second most important characteristic of the oscillations
observed by the DAMA experiment is the phase of the signal.
On the other hand, when considering environmental factors as potential background, the
variation in time will in general not be modulated with a strict period of a year. Additionally,
we cannot expect a sinusoidal behavior similar to (??). Both assertions can be tested on the
LVD and DAMA data sets. For this we model the data by a sinusoid, minimize the usual χ2
function, and assess the goodness-of-fit. Confidence regions in t0 and T can be inferred from a
∆χ2 -method which is equivalent to constructing a profile likelihood. Fixing the period to one
year we find that the DAMA/LIBRA (2 − 4) keVee and the full LVD data do not agree with
respective values
DAMA/LIBRA : t0 = (130 ± 8) days,

χ2 /dof = 37.5/41,

full LVD : t0 = (185 ± 1.5) days,

χ2 /dof = 3450/1971.

(4)
(5)

The uncertainty quoted is statistical. An additional uncertainty of ±2 days may be attributed
to digitization. A few comments are in order: 1) The sinusoid provides a very poor description
of the LVD data with prohibitively large χ2 . This supports our expectation that a complex
phenomenon such as the underground muon flux cannot be adequately described by this simple
model. 2) Even if we scale up the error bars for LVD to the point where χ2 /dof ' 1, the
stringent error on the phase remains below ±2 days. 3) An error of ±15 days on t0 as quoted
by LVD ? is certainly incorrect. 4) Once T is allowed to float, the confidence regions in t0 and T
become sensitive to the time-origin; for further details we refer the reader to CPY. These results
have recently been confirmed in ? . One major shortcoming of this approach is that the data
has to be subjected to the simple model of sinusoidal variation, before any conclusions can be
drawn. Indeed, the power-spectrum of the LVD data makes it clear that significant power exists
in modes with periods larger and smaller than one year. The notion of a single phase must
therefore be treated with caution.
4

A correlation analysis: the conclusive approach

A glance at Fig. ?? suggests that the DAMA/LIBRA and LVD data sets are correlated. Indeed,
when evaluating Pearson’s coefficient of correlation, r ∈ [−1, 1], one finds for the DAMA and

LVD sets as presented in Fig. ??
rLVD,DAMA = 0.44.

(6)

This value excludes the no-correlation hypothesis with a confidence level greater than 99%. However, just because the data sets are correlated does not imply that they are causally connected.
This can only be answered on a model-by-model basis.
Clearly, a muon background model for DAMA must encompass the stochastic nature of
the underlying process. Even if the timing between muons and DAMA are incommensurate
at first sight, could it be that such a Poisson smearing alleviates the observed tension in the
annual phase? That this is indeed the case has been shown in ? where a simple, linear model for
how a muon-sourced background may be realized is employed. Taking from this that the muon
hypothesis for DAMA would become viable again is however not correct.
In CPY we generate 104 realizations for DAMA based on the generic model presented in ?
which connects the muon flux measured in LVD with the count rate observed in DAMA/LIBRA.
The question which has to be asked is now the following: How likely is it that one realization
out of the mock data indeed induces the signal observed in DAMA. To answer this question
we can again look at the correlation coefficient. It has the merit that we do not impose any
functional form on the data. As expected, the generated mock data exhibits a high degree of
correlation with LVD. In fact, the correlation with the actual muon data is substantially higher
than the one which is actually observed in (??). This rules out the model at 99% C.L.. Given
the generality of the model, it also strongly disfavors the hypothesis that muons can be the
origin for the count rate variation seen in the DAMA detectors.
5

Conclusions

In CPY we lay out a detailed time-series analysis of DM direct detection data as well as related
datasets. In particular, we find no evidence to support the claim that atmospheric muons are
responsible for the signal that the DAMA collaboration observes. We identify difficulties in
phase, amplitude, power spectrum and degree of implied correlation between the data sets.
Here we offer some additional comments:
• When binning data, fine-grained information on the time-series is lost. In addition, we find
that when the LVD measured muon flux is binned in time in the same way as DAMA/LIBRA
presents their data, significant power is lost on all time scales. This has the consequence that
the LVD and DAMA data sets become more alike in the frequency domain with a dominating
peak at a period of one year. Thus binning seems to diminish discriminating potential between
the data sets. This calls for an unbinned analysis of the DAMA data set.
• The uncertainty on the phase of the underground muon flux reported by LVD, t0 = (185 ± 15)
days is erroneous. In CPY, an uncertainty of ±2 days was obtained, but the discrepancy had
not been emphasized. An independent analysis in ? confirms our value.
• A recent paper by the DAMA collaboration presents the LS spectra of the average count
rates in the DAMA/NaI and DAMA/LIBRA cycles. No significant power indicating potential
long-term variation (T > 1 yr) is observed. Following this procedure for LVD data, we can
reach analogous conclusions—in seeming contradiction with the power observed in the right
panel of Fig. ??. One cannot expect statistical significance from a LS-transform of O(10)
numbers without further insight into the normalization of (??).
• The same paper confirms our previous findings in CPY that a putative cosmic ray activation
can only lead to a maximum phase shift of a quarter year in the subsequently modulated

decay. Hence it is not possible to overcome the ∼ 11 month discrepancy between muons and
DAMA.
• A recent paper ? incorporates additional data on the Gran Sasso underground muon flux.
Frequentist fits to period and phase improve on the already significantly disjoint LVD and
DAMA regions presented in CPY. This corroborates the statement that both data sets are
seemingly incompatible. However, as argued in Sec. ?? and at great length in CPY reliance
on the inferred phase can be misleading. Indeed in ? and CPY it was shown that Poisson
smearing can sufficiently alleviate the tension between the phases of the muon and DAMA
data sets. It is the correlation analysis which reveals that the data sets remain nevertheless
incompatible. However, the latter conclusion depends on the model which connects the muon
flux with the DAMA count rate and it can only be achieved considering data sets which have
actual temporal overlap. From this perspective, no further gain of information with respect
to DAMA is obtained by enlarging the set of muon measurements as done in ? .
As in the case of DAMA, in CPY—employing a similar line of analyses—we find no significant
correlation between the CoGeNT data set and the yearly variation of the muon flux. In summary, cosmic ray muons cannot be the sole source for the observed modulation signals in these
experiments.
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THE RECENT RESULTS FROM KIMS EXPERIMENT

SeungCheon Kim for KIMS collaboration
Department of Physics and Astronomy, Seoul National University,
Seoul, 151-747, Korea
KIMS (Korea Invisible Mass Search) has been carrying out weakly interacting massive particle
(WIMP) search experiment using CsI(Tl) scintillator at Yangyang underground laboratory
(Y2L). The detector is composed of an array of 12 scintillators and its total mass is 103.4 kg.
With almost one year of data, we estimated the nuclear recoil (NR) event-the candidate for
WIMP events-rate based on the pulse shape discrimination (PSD) analysis and found there is
no meaningful excess of NR events. The improved limit for WIMP-nucleon cross section are
presented in the article.

1

Introduction

Thanks to various astronomical observations, the existence of the unknown, invisible (dark)
matter as the major matter constituent of our universe becomes a compelling scenario 1 . We
have plenty of dark matter candidates provided from the extension of the standard model of the
particle physics, motivated independently from the dark matter problem. WIMP is one of the
popular candidates since it can be introduced naturally in the theories such as the supersymmetry and explain the relic density of the dark matter very well 2 . Furthermore, if it exists, it will
recoil the nucleus in the absorber, so that the recoil energy from the WIMP interaction directly
can be detected. However, its recoil energy is expected to be less than around 10 keV and its
event would happen very rarely. Therefore, the detector which has the lower energy threshold
, larger detector mass, and better background suppression (or discrimination) will have more
capability to observe the WIMP-nucleus interaction. KIMS experiment is WIMP search experiment based in Y2L using CsI (Tl) scintillators. CsI (Tl) scintillator is a widely used particle
detector which is easy to handle. Since the constituent nuclei, iodine and cesium, have large
atomic mass (A), 127 and 133 respectively, it can take advantage of A2 scaling effect for the
case of WIMP-nucleus spin-independent (SI) coherent scattering. For the case of WIMP-proton
spin-dependent (SD) scattering, it can also have the good sensitivity because iodine and cesium
have large proton spin expectation value. The PSD analysis method is also an additional good
point of the CsI (Tl) scintillator. The nuclear recoil event-the candidate for WIMP-nucleus
interaction- rate can be estimated in the statistical basis. However, the weak point of CsI (Tl)
scintillator is its internal background such as 87 Rb, 134 Cs and 137 Cs. We had the intensive investigation for the background reduction, and now we have achieved 2-3 counts/day/kg/keV of
backgroud level around 10 keV 3 .
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Figure 1: The energy spectrum with 241 Am source for one detector module. The black solid line is data. The red
dashed line is simulation using GEANT4.9.5.

2

Experimental Description

The detector is an array of twelve CsI (Tl) scintillators, whose total weight is 103.4 kg. One
detector consists one CsI (Tl) crystal and two photomultiplier tubes (PMTs) attached at each
end of the crystal. The size of one crystal is 8 × 8 × 30 cm3 and its weight is around 8.6 kg.
The photon yield is about 5 photoelectrons per keV. The energy spectrum obtained from energy
calibration using 241 Am source is shown in Fig. 1, which is overlaid with the simulation from
GEANT4.9.5. The energy spectrum shows 59.54 keV gamma-ray–main calibration point– and
other gamma and x-rays expected from the decay of 241 Am and escape x-rays at the detector
surface. The detector array is arranged as 3 × 4 as shown in Fig. 2 (a). The array enables
the vetoing of the multiple hit events such as the compton scattering events. Since NR events
occuring at one detector are the candidates for the signature which we are looking for, the
multiple hit events are rejected in the WIMP search analysis. Figure 2 (b) shows the two
dimensional scattering plot between the energy deposited in one detector and the others. The
structure seen in this figure reflects the various decay mode of 134 Cs.

(a)

(b)

Figure 2: The detector array (a) The detector array of 12 CsI (Tl) scintillators. (b) The two dimensional plot of
the energy of one detector and the sum of the energy of the others.

The detector array is surrounded by the several shield layers consisting of 10 cm of copper, 5
cm of polyethylene, 15 cm of lead and 30 cm of liquid-scintillator-loaded mineral oil to stop external neutrons and gammas and veto the cosmic-ray muons. The muon flux at the experimental
hall is about 2.7 × 10−7 /cm2 /s.

3

Data Analysis

The data presented in this article had been collected between September 2009 and August 2010.
The total exposure of data is 24524.3 kg·days. An event is digitized by 400 MHz flash analogto-digital converters (FADC) and its recorded time window is 40 µs, of which 25 µs duration is
analyzed. As the PSD parameter, we used LMT10, which is the logarithm value of the mean
time of each event estimated in 10 µs duration. As the quantity of data increased, we noticed
the background which comes from the alpha decay which occurs at the surface of the crystal.
The surface alpha (SA) background is shown in Fig. 3. One can see that the alpha events which
did not deposit their full energy into the detector, escaping away from the surface are present
even at the very low energy region, which is the energy range of the interest for the WIMP
search. It is known that the adhesion of Rn progenies at the surface of the detector can cause
this kind of events.

Figure 3: The energy versus the LMT10 (the logarithm of the mean time of each events estimated in 10 µs).

To understand the character of SA events, we contaminated the test CsI (Tl) crystal with Rn
progenies by putting it in the Rn gas chamber. By tagging the out-going alpha events from the
contaminated crystal, we collected the SA events 4 . The LMT10 of SA events are shown in Fig. 4
with that of NR events and electron recoil (ER) events for the comparison. The test crystals
used for these calibration are the small crystal cut from the ingots from which the large crystals
used for WIMP search were also cut. The probability density functions (PDFs) of LMT10 for
each type of events obtained from the calibrations using test crystals and in situ compton events
obtained from the detector array are used for the PSD analysis for the WIMP search.

4

Results

Assuming that there are only three components–NR, ER, SA–in the WIMP search data, we
estimated the fraction of each component in the data with the bayesian analysis method 5 . The
estimated NR event rate for twelve detectors are shown in Fig. 5. As the detector 0, 8 and
11 have large SA background level as about 3 times as high as the average of the remaining
detectors, we excluded these crystal in drawing the combined results. The combined NR event
rate is shown in Fig. 6. As seen in the figure, there is no meaningful excess of NR event.

(a) SA with test crystal 1
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200

(e) det0_Y2L_compton

150

100

50

0
-1.5

-1

-0.5

0

0.5

1

1.5
LMT10

Figure 4: LMT10 distributions at 3 keV (a) SA with test crystal 1,(b) gammas with test crystal 1, (c) neutrons
with test crystal 2, (d) gammas with test crystal 2 (e) Compton scattering events in detector 0 used in the WIMP
search.

0.4

0.4

0.4

0.3

Detector 0 0.3

Detector 1 0.3

0.2

0.2

0.2

0.1

0.1
0

0

-0.1

-0.1

4

5

6

7

8

9

100.4 3

4

5

6

7

8

9

100.4 3

0.3

Detector 3 0.3

Detector 4 0.3

0.2

0.2

0.2

0.1

0.1

0.1

0

0

0

-0.1

-0.1

-0.1

0.4 3

counts/day/kg/keV

0.1

0
-0.1
0.4 3

4

5

6

7

8

9

100.4 3

4

5

6

7

8

9

Detector 6 0.3

Detector 7 0.3

0.2

0.2

0.2

0.1

0.1

0.1

0

0

0

-0.1

-0.1

-0.1

4

5

6

7

8

9

100.4 3

4

5

6

7

8

9

Detector 9 0.3

Detector 100.3

0.2

0.2

0.2

0.1

0.1

0.1

0

0

0

-0.1

-0.1

-0.1

3

4

5

6

7

8

9 10

3

4

5

6

7

8

9 10

5

6

7

8

9

10

4

5

6

7

8

9

10

Detector 8

100.4 3

0.3

4

Detector 5

100.4 3

0.3

0.4 3

Detector 2

4

5

6

7

8

9

10

Detector 11

3

4

5

6

7

8

9 10

Energy (keV)

Figure 5: Nuclear recoil event rates for twelve detectors. The black horizontal bar indicate 90% C.L. upper limits,
the red vertical lines denote the 68% C.L. interval, and the red horizontal bars the most probable values.

This results have the important implication for the interpretation of DAMA annual modulation signal. The annual modulation amplitude of DAMA is reported as 0.0183 ± 0.0022
counts/day/kg/keV in the 2-4 keV energy range in NaI (Tl) scintillators 7 . Considering the different quenching factors for NaI (Tl) and CsI (Tl) 8,9 , the corresponding energy range in KIMS is
3.6–5.8 keV. The 90% confidence level (C.L.) upper limit of NR event rate in this range is 0.0098
counts/day/kg/keV, which is well below the DAMA modulation amplitude disfavoring the any
WIMP-iodine interaction scenario such as inelastic dark matter model (iDM). The allowed iDM
parameter space for DAMA and our exclusion limit for the WIMP of 70 GeV mass are presented
in Fig. 7.
From the combined NR event rate limit, we derived the WIMP-nucleon cross-section limits
for SI interaction and SD proton interaction based on the standard halo model 6 . Our new limits
are presented in Fig. 8. Especially, for SD proton interaction we set the most stringent limit
around 70 GeV WIMP mass.
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Figure 6: Total nuclear recoil event rates from the combined results from nine detectors (without detector 0, 8
and 11). The details are same with Fig. 5.
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Figure 7: The allowed parameter space for DAMA and the limits reported here for a 70 GeV WIMP mass in iDM
model. δ is the mass split between the ground and excited states of the WIMP. The astronomical parameters
from Ref. 10 are used.

5

Conclusion

KIMS experiment has been running an array of CsI (Tl) scintillators whose total mass is 103.4
kg. From the exposure of 24524.3 kg·days of data, we estimated the NR event rate with the
PSD analysis. As we identified the surface alpha background in the low energy region, we
also incorporated this background in the PSD analysis. As no meaningful excess of NR event is
found, we set the 90 % C.L. limit of NR event rate. This is inconsistent with the interpretation of
WIMP-iodine interaction for DAMA results. We presented the new improved limit for WIMPnucleon interaction in the case of SI and SD proton interactions. Especially for SD proton
interactions, we set the most stringent limit around 70 GeV WIMP mass.
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Multiple mechanisms in (ββ)0ν decay
A. Meroni
SISSA/INFN, Via Bonomea 265, 34136 Trieste, Italy.
The (ββ)0ν -decay can be induced by more than one lepton charge nonconserving mechanism.
We analyze some mechanisms contributing to the (ββ)0ν decay amplitude in the general case
of CP nonconservation: light Majorana neutrino exchange, heavy left-handed (LH) and righthanded (RH) Majorana neutrino exchanges, lepton charge non-conserving coupling in SUSY
theories with Rp breaking. We show the analysis for the cases of two “non-interfering” and
two “interfering” mechanisms. This method can be generalized to the case of more than two
(ββ)0ν decay mechanisms and allows to treat the cases of CP conserving and CP nonconserving
couplings generating the (ββ)0ν decay in a unique way.

1

Introduction

Whether the massive neutrinos are Dirac or Majorana particles is one of the fundamental open
questions in neutrino (and particle) physics today. The Majorana nature of neutrinos can
manifest itself in the existence of processes in which the total lepton charge is not conserved. At
present the only feasible experiments that can unveil the Majorana nature of massive neutrinos
are the experiments searching for neutrinoless double beta decay ((ββ)0ν ): (A, Z) → (A, Z +
2)+e− +e− . In this processes the total lepton charge changes by two units, ∆L = 2. If neutrinos
are Majorana particles, at some probability level their exchange should trigger the (ββ)0ν decay.
One can consider the light Majorana neutrino exchange as the “standard” mechanism that
induces the decay. In this case the fundamental lepton number violating parameter describing
this mechanism is the eﬀective Majorana mass |< m >| :
|< m >| =

light
∑

P MNS 2
(Uej
) mj ,

(1)

j

mj , j = 1, 2, 3, being the three light neutrino masses, mj . 1eV and U P M N S is the PontecorvoMaki-Nakagawa-Sakata neutrino mixing matrix which contains a Dirac and two Majorana CPviolating phases. The observation of (ββ)0ν decay and the measurement of |< m >| would prove
not only the Majorana nature of massive neutrinos, but it could give information on the type of
neutrino mass spectrum, on the absolute neutrino mass scale, and with additional information
from other sources (3 H decay experiments or cosmological and astrophysical data considerations)
one might extract unique information on the Majorana CP-violation phases. Experimentally
the isotopes used in the searches for (ββ)0ν decay are those for which the single β-decay is
forbidden: 48 Ca, 76 Ge, 82 Se, 100 M o, 118 Cd, 130 T e, 136 Xe, 150 N d. A large number of projects,
aiming at a sensitivity of |< m >| ∼ (0.01 − 0.05) eV, will test the results claimed in ? (with
0ν (76 Ge) = 2.23+0.44 × 1025 yr, corresponding to |< m >| = 0.32 ± 0.03 eV) such as CUORE
T1/2
−0.31
(130 Te), GERDA (76 Ge), EXO (136 Xe), KamLAND-Zen (136 Xe).
The (ββ)0ν -decay can be triggered, in principle, not only by the light Majorana neutrino
exchange, but by more than one lepton charge nonconserving mechanism. These mechanisms
are, in general, CP-nonconserving.

2

CP-violating mechanisms

If the (ββ)0ν -decay will be observed, the question of which lepton charge nonconserving mechanisms induce the decay will inevitably arise. Each of the various (ββ)0ν -decay mechanisms
considered in the literature is characterised by its own lepton number violating (LNV) parameter, ηκLN V , where the idex κ lables the mechanism. The mechanisms we will consider in what
follows are, in general, CP-nonconserving. As a consequence, the corresponding LNV parameters
are complex.
If several mechanisms are involved in (ββ)0ν -decay, the inverse value of the (ββ)0ν -decay
half-life for a given isotope (A, Z) can be written as:
1
0ν
0ν
G (E0 , Z)T1/2

= |

∑

ηκLN V M ′ κ |2 ,
0ν

(2)

κ

where G0ν (E0 , Z) and M ′ 0ν
κ are, respectively, the known phase-space factor (E0 is the energy
release) and the nuclear matrix element of the decay (we list in Table ?? the values for the
isotopes we will consider her). The latter depends on the mechanism generating the decay and
on the nuclear structure of the speciﬁc isotopes (A, Z), (A, Z + 1) and (A, Z + 2) under study.
Depending on the Lorenz structure of, e.g., the currents describing the two electrons in the
ﬁnal state of (ββ)0ν -decay, two mechanisms generating the (ββ)0ν -decay can be either ”interfering” or ”non-interfering”. In the ﬁrst case the interference term in the (ββ)0ν -decay rate,
originating from the product of the contributions of each of the two mechanisms to the (ββ)0ν decay amplitude, is not supptressed, while in the second case - it is suppressed and often can
be neglected. Such a suppression can occure if, e.g., the electron currents predicted by the two
mechanisms have diﬀerent chiral structure and the level of suppression depends on the decaying
nucleus ? .
The (ββ)0ν decay is allowed in a wide range of models. We will consider in this analysis
in addition to the standard case in which (ββ)0ν decay is triggered by the exchange of light
Majorana neutrino, a ﬁnite number of models such as the Left-Right Symmetry model, in which
(ββ)0ν decay is induced by heavy right handed Majorana neutrinos, and for example Rp -parity
nonconserving Supersymmetry (SUSY) theories where Majorana fermions such as gluinos and
neutralinos can induce the decay. The complete analysis in the general case of CP nonconserving
couplings can be found in ? . Here we brieﬂy discuss the two main cases: (ββ)0ν decay induced
by i) two “non-interfering” mechanisms, e.g. LH light and RH heavy (Mk > 10 GeV) Majorana
neutrino exchange whose LNV parameters are denoted respectively by |ην | and |ηNR | and ii) two
interfering mechanisms, e.g, light Majorana neutrino, |ην |, and supersymmetric gluino exchange,
|ηλ′ |.
One can determine and/or suﬃciently constrain the fundamental parameters |ην |, |ηNR |, etc.
associated with the lepton charge nonconserving couplings exploiting the dependence of the
nuclear matrix elements on the decaying nucleus, and using as input hypothetical values of the
(ββ)0ν -decay half-life of 76 Ge satisfying the existing lower limits and the value claimed in ref. ?
? as well as the following hypothetical ranges for T 0ν (100 Mo) and T0ν (130 Te):
1/2
1/2
0ν 76
T1/2
( Ge) ≥ 1.9 × 1025 y,
0ν 100
5.8 × 1023 y ≤ T1/2
( M o) ≤ 5.8 × 1024 y,

0ν 76
25
T1/2
( Ge) = 2.23+0.44
−0.31 × 10 y
0ν 130
3.0 × 1024 y ≤ T1/2
( T e) ≤ 3.0 × 1025 y

(3)

Let us note that 5.8 × 1023 y and 3.0 × 1024 y are the existing lower bounds on the half-lives of
100 M o and 130 T e ?,? .
As we will see, in certain cases of at least one more mechanism being operative in (ββ)0ν decay beyond the light neutrino exchange, one has to take into account the upper limit on the
absolute scale of neutrino masses set by the 3 H β-decay experiments ?,? : m(ν̄e ) < 2.3 eV. In

Table 1: Phase space factors and values of NMEs.

Transition
76 Ge → 76 Se
100 Mo → 100 Ru
130 Te → 130 Xe

−1
G0ν
i (E, Z)[y ]
−15
7.98×10
5.73×10−14
5.54×10−14

|M ′ 0ν
ν |
5.82
5.15
4.70

|M ′ 0ν
N|
412
404
385

|M ′ 0ν
λ′ |
596
589
540

the case of (ββ)0ν -decay, this limit implies a similar limit on the eﬀective Majorana mass a
|< m >| < 2.3 eV.
2.1

Example of two “non-interfering” mechanism

In the case of two “non-interfering” mechanisms, the light Majorana neutrino (denoted by ην )
and the right-handed heavy Majorana neutrino exchange (denoted by ηNR ), the inverse of the
half-life of an isotope i undergoing (ββ)0ν decay is given by:
0ν −1
2
′
2
R 2
′
2
(T1/2
)i = G0ν
with
i (|ην | |M i,ν | + |ηN | |M i,N | ),
) heavy
(
|< m >|
MW 4 ∑
R
2 mp
, ηN =
Vek
.
ην =
me
M WR
Mk
0ν

0ν

(4)

k

′ 0ν
where G0ν
i and M i,κ , κ = ν, N are respectively the phase space factor and the nuclear
matrix element (NMEs), me and mp are the electron and the proton masses, Vek is the element
of the ν- mixing matrix through which the heavy neutrino Nk couples to the electron in the
hypothetical V + A charged lepton current, and MW ∼
= 80 GeV (MWR > 2.5 TeV) is the LH
(RH) weak charged boson mass.
In this “non-interfering” case one can see that, in order to determine the LNV parameters
(the unknowns) we can set a system of two linear equations using as input hypothetical half-lives
of two isotopes (T1 and T2 ), and reference values for the NMEs M ′ 0ν
i,k , and the kinematical factor
(see Table ??). One ﬁnds that the LNV parameters, solutions of the system of equations, are
given by:

|ην | =
2

2
′ 0ν 2
|M ′ 0ν
2,N | /T1 G1 − |M 1,N | /T2 G2
2
′ 0ν 2
′ 0ν 2
′ 0ν 2
|M ′ 0ν
1,ν | |M 2,N | − |M 1,N | |M 2,ν |

,

|ηN | =
R 2

2
′ 0ν 2
|M ′ 0ν
1,ν | /T2 G2 − |M 2,ν | /T1 G1
2
′ 0ν 2
′ 0ν 2
′ 0ν 2
|M ′ 0ν
1,ν | |M 2,N | − |M 1,N | |M 2,ν |

.
(5)

Negative solutions are not physical, so requiring |ην |2 > 0 |ηNR |2 > 0 and ﬁxing one of the two
half-lives, e.g. T1 , we can ﬁnd a range for T2 of physical solutions b :
2
T1 G1 |M ′ 0ν
1,N |
2
G2 |M ′ 0ν
2,N |

≤ T2 ≤

2
T1 G1 |M ′ 0ν
1,ν |
2
G2 |M ′ 0ν
2,ν |

,

(6)

′ 0ν 2
′ 0ν 2
2
′ 0ν 2
where we have used the fact that |M ′ 0ν
1,ν | /|M 2,ν | > |M 1,N | /|M 2,N | (see table ??). Using
0ν (76 Ge) = 2.23 × 1025 y ? , one obtains the
as two isotopes 76 Ge and 100 M o and ﬁxing T1 ≡ T1/2
results shown in the left panel in Fig. ??.

We remind the reader that for m1,2,3 & 0.1 eV the neutrino mass spectrum is quasi-degenerate (QD), m1 ∼
=
m2 ∼
= m3 ≡ m, m2j >> ∆m221 , |∆m231 |. In this case we have m(ν̄e ) ∼
= m and |< m >| . m.
b
This results are valid for A1 < A2 where A is the atomic number of a given isotope, chosen among the set
76
Ge, 100 Mo and 130 Te.
a
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Figure 1: Rescaled values of i) |ην |2 (solid line) and |ηN
| (dashed line) for T1/2
( Ge) = 2.23×1025 y ? (left panel),
2
2
0ν 76
0ν 100
and of ii) |ην | (solid line) and |ηλ′ | (dashed lined) for the same value of T1/2 ( Ge) and T1/2
( M o) = 5.8×1024 y
?
0ν 130
24
(right panel). The experimental lower bound T1/2 ( T e) > 3×10 y is taken into account. The physical allowed
regions correspond to the areas shown in white; the areas shown in gray are excluded. The horizontal solid (dashed)
line corresponds to the upper limit ? ? |< m >| < 2.3eV (prospective upper limit ? |< m >| ≤ 0.2eV).

2.2

Example of two “interfering” mechanism

In this second case, considering as interfering mechanisms the light Majorana neutrino and the
supersymmetric gluino exchange, (denoted by ηλ′ ), the (ββ)0ν decay inverse half-life of a given
nucleus reads:
0ν
2
′
2
2
′
2
′
′
(T1/2,i
)−1 = G0ν
i (|ην | (M i,ν ) + |ηλ′ | (M i,λ′ ) + 2 cos αM i,λ′ M i,ν |ην ||ηλ′ |) ,
0ν

0ν

0ν

0ν

(7)

where the LNV parameters are given in ? . From Eq. (??) it is possible to extract the values of
|ην |2 , |ηλ′ |2 and cos α setting up a system of three equation with these three unknowns using
as input the “data” on the half-lives of three diﬀerent nuclei. The solutions are given using the
Cramer’s rule. As well, we must require that |ην |2 and |ηλ′ |2 be non-negative and that the factor
2 cos α|ην ||ηλ′ | in the interference term satisﬁes:
−2|ην ||ηλ′ | ≤ 2 cos α|ην ||ηλ′ | ≤ 2|ην ||ηλ′ |.

(8)

If we ﬁx (i.e. have data on) the half-lives of two of the nuclei and combine these with the
condition in Eq. (??), we can obtain the interval of values of the half-life of the third nucleus,
which is compatible with the data on the half-lives of the two other nuclei and the mechanisms
considered. The minimal (maximal) value of this interval of half-lives of the third nucleus is
obtained for cos α = +1 (cos α = −1). An example of such an analysis is plotted in Fig. ??
(right panel). One can notice that the positivity conditions in this case allow to constrain the
region of positive solutions given by the white area. For a detailed analysis see ? .
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Studying Neutrino Directionality with Double Chooz
E. Caden
Department of Physics, Drexel University,
Philadelphia, PA, 19104, USA
The first results from Double Chooz with 100 days of data measured sin2 (2θ13 ) = 0.086 ±
0.051. Backgrounds contribute significantly to the systematic uncertainty budget. Using the
incoming neutrino directionality we will attempt to further separate the inverse beta decay
signal from backgrounds. The CHOOZ experiment completed a similar analysis and found
that the neutrino source can be located to within a cone of half-aperture of 18 degrees at the
68% C.L. We study the possible improvement of this result by Double Chooz.

1

Double Chooz

Double Chooz is a neutrino oscillation experiment in the French Ardennes. It is a reactor
experiment, looking for a deficit of electron neutrinos. The probability that an electron antineutrino will be detected as an electron anti-neutrino is
Psurv ≈ 1 − sin2 2θ13 sin2 (1.267∆m2 L/E),

(1)

where ∆m2 is the atmospheric mass splitting, L is the distance from the reactor cores to the
detector in meters, and E is the energy of the anti-neutrino in MeV. Electron anti-neutrinos are
produced by two 4.25 GWT H reactor cores of the Chooz Nuclear Power Plant. Neutrinos are
detected through the inverse beta decay reaction (IBD):
ν̄e + p → n + e+

(2)

The detector (fig. ??), 1.05 km from the reactors, consists of a series of sub-detectors: the
neutrino target, a gamma catcher region, a non-scintillating buffer, an inner veto region, and
an outer veto cover. The innermost vessel is target, an acrylic vessel filled with 10.3 m3 of
PXE and dodecane with fluors PPO and Bis-MSB. The target also contains Gadolinium at
0.1% concentration, to enhance the neutron capture probability. The gamma catcher is also
filled with scintillating mineral oil, and is used to detect gammas escaping from the target.
There are 390 photomultiplier tubes (PMTs) mounted in the buffer, which is filled with non
scintillating oil. This region shields the target from radioactivity of the photomultiplier tubes.
The inner veto, with 78 PMTs and filled with scintillator, vetoes cosmic-ray muons and spallation
neutrons. The entire volume is then surrounded by low activity demagnetized steel. To also
help in tagging muons, Double Chooz has an outer veto, which is sixty-four panels of scintillator
strips and wavelength shifting fibers that tag the position and angle of incoming muons. The
entire detector system is buried under 300 m.w.e of rock overburden, which acts as a natural
shield against cosmic ray muons.

The signals are amplified by an analog Front End system, and events are triggered based on
the summed charge of PMT groups exceeding an energy threshold. When triggered, waveforms
from each PMT are digitized by Flash-ADC electronics with a custom, dead-time free acquisition
system. After 100 days of physics data, 4121 neutrino candidates were found, when 4344 ± 165
were expected with no oscillation. This deficit leads to sin2 2θ13 = 0.086 ± 0.051 (stat + sys)? .
The result is shown in figure ??.

(a) The Double Chooz detector system.

2

(b) Top: Measured and expected prompt energy spectra,
including backgrounds. Bottom: Difference between data
and no oscillation spectrum.

Neutrino Directionality

Measuring neutrino directionality depends on accurately knowing the position and angular distribution of the IBD reaction products: the positron and the neutron. Results presented here
are relevant for anti-neutrinos produced by reactors, Eν < 10 Mev.
From Vogel and Beacom ? , the positron angular distribution is given by
dσ
' 1 + βa(Eν ) cos θe
d cos θ

(3)

where θe is the angle between anti-neutrino and positron directions, β is the positron velocity,
and a is the asymmetry coefficient. a(Eν ) is given by the competition of non-spin-flip (Fermi)
and spin-flip (Gamow-Teller) contributions. In the limit where the mass of the nucleon is taken
to be infinite (1/mn ≈ 0), a(Eν ) = a(0) ,
a(0) =

f 2 − g2
' −0.102
f 2 + 3g 2

(4)

where f and g are the vector and axial-vector coupling constants, respectively taken to be 1 and
1.26. Taking the common assumption of relativistic neutrinos where β ≈ 1, the average cosine
weighted by the differential cross section is
1
hcos θe i = a(Eν ) = −0.034.
3

(5)

The average positron angle is slightly backwards. The original CHOOZ collaboration calculated
the mean positron displacement to be −0.05 cm with respect to the initial anti-neutrino interaction point ? . The small displacement and negligible preferred scattering angle mean that the
positron movement can be neglected. Accounting for the small kinetic energy of the neutron,
the positron’s energy depends on its scattering angle and is


Eν
∆2 − m2e
Ee = (Eν − ∆) 1 −
(1 − cos θe ) −
(6)
mn
2mn
The neutron’s kinetic energy then follows as
En =

Eν (Eν − ∆)
∆2 − m2e
(1 − cos θe ) +
mn
2mn

(7)

Conservation of momentum in the laboratory (~
pp = 0) leads to
p~ν = p~e + p~n .

(8)

Using
|pe | ≤

p
(Eν − ∆)2 − m2e < Eν ,

(9)

one can calculate that the neutron must be always be emitted in the forward hemisphere,
relative to the incoming anti-neutrino direction. The maximum angle between the anti-neutrino
and initial neutron directions was calculated in ? to be
p
2Eν ∆ − (∆2 − m2e )
cos(θn )max =
.
(10)
Eν
At the IBD threshold of 1.8MeV the neutron direction is purely forward and for reactor antineutrino energies (< 10 MeV) it is still mainly in the forward direction. Neutron diffusion
preserves the incoming direction of the neutron. With each scatter, the average cosine with
respect to the incoming direction is:
< cos θn >= 2/3A

(11)

where A is the atomic number of the scattering nucleus. Therefore the direction is most preserved
when scattering off Hydrogen, which has a large cross-section for neutron scattering at the
relevant energy range.
i , point~ en
Reconstructing the incoming neutrino’s direction requires constructing a vector, X
ing from the positron’s reconstructed position to the neutron’s reconstructed position, where
i = X i − X i . Averaging this vector over all events gives:
~ en
X
n
e
p~ =

N
X

i
~ en
X

(12)

i=i

~ i and a similar vector from the reactor to the detector X
~ RD
The cosine of the angle between X
en
should point more towards +1 than -1. This is a statistical measurement that improves with
the number of neutrino candidates. The probability distribution of the components of p~ are
Gaussian, with a width P . Because of the symmetry of the Double Chooz detector’s cylindrical
geometry, P is expected to be the same for all directions. Measuring p~ = (px , py , pz ), we can
calculate the azimuthal and zenith angles of the neutrino source:
tan φ =

p̄y
p̄x

tan θ =

p̄
q z
p̄2x + p̄2y

The possibility of reconstructing the direction of the neutrino source depends on the
√ errors
on the angles, ∆φ and ∆θ. Using the gaussian nature of the components, ∆pi = P/ N , we
calculate the errors to be:
s
2


P · p̄y 2
P
√
∆ tan φ =
+ √
N p̄2x
N p̄x
v
2 "
u
2 
2 #

u
p̄
p̄
p̄
p̄
P
u
y z
x z
 1+
∆ tan θ = t √ q
+
2 + p̄2
2 + p̄2
p̄
p̄
2
2
x
y
x
y
N p̄ + p̄
x

3

y

Previous work on Directionality and Double Chooz Improvement

The concept of reactor neutrino directionality was shown by the Gösgen, Bugey, and Palo Verde
collaborations for segmented scintillator detectors. These measurements were made by observing
the neutron in a segment farther away from the reactor than the segment where the positron
was observed.
The first measurement of this kind using an unsegmented scintillator detector was by the
CHOOZ collaboration, using the technique described above. With only ∼ 2500 events, the
neutrino source was located within a cone of 18◦ half-angle opening. As this is primarily a
statistics driven measurement, Double Chooz is poised to greatly improve that result.
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Testing Neutrino Masses In The R-parity Violating Minimal Supersymmetric
Standard Model With LHC Results
M. Hanussek
Bethe Center for Theoretical Physics, University of Bonn, Bonn, Germany
Within the R-parity violating minimal supersymmetric standard model (MSSM), we use a
hierarchical ansatz for the lepton-number violating trilinear Yukawa couplings by relating
them to the corresponding Higgs-Yukawa couplings. This ansatz reduces the number of free
parameters in the lepton-number violating sector from 36 to 6. Baryon-number violating
terms are forbidden by imposing the discrete gauge symmetry Baryon Triality. We ﬁt the
lepton-number violating parameters to the most recent neutrino oscillation data, including
the mixing angle theta13 found by Daya Bay. We ﬁnd that we obtain phenomenologically
viable neutrino masses and mixings only in the case of normal ordered neutrino masses and
that the lepton-number violating sector is unambiguously determined by neutrino oscillation
data. We discuss the resulting collider signals for the case of a neutralino as well as a scalar
tau lightest supersymmetric particle. We use the ATLAS searches for multi-jet events and
large transverse missing momentum in the 0, 1 and 2 lepton channel with 7 TeV center-of-mass
energy in order to derive exclusion limits on the parameter space of this R-parity violating
supersymmetric model.

The Hierarchical B3 cMSSM & Neutrino Masses

1

The most general gauge invariant and renormalizable MSSM Lagrangian contains lepton–number
violating and baryon–number violating operators. We impose the discrete symmetry Baryon Triality (B3 ) [1] which allows for lepton–number violation but forbids all baryon–number violating
terms to ensure proton stability. In a notation which follows [2], the B3 superpotential contains
the following lepton–number violating terms,
1
λijk Li Lj Ēk + λijk Li Qj D̄k − κi Lai Hub ], .
(1)
WLN V =
2
For universal supersymmetry breaking, the bilinear terms κi can be rotated to away at the
uniﬁcation scale MX via a basis transformation of the lepton and Higgs superﬁelds [3]a .
In the B3 constrained MSSM (cMSSM), the number of free parameters in the soft–breaking
sector is constrained. We end up with 5 + n independent parameters at the uniﬁcation scale [3],
M0 , M1/2 , A0 , sgn(µ), tan β, Λ ,

(2)

where Λ ∈ {λijk , λ ijk} denotes a subset of n independent trilinear L–violating couplings.
In the hierarchical B3 cMSSM, the L–violating trilinear terms in Eq. 1 resemble the Higgs–
Yukawa–terms. We therefore proposed the following hierarchical ansatz at the uniﬁcation
scale [5], which can be motivated in the framework of Froggatt-Nielsen models [6]
a

However, non–vanishing bilinear terms are generated at the electroweak scale via the renormalization group
equations [4].

ν
q()

χ̃0
q()

ν̃

τ̃1

q̄  (¯)

q  (ν )

Figure 1: Typical LSP decays in the hierarchical B3 cMSSM.

λijk ≡ i · (YE )jk − j · (YE )ik ,

(3)

λijk ≡ i · (YD )jk .

(4)

Eq. 3 has the required form to maintain the anti-symmetry of the λijk in the ﬁrst two indices.
Assuming a speciﬁc form of the Higgs–Yukawa couplingsb , the number of L–violating parameters
reduces to six (i , i ).
The mixing between neutralinos and neutrinos in the B3 MSSM leads to one massive neutrino
at tree–level via a see–saw mechanism [3]. Higher order corrections need to be included to give
mass to at least one more neutrino in order to be consistent with the two experimentally observed
neutrino mass squared diﬀerences.The radiative origin of the second neutrino mass scale implies
that a strong hierarchy of O(100) between the neutrino masses is to be expected [7]. However,
the experimental data requires a neutrino mass ratio of the heaviest two neutrinos of at most
O(5). We presented a mechanism to suppress the tree–level mass scale based on RGE eﬀects
in [8]. For this mechanism, A0 needs to be ﬁxed such that the i contribution to the tree–level
neutrino mass is minimized,
(λ )
≈ 2M1/2 ,
(5)
A0
Then, i and i can be used to generate non-zero mν2 (1–loop level) and mν3 (tree level),
respectively, in accordance with the neutrino oscillation datac . Then, the L–violating sector
of the hierarchical B3 cMSSM is unambiguously determined from neutrino oscillation data in
normal mass ordering [9, 10],
m2 = 8.71 × 10−3 eV,
m3 = 4.95 × 10−2 eV,
m1 ≈ 0 eV,
sin2 (θ12 ) = 0.31 ± 0.02,

sin2 (θ23 ) = 0.51 ± 0.06,

sin2 (2θ13 ) = 0.09 ± 0.02.

(6)

We use the spectrum calculator SOFTSUSY -3.2 [11] to calculate the low–energy spectrum, in
which we implemented neutrino masses at full 1–loop. The ﬁt to the experimental data is
performed using Minuit2 [12]. The resulting couplings are of order 10−5 to 10−6 .
2

LHC Collider Signatures And Exclusion Limits From ATLAS Searches

The dominant production channel at the LHC is pair production of colored sparticles via strong
interactions, because the best–ﬁt values of the L–violating couplings to neutrino data are too
small (O(10−5 ) to O(10−6 )) to have an observable eﬀect on the resonant production of supersymmetric particles. Only if sleptons and gauginos are much lighter than the colored sparticles,
their production rate becomes comparable. The produced sparticles cascade decay into the LSP.
b

In the quark sector, we assume left–right symmetric mixing. Additionally, we work in the limit where the
down–type Higgs–Yukawa matrix is diagonal whereas the up–type is non–diagonal. In the leptonic sector, we
assume mixing only in the neutrino sector.
c
It is not easily possible to obtain inverse hierarchy or degenerate neutrino masses in the hierarchical B3
cMSSM, unless 3 becomes several orders of magnitude larger than the other L-violating parameters. We here
assume that 3 is of the same order of magnitude as 2 and 1 .

Table 1: The main cuts used in the ATLAS studies used in this collider study. More details can be found in
the relevant ATLAS studies (0 lepton [13], 1 lepton [14] and 2 lepton [15]). N denotes the number of isolated
leptons, Njet the number of jets and pTjets speciﬁes the minimal transverse momentum which is required for these
(inc)
jets. p
/T gives the minimal value of missing transverse momentum of the event, meﬀ the minimal (inclusive)
eﬀective mass and L denotes the total integrated luminosity at 7 TeV.

N
Njet
pTjets
pT
/
minc
eﬀ
p
/T
meﬀ

L

0lept–SRE–m
0
6

1lept–3j
1
3

2lept–OS–4j
2
≥4

>(130, 60, 60, 60, 40, 40)

>(100, 25, 25)

>(100, 70, 70, 70)

> 160
> 1200
> 0.15
4.7 fb−1

> 250
> 1200
> 0.3
4.7 fb−1

> 100
–
–
1.0 fb−1

In our parameter space, we can have either a stau LSP or a neutralino LSPd . In the B3 cMSSM,
the LSP is almost always short–lived and decays within the detector via the L-violating interactions, cf. Fig. 1. For large M0 , χ̃01 decays via gauge bosons additionally become relevant, such
as χ̃01 → ± W ∓ , νZ. We expect typical collider signatures with several jets, missing transverse
momentum and 0-2 leptons e .
We further constrain the hierarchical B3 cMSSM parameter space using data from the LHC
√
at s = 7 TeV with an integrated luminosity of up to 5 fb−1 . We focus on recent ATLAS
studies with 0,1 or 2 isolated leptons, several jets and large missing transverse momentum. A
short overview over the ATLAS studies used is given in Table 1. So far, the experimental data is
in agreement with the SM background expectations. We use their results in order to derive the
68% and 95% CL exclusion regions in the M0 –M1/2 parameter space, presented in Fig. 2 (i)-(iii).
We performed the numerical analysis with SOFTSUSY -3.2, IsaWig1.200 [16], SPheno3.1 [17],
Herwig6.510 [18] and Delphes1.9 [19].
For the stau LSP region, the 1 lepton study in Fig. 2 (ii) gives the most stringent bounds,
excluding M1/2  475 GeV. Even though there are also many events with 1 isolated lepton in
the neutralino LSP region, these do not pass the relatively hard missing transverse momentum
cut, cf. Table 1. Instead, the 2 opposite-sign lepton study in Fig. 2 (i) performs much better
in the neutralino LSP region, excluding roughly M1/2  300 GeV. Only in the region where the
dominant neutralino LSP decay mode is νbb̄, the 0 lepton study in Fig. 2 (i) gives more stringent
exclusion limits.
We can exclude squark masses below 800 GeV, and gluino masses below 700 GeV (for squark
masses below 1 TeV) at 95%. These limits become more stringent at 68% CL, by roughly 100
GeV. Compared to the case of the R–parity conserving cMSSM, we obtain weaker limits because
generally we have more leptons and jets and less p
/T , due to the LSP decays. More details can
be found in Ref [2]. We plan to investigate exclusion limits arising from third generation studies
and multi–lepton studies in a future publication.
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The stau LSP region is deﬁned by M1/2 ≥ 3 M0 − 80 GeV for our benchmark region with tan β = 25,
(λ )

sgn(µ) = 1 and A0 ≈ 2M1/2 . In the rest of parameter space, the neutralino is the LSP
e
There is also a fraction of events of O(10%) where there are 3-4 leptons, which we will address in a future
publication using more data.
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Figure 2: Exclusion limit on our benchmark region, where tan β = 25, sgn(µ) = 1 and A0 ≈ 2M1/2 , from (i)
the 0 isolated leptons, 6–jets and MET (“0lept–SRE–m”) ATLAS study, (ii) the 1 isolated lepton, 3–jets and
MET (“1lept–3j”) ATLAS study and (iii) the 2 isolated opposite–sign leptons, 4–jets and MET (“2lept–OS–4j”)
ATLAS study. The white region is excluded at 95% conﬁdence level (CL), the light blue is excluded at 68% CL.
The grey lines denote the gluino masses, the dashed black lines denote the squark masses (each in GeV).
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Coherent Neutrino Scattering with Cryogenic Semiconductor Detectors
A. J. Anderson, J. Conrad, E. Figueroa-Feliciano, J. A. Formaggio, J. Spitz
Massachusetts Institute of Technology, Cambridge, MA 02139, USA
M. Pyle
University of California, Berkeley, CA 94720, USA
Coherent neutrino scattering (CNS) is an unmeasured, well-predicted standard model process observable via low-energy nuclear recoils. The latest generation of dark matter detectors
is now achieving the recoil energy thresholds and fiducial masses needed to detect CNS for
the first time. We discuss the application of cryogenic phonon-mediated detectors, optimized
for low energy thresholds, to the detection of neutrinos from nuclear reactors, decay-at-rest
stopped-pion neutrino sources, and megacurie radioactive sources. Research reactors, in particular, offer the most convenient neutrino sources for a first measurement, as envisioned in
the Ricochet experiment.

1

Introduction

Coherent neutrino-nucleus scattering (CNS) is a well-predicted standard model process in which
an incident neutrino elastically scatters coherently with an entire nucleus via the neutral current 1 . Only the recoil of the target nucleus is observable in the final state. While the cross
section per nucleus for this process is comparatively large, 6 × 10−40 cm2 for 10 MeV neutrinos
on germanium for example, it remains undetected because of the low recoil energy of the target
nucleus.
The cross section of CNS as a function of recoil energy T is given by
dσ
G2
MT
= F Q2W M 1 −
dT
4π
2Eν2




F (Q2 )2 ,

(1)

where GF is the Fermi constant; QW is the weak charge [QW = N − (1 − 4 sin2 θW )Z, with N ,
Z, and θW as the number of neutrons, number of protons, and weak mixing angle, respectively];
M is the nuclear target mass; and Eν is the incoming neutrino energy. Since the scattering is
elastic, the recoil energy of the nucleon is kinematically restricted to be less than
Tmax ≤

Eν
.
M
1 + 2E
ν

(2)

Because the final state of the neutrino is not known, the energy of the incident neutrino cannot
be reconstructed from the recoil energy alone.
Due to their excellent energy resolution and rapidly increasing fiducial mass, it is well-known
that detectors inspired by dark matter searches are promising for measuring CNS. The energy thresholds of existing single-phase liquid argon and cryogenic phonon-mediated germanium

detectors are already low enough to detect neutrinos from decay-at-rest (DAR) stopped-pion
sources with energies up to 50 MeV, using detector masses similar to existing and proposed dark
matter experiments 2 . Somewhat lower energy thresholds are required to detect neutrinos from
lower-energy sources, such as nuclear reactors (∼ 1 − 8 MeV) and megacurie electron capture
(EC) neutrino sources (∼ 1 MeV). Lowering the critical temperature of the transition-edgesensors (TESs) which read out phonons from the detectors used in the SuperCDMS experiment
may reduce the baseline energy resolution enough to detect CNS from reactor neutrinos 3 .
2

Neutrino Sources

Various authors have considered prospects for detecting CNS with reactors 4 , DAR neutrino
source 5 , and megacurie EC sources 6 . Of these, DAR sources produce the highest energy
neutrinos and hence the highest CNS cross section, but this is offset by an isotropic flux, a high
cost unless an existing source is used, and a 10-20 m source-to-detector baseline needed to shield
beam-related background. Intense MCi EC sources, such as the 0.4 MCi 37 Ar source used in
the calibration of the SAGE experiment 7 , have backgrounds only from internal bremsstrahlung
photons, high intensity, and precisely known monochromatic energy spectra. But 37 Ar sources
must be produced from the reaction 40 Ca(n, α)37 Ar, which requires a high flux of > 2 MeV fast
neutrons available only in some breeder reactors.
In contrast, nuclear reactors are inexpensive high-intensity neutrino sources. The Ricochet
program envisions deploying a ∼6 kg experiment at a research reactor such as the 5.5 MW
(thermal) MIT research reactor. While the total neutrino flux is much lower than commercial
reactors which typically operate at several GW thermal power, the core requires less shielding
and experimental sites are available at much shorter baselines. The MIT reactor regularly shuts
down for refueling, allowing a CNS experiment to measure its background rate precisely.
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Figure 1: Energy spectra at a detector located 4 m from the MIT reactor.

3

Detectors

Although it would be possible to detect DAR neutrinos with a sufficient mass of SuperCDMS
Ge interleaved z-sensitive ionization and phonon detectors (iZIP), lower thresholds are likely
necessary to detect the lower-energy reactor neutrinos. The Ricochet program calls for a nominal
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Figure 2: Scaling of phonon energy resolution σp with the TES critical temperature Tc . From
thesis of M. Pyle 3 .

goal of a 100 eV threshold using only the phonon signal. This reduction in threshold should
be achievable by tuning downward the critical temperature of TESs in SuperCDMS detectors
using an ion-implantation technique currently in use for SuperCDMS.
An iZIP is a single 3-inch diameter crystal of Ge, photolithographically patterned with
thousands of phonon sensors that consist of aluminum absorbers and tungsten TESs. When
a nuclear recoil occurs in an iZIP, both ionization and nonequilibrium phonons are produced.
The electrons and holes drift to the crystal surfaces under the influence of an overall electric
field, where they are collected by electrodes. The nonequilibrium phonons are measured at the
surface by the TESs.
The resolution of the ionization signal is limited by the capacitance and geometry of the
detector, and little improvement is possible without significant design modifications. On the
other hand, it may be possible to improve the resolution of the phonon signal by reducing the
critical temperature of the TESs on the detector surface. The electron and phonon systems in
the tungsten TESs are thermally decoupled, and the conductance of the TES to the bath is just
the conductance between the electron and phonon systems of the TESs, given by G ∝ ΣTc4 ,
where Σ is the electron-phonon coupling constant of W and Tc is the critical temperature. Two
major sources of noise, the TES Johnson noise and the noise from thermal fluctuations between
the electron and phonon systems, are proportional to G. The dependence of the conduction G
on Tc means that the noise rapidly decreases by reducing the critical temperature of the TES
films. Moreover, SuperCDMS detectors currently operate in a regime where the phonon signal
bandwidth is much smaller than the bandwidth of the TES response. The TES bandwidth also
decreases with Tc , so the reduction in Tc results in a better match to the phonon bandwidth, also
improving the signal-to-noise of the system 3 . Figure 2 shows the expected scaling of optimal
energy resolution with Tc for SuperCDMS detectors. Given the resolution in Figure 2, a 100 eV
energy threshold would be feasible. At 4 m from the MIT reactor, such a Ge detector would
observe an event rate of 3.6 events per kg per day, a detectable signal assuming that radiogenic
backgrounds can be controlled.
4

Physics Topics

A detection of CNS would be a valuable test of an unmeasured standard model prediction,
but it would also place meaningful constraints on sterile neutrinos and non-standard neutrino
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Figure 3: Sensitivity to the reactor anomaly of a 6 kg Ge experiment at the MIT reactor (2
years exposure at 4 m and 6 m baseline) and the Advanced Test Reactor (2 years exposure at
7 m and 10 m baseline).

interactions. A variety of anomalous signals from LSND, MiniBooNE, a reanalysis of reactor
neutrino experiments, and measurements of the cosmological parameter nef f are consistent with
models of one or two sterile neutrinos at δm2 ∼ O(1 eV).
Numerous experiments have been proposed to test the light sterile neutrino hypothesis 8 . A
CNS detector would search for sterile neutrinos by measuring short-baseline disappearance of
active neutrinos. For a reactor or other isotropic source, this would appear as a deviation from
the 1/r2 -dependence of the flux. CNS is a unique probe of sterile neutrino oscillations because
it uses the neutral current, and is the only definitive way to test for oscillation to a sterile state.
Figure 3 shows the sensitivity of a 6 kg Ge experiment to the reactor neutrino anomaly at the
MIT reactor and the Advanced Test Reactor, a 250 MW research reactor at Idaho National
Laboratory.
Non-standard neutrino interactions (NSI) can also be constrained by a measurement of CNS.
NSI parameterize the low-energy effects of dimension 6 and 8 operators in a variety of beyondthe-standard model physics scenarios. The NSI terms fαβP probed by CNS are the NC-like matter
terms coupling u, d quarks to neutrinos with Lagrangian density
√
L = −2 2GF fαβP [f¯γµ P f ][ν̄α γµ PL νβ ],

(3)

where f = u, d and α, β = e, µ, τ . CNS can provide very stringent limits on the NSI parameters
dV
dV
uV
uV
ee and ee . The current limits are −0.5 < ee < 1.2 and −1.0 < ee < 0.61 at 90% C.L.
4
from the CHARM experiment . With one year of running with 1 kg of Ge and 1 kg of Si and a
uV
signal-to-background of S/B ∼ 1/10, limits could be reduced to |dV
ee |, |ee | < 0.15 at 90% C.L.
5

Conclusions

CNS provides a rare opportunity to search for an unmeasured standard model process. Small
modifications to existing detector technology used by the SuperCDMS experiment may produce
phonon energy thresholds as low as 100 eV–low enough to detect CNS within reasonable background requirements. Precise measurements of the CNS spectrum will probe NSI parameters
and using different baselines may probe active-sterile neutrino oscillations.
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We present the computation of the loop-induced self-annihilation of dark matter particles into
two photons in the framework of the NMSSM. This process is a theoretically clean observable
with a “smoking-gun” signature but is experimentally very challenging to detect. The rates
were computed with the help of the SloopS program, an automatic code initially designed
for the evaluation of processes at the one-loop level in the MSSM. We focused on a light
neutralino scenario and discuss how the signal can be enhanced in the NMSSM with respect
to the MSSM and then compared with the present limits given by the dedicated search of the
FERMI-LAT satellite on the monochromatic gamma lines.
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Introduction

The existence of Cold Dark Matter (CDM) is the most compelling paradigm to account for the
wealth of cosmological and astrophysical data. Yet its presence needs to be confirmed by its
detection through direct or indirect methods. With the advent of the LHC it has also started
in collider experiments. A theoretically well motivated and clean observable for the indirect
detection of dark matter are the so-called gamma-ray lines. Unlike charged messengers, the
photons are less affected by astrophysical uncertainties and their propagation in the galaxy is
easier to model. In fact, pinning down the uncertainties on this detection channel boils down to
the modelisation of the galactic dark matter halo. Moreover no astrophysical source is known to
mimic this spectral feature, making this signal as a “smoking gun” signature for the existence of
Dark Matter (DM). On the particle physics side, the prediction for the monochromatic gammaray lines rates relies on the accurate computation of its self-annihilation cross section. For the
two gamma mode this cross section is generically very suppressed since the CDM particle must
be uncharged. Besides providing such a DM candidate, Supersymmetry (SUSY) offers a fully
computable framework. In one of its extension, the NMSSM (Next-to-Minimal Supersymmetric
Standard Model ), this process is a loop-induced one (as in the most popular SUSY incarnation,
the MSSM) and requires the calculation of numerous Feynman diagrams as well as an accurate
calculation of loop integrals. The SloopS code 1,2,3 is such a tool which was designed initially
for the MSSM. Concerning DM studies it has been applied to the evaluation of the two gamma
mode in the MSSM 4 , the NMSSM 5 and the prediction of the relic density at Next-to Leading
order (NLO) 1,5,6 in the MSSM. In the present work we focus on a light neutralino NMSSM
DM candidate since a DM explanation is to be advocated if one wants to explain recent direct
detection measurements 8,9,10,11 . In the next section we will quickly recap the NMSSM and
a
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highlight in which cases its DM phenomenology is peculiar with respect to the MSSM together
with an emphasis on the gamma-ray line observable.

2

Gamma-ray lines in the NMSSM

In the NMSSM the Higgs term of the superpotential involving the two Higgs doublet is modified
and a singlet term is added,
µ=0
WN M SSM = WM
SSM + λŜ Ĥu Ĥd +

κ 3
Ŝ
3

(1)

The VEV of the singlet generates an effective µ parameter with respect to the MSSM, which
is then naturally of order the EW scale12 . The soft-SUSY breaking Lagrangian is also modified
according to


1
−Lsoft = m2Hu |Hu |2 + m2Hd |Hd |2 + m2S |S|2 + λAλ Hu · Hd S + κAκ S 3 + h.c
3

(2)

This has important phenomenological consequences, as compared to the MSSM, since the Higgs
and neutralino sector are extended due to the additional singlet field and its fermionic superpartner, the singlino. Therefore the DM phenomenology of the NMSSM has an extended parameter
space region, the one where the neutralino is mostly singlino, which makes it peculiar from
the MSSM. It has also been shown that it is easier to accommodate a light neutralino χ̃01 and
fulfill various kind of experimental constraints in the NMSSM than the MSSM 13 . This is due
to the presence of a more “natural” light pseudoscalar thanks to an approximate Peccei-Quinn
symmetry. The neutralinos can then efficiently annihilate through them and be a valid DM
candidate. A DM particle in the low mass region favours the indirect detection channels (i.e the
self-annihilation χ̃01 χ̃01 → SM SM in the galactic halo) since the signals are roughly inversely
proportional to mχ̃01 and can be further enhanced in the NMSSM through a light pseudoscalar
A1 s-channel resonance 14 . This kind of mechanism can be at play for the γγ line signal and
typical NMSSM contributions for this process are shown in Fig. 1. We can see that this process
suffers from a loop suppression and therefore generically the predicted rates are low. Hence,
despite the fact that it is a theoretically clean observable, it is experimentally very challenging
to detect these lines. It requires a very good rejection from the continuous gamma ray background and also a fine energy resolution. The FERMI-LAT satellite has a dedicated search for
these gamma-ray lines and up to now do not report any observation, but limits on hσviχχ→γγ
were published instead 15 . . In the next section weinvestigate how these limits can constrain the
light pseudoscalar A1 resonance in the low mass region (mχ . 15 GeV). Obviously only the γγ
channel is relevant here. The computation of the γZ 0 final state has been reported elsewhere 5 .
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χ̃+
+
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χ̃01

γ

χ̃01

χ̃
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Figure 1: Additional NMSSM diagrams with s-channel pseudoscalar exchange. The label f stands for a SM
fermion and χ+ to a chargino.
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FERMI-LAT constraints on the NMSSM parameter space

We performed a scan over the NMSSM parameter space focusing on a low mass neutralino, as
favoured by recent direct detection results 8,9,10,11 and computed the rate hσviχχ→γγ . However
the published FERMI-LAT limits do not extend to dark matter particles lighter than 30 GeV.
Nevertheless an analysis 16 extended these limits down to 1 GeV, using FERMI-LAT data. These
are the limits we used throughout this work. The result of this scan is displayed in Fig. 2. We can
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Figure 2: hσviχχ→γγ with respect to the neutralino mass mχ (left panel) and ∆M (right panel, see text for its
definition) for several types of neutralinos. Solid lines are limit from the galactic center and the broken one from
the halo.

see on the left panel that current limits only exclude a minute portion of the parameter space and
the right panel shows that the excluded points corresponds to situations where the annihilation
occurs close to the resonance by less than ∆M ≤ |0.2|%, with ∆M = (2mχ̃01 − mA1 )/mA1 .
We can also observe that the highest rates are obtained when the neutralino is significantly
mixed. In details it is a mixture of singlino-higgsino components, which is to be expected since
these enter the couplings of the neutralino to Higgses. We then investigate if the limits on the
spectral lines can further constrain the NMSSM parameter space. It has been shown18 that the
95% limits of the FERMI-LAT collaboration on the secondary gamma rays produced in dwarf
spheroidal galaxies (dSph) from the pair annihilation of DM particles into quarks and/or taus
can constrain the NMSSM parameter space. The authors of this work provided us with 14 points
of their MCMC scan giving a large pair annihilation cross section but safe with respect to dSph
limits and direct detection searches. The points are sampled in each bins of mχ̃01 between 1 and
15 GeV. We then used these input parameters to evaluate the rate of the gamma-lines and if we
could further constrain these scenarios. The results are presented in Tab. 1. The bottom line
Table 1: Comparison between dark matter annihilation into quarks and/or taus and the loop-induced one into
photons for each of the bins between 1 and 14 GeV.

mχ̃01 [GeV]
hσviχχ̄→qq̄,τ τ̄ × 1027 [cm3 s−1 ]
hσviχχ̄→γγ × 1032 [cm3 s−1 ]
mχ̃01 [GeV]
hσviχχ̄→qq̄,τ τ̄ × 1027 [cm3 s−1 ]
hσviχχ̄→γγ × 1032 [cm3 s−1 ]

0.976
0.209
0.008
8.513
2.161
0.220

2.409
0.297
0.267
9.274
2.497
0.665

3.342
0.345
0.345
10.27
2.323
1.881

4.885
3.298
0.262
11.50
2.575
2.456

5.626
5.389
0.410
12.74
3.224
2.003

6.551
3.547
0.427
13.51
9.571
17.49

7.101
2.425
0.664
14.48
148.4
287.5

is that the predictions on the monochromatic γ lines rates are well below the present limits of
FERMI-LAT and several orders of magnitude of improvement on the experimental sensitivity are
needed on this observable to have a constraining power on these best fit points.

4

Conclusion

The mono-energetic gamma-ray line signal has spectacular features: a clear smoking-gun signature and points directly to the mass of the dark matter particle. Moreover it do not suffer from
astrophysical uncertainties and depends only on the assumption of the dark matter halo. However discriminating it from the overwhelming astrophysical background (supernovæ, pulsars,
cosmic-rays...) remains an experimentally extremely challenging task. The current sensitivity
on the γγ mode permits to exclude only very fine-tuned points where the LSP mass is close to
the light pseudoscalar resonance, when focusing on the low mass region. However the FERMI-LAT
mission is a long-termed one and the sensitivity is expected to be improved, raising the possibility of excluding more featureless region of the NMSSM parameter space. Finally a very recent
independent paper19 claimed an indication for a gamma-ray line at 4.6σ confidence level. We
therefore look forward a refined analysis of the FERMI-LAT for a confirmation of this observation.
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First Light at the HAWC High-Altitude TeV Gamma-Ray Detector in Mexico
Daniel W. Fiorino
University of Wisconsin-Madison, Department of Physics, 1150 University Ave.,
Madison, WI, USA, 53705

The High Altitude Water Cherenkov (HAWC) Observatory – currently under construction at
4100m altitude at Pico de Orizaba in Mexico – is a 100% duty cycle, large field of view detector
for gamma rays at TeV energies. These gamma rays will reveal the underlying mechanics of
cosmic ray accelerators. Data taking at our smaller test array (VAMOS) is currently under
way. I will present an overview of the observatory and our science goals as well as the first
sky map from our data.
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Exploring A New Energy Frontier

The High-Altitude Water Cherenkov (HAWC) Gamma-Ray Observatory is a next-generation
extended air shower array designed to observe TeV gamma rays and cosmic rays with an instantaneous field of view that covers more than 15% of the sky. With this large field of view, the
detector will be exposed to half of the sky during a 24-hour period. Located at an altitude of
4100 meters above sea level, HAWC will be used to perform an unbiased search of the gammaray sky within an energy range of 100 GeV to 100 TeV. HAWC is currently under construction
near Puebla, Mexico in the Sierra Negra mountain range on the flank of the dormant volcano
named Pico de Orizaba.
The HAWC detector comprises an array of 300 water-Cherenkov tanks. Each tank contains
a light-tight bladder filled with 200,000 gallons of filtered water. The tanks are all four meters
tall and have a seven-meter diameter. The inter-tank spacing will be about one meter on
average. The array will cover 22,000 square meters. Four upward-facing photomultiplier tubes
(PMTs) are installed at the bottom of every tank. The PMTs are used to collect the timing and
charge distribution of Cherenkov light from air shower particles. The water-Cherenkov detection
method allows for continuous observation resulting in a near 100% duty cycle.
HAWC will be used to detect diffuse and point sources of TeV gamma rays in hopes of
uncovering vital clues to high-energy cosmic-ray production. The HAWC Observatory builds

Figure 1: First Light: Equatorial-coordinate map of statistical significance from VAMOS reconstructed event
data (1-degree bins).

upon the success of the Milagro Observatory. In the energy range of 10 to 50 TeV, Milagro
cataloged many sources that had a previously-known lower-energy component 1 in addition to
several new diffuse and point sources 2 . HAWC will have a 15-fold increase in sensitivity with
respect to Milagro due to an improved pointing resolution, energy resolution, and background
rejection 3 .
HAWC will also serve as a monitor for time-dependent signatures like those from flaring
active galactic nuclei or gamma-ray bursts(GRBs). If HAWC discovers that gamma-ray emission
of GRBs extends up to several hundred GeVs, then many astrophysical properties can be deduced
from the spectral cutoff such as the bulk Lorentz boost factor of GRB jets and the intermediate
extragalactic background light spectra 4 .
2

Current Progress

In June 2011, a test array of seven tanks called VAMOS (Verification and Monitoring of Systems)
began performing measurements of cosmic-ray rates. Between June 2011 and March 2012, 3.2
billion air shower candidates were observed. The sky map in Figure 1 is the result of a source
detection analysis using these events. The site of the HAWC water tanks is fully leveled and
tank construction is underway. Installation of the electronics will begin in June of 2012 and a
fully operational 30-tank subarray is set to be finished by late fall of 2012.
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CRITICAL NUCLEUS CHARGE IN A SUPERSTRONG MAGNETIC FIELD:
EFFECT OF SCREENING
S.I. GODUNOV
ITEP, 25 B. Cheremushkinskaya, Moscow, Russia
Radiative corrections in QED in a superstrong magnetic field significantly change the value
of critical charge: the nuclei with Z < 52 never become critical; for a nucleus with Z > 52 to
become critical stronger B is needed than without taking screening into account.
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Introduction

This talk is based on the results presented in the resent paper1 written in collaboration with
B. Machet and M. Vysotsky.
It is well known that Dirac equation can not be solved for the electron moving in the potential
of a pointlike Coulomb center with the charge larger than 137.
But if we take finite size of a nucleus into account then it can be done 2 and for the ions with
a charge about Zcr = 170 the ground energy level reaches minus electron mass entering lower
continuum. Then the electron-positron pair is created and the electron occupies ground energy
level so one can see the positron emission.
As it was discovered by Oraevskiy, Rez, Semikoz 3 the value of critical charge can be diminished by a magnetic field. They solved Dirac equation for a strong magnetic fields and obtained
the equation on the energy ε of the electron moving in the potential of the nucleus with charge
Z: a
p
2

Ze ln 2

m2e − ε2
√
eB

s

!

+ arctan

me + ε
me − ε

!

Ze2 ε
+ + arg Γ − p 2
+ iZe2
me − ε2

− arg Γ(1 + 2iZe2 ) − −

!

Ze2
π
(ln 2 + γ) =
2
2

−
+ nπ , (1)

where γ = 0.5772... is the Euler constant, me is the electron mass, and the argument of the
gamma function is given by
arg Γ(x + iy) = −γy +

∞ 
X
y
k=1

k

− arctan

y
x+k−1



.

(2)

For the ground level at ε > 0 one should take n = 0, while for ε < 0 it should be changed to
n = −1.
According to Eq. 1 when the magnetic field increases the ground state energy goes down
and reaches the lower continuum. The value of the magnetic field at which this happens is
a

We use the system of units h̄ = c = 1, e2 = α = 1/137.

determined by the formula:
!

π − 2 arg Γ(1 + 2iZcr e2 )
B
= 2(Zcr e2 )2 exp −γ +
,
B0
Zcr e2

(3)

where B0 = m2e /e = 4.4 · 1013 G is Schwinger filed. According to this formula uranium (Z = 92)
becomes critical at about 100B0 , for Z = 61 it gives 103 B0 , for Z = 41 it gives 2 · 104 B0 .
But it turned out that such a strong field significantly modifies Coulomb potential by amplifying radiative corrections. The effect appears at one loop level 4,5 . The analytical formula
for modified potential along the direction of the magnetic field was derived in 5 :


√
√
e
− 6m2e |z|
− (2/π)e3 B+6m2e |z|
Φ(z, 0) =
1−e
+e
,
|z|

(4)

where B is directed along z axis. The potential energy which corresponds to Eq. 4 is shown
in Figure 1. The formula for the modified potential in the transverse plane was derived in 1 ,
but it is not important for the value of critical charge because the motion of
√the electron in the
transverse plane is restricted by magnetic field (only distances l < aH ≡ 1/ eB are important)
and the modification of the potential in this area is negligible.

Figure 1: Potential energy of two pointlike charges e and −e at B = 5 · 104 G. Green (dashed) line corresponds
to pure Coulomb potential, blue (solid) line corresponds to modified Coulomb potential. The red (dotted) one is
asymptote of modified potential at small distances.

2

Critical charge with the account of screening

To take screening into account we solved Dirac equation numerically. For this purpose a method
invented by V.S. Popov for qualitative analysis of the problem of critical charge was used.
Averaging over the fast motion of the electron in the transverse plane one get the one-dimensional
equation which can be transformed into Shrödinger type equation:
d2 χ
+ 2me (E − U )χ = 0,
dz 2

(5)

E =
V̄ (z) =

ε
1
V̄ 00
ε2 − m2e
3/8(V̄ 0 )2
, U=
V̄ −
V̄ 2 + +
+
,
2me
me
2me
4me (ε + me − V̄ ) me (ε + me − V̄ )2
1
a2H

Z∞
0

ρ2
V (ρ, z) exp − 2
2aH

!

ρdρ,

where ε is the energy eigenvalue of the Dirac equation, ρ is the coordinate in the transverse
plane, V (ρ, z) is the considered potential. We integrated Eq. 5 numerically in the present work.
In fact the corrections to the nonrelativistic Scrödinger equation is large and vary very quickly
at short distances which makes the problem very nontrivial for numerical calculations.
Table 1: Values of ε0 /me for Z = 40.

B/B0
100
101
102
103
104
2 · 104
...
105
106
107
108

Eq. 1
Numerical results
(Dirac)
(Dirac)
0.819
0.850
0.653
0.667
0.336
0.339
-0.158
-0.159
-0.758
-0.759
-0.926
-0.927
at B/B0 ≈ 2.85 · 104 , ε0 = −me
—
—
—
—
—
—
—
—

Numerical results
with screening (Dirac)
0.850
0.667
0.346
-0.0765
-0.376
-0.423
...
-0.488
-0.524
-0.535
-0.538

The results for ground energy level for the ion with Z = 40 are presented in Table 1. In the
second and the third columns we compare analytical formula Eq. 1 and our numerical results
without screening. They are in a very good agreement and we can see when ground energy level
reaches lower continuum. But the situation is completely different when we turn the screening
on: the ground energy level freezes at about minus a half of the electron mass. So the ion with
charge 40 never becomes critical!
In Figure 2 the results for different Z are presented. We see that taking screening into
account increases the value of magnetic field at which ions become critical. This increment is
bigger for smaller Z and ions with charge less than 50 do not reach criticality. This result is
valid in the case of pointlike charge but if we take the finite size of the nucleus into account we
get Z >∼ 52. The detailed investigation of the role of the finite size of the nucleus radius is the
subject for the further study.
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Solving the Flavor Problem of Warped Extra Dimensions/Composite Higgs
Models
Martin Bauer
Institut für Physik, Johannes Gutenberg Universität, Staudinger Weg 7,
55099 Mainz, Germany

A mechanism is presented which brings theories with composite Higgs and partially composite quarks, described by warped extra dimensional theories, in agreement with all flavor
constraints and a TeV New Physics scale. The possibility of extending these ideas to small N
theories without a holographic dual is briefly elaborated on.
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Introduction

It is a groundbreaking insight, that theories of warped extra dimensions with an infrared localized Higgs scalar are a dual description of large N composite Higgs models. These theories
aim at explaining the hierarchy problem by introducing a composite scale in the TeV range.
They typically have problems achieving this goal due to the accomodation of the large top mass,
large corrections to electroweak precision observables, and sizable flavor changing neutral currents (FCNC). Promoting the Standard Model (SM) fermions to bulk fields puts into practice
the concept of partial compositeness, rendering a heavy top feasable and suppressing FCNCs
sufficiently in all but one observable, namely CP-violation in K − K̄ mixing. The bounds from
this observable are even more stringent than the ones coming from electroweak precision tests,
pushing the composite scale, from now on denoted by MKK , by an order of magnitude. In
this talk, I will present a mechanism, which mitigates these effects via a cancellation of the
contributions from the exciations of the SM gluon, the Kaluza-Klein (KK) gluons, based on an
extended strong interaction bulk gauge group1 . In the dual theory this corresponds to a global
symmetry of the composite sector and I will argue that such a mechanism would also ease the
flavor problem of small N technicolor theories, which do not possess a holographic dual.
2

Solving the RS Flavor Problem

In the holographic description via a warped five dimensional Randall-Sundrum (RS) model with
all SM fields in the bulk except for the Higgs, which is localized on the IR brane, the flavor
problem can be parametrized through the contribution of the KK excitations of the gluon to

Figure 1: The CP-violating observable |K | as a function of MKK for the minimal RS model (left panel) and the
model with a pseudo-axial gluon and tan θ = 1, ξ = 1 (right panel). The lines illustrate the decoupling behavior
with MKK .

the CP violating quantity
∆S=2
|K̄ 0 i ,
K ∼ Im hK 0 |Heff

(1)

where the effective Hamiltonian for K − K̄ mixing requires the operators
¯ µ
¯
Qsd
1 = (dL γ sL ) (dL γµ sL ) ,
¯ µ
¯
e sd
Q
1 = (dR γ sR ) (dR γµ sR ) ,

1 ¯α µ β ¯β
α
¯
¯
Qsd
4 = − (dL γ sL ) (dR γµ sR ) = (dR sL ) (dL sR ) ,
2
1 ¯ µ
¯
¯α β ¯β α
Qsd
5 = − (dL γ sL ) (dR γµ sR ) = (dR sL ) (dL sR ) ,
2

(2)

e1 . In the SM, there are only loop-level contrimultiplied by Wilson coefficients C1,4,5 and C
sd
butions to Q1 . In the minimal RS model all four Wilson coefficients receive contributions at
2 , with L ∼ 36 the volume of the extra dimentree level, but suppressed by a factor gs2 L/MKK
sion, times small flavor-changing couplings from KK gluon exchange 2 . Compared to the SM
contribution, the suppression by the KK scale MKK ∼ few TeV roughly compensates the loop
sd
factor. However, the coefficients of the mixed chirality operators Qsd
4 and Q5 are significantly
enhanced by renormalization group running and large operator matrix elements, so that one
obtains approximately


C5
0
∆S=2
0
e
hK |Heff |K̄ i ∝ C1 + C1 + 115 C4 +
.
(3)
3
As a consequence, New Physics contributions dominate over the SM and the composite scale is
pushed to MKK > 10 TeV, if one does not want to introduce a fine-tuning of parameters of about
1%. This is the only observable, where FCNCs are not sufficiently suppressed by the RS-GIM
mechanism, which is the 5D dual of the small mixings induced by the mostly elementary nature
of light quarks. In the absence of the mixed chirality coefficients however, all flavor sectors
can be brought in agreement with the experiment, without additional assumptions like minimal
flavor violation (MFV).
This observation motivates a solution to the RS flavor problem, which assumes that the new
color charged composite states (or equivalently the gluon KK modes) do not contribute to the
mixed chirality operators. To this end the strong-interaction gauge group in the bulk is extended
S
to SU (3)D × SU (3)S . The 5D color-octet gauge bosons GD
µ and Gµ couple to SU (2)L quark
doublets Q and singlets q with coupling strengths gD and gS , respectively:
µ
S µ
Lint 3 gD Q̄ GD
µ γ Q + gS q̄ Gµ γ q .

(4)

And this extended symmetry is broken by a suitable choice of boundary conditions (BCs) on the
S
UV and IR branes, which give rise to the SM gluon, gµ = GD
µ cos θ+Gµ sin θ, with tan θ = gD /gS ,
D
S
and the orthogonal combination Aµ = −Gµ sin θ + Gµ cos θ, which will be refered to as pseudoaxial gluon (since it only couples axially for tan θ = 1), so that


Lint 3 gs Q̄ gµ γ µ Q + q̄ gµ γ µ q + gs − tan θ Q̄ Aµ γ µ Q + cot θ q̄ Aµ γ µ q ,
(5)
q
2 + g 2 sin θ cos θ is fixed to be the strong interaction coupling constant. Given
where gs = gD
S
that in the 4D effective theory, the quark doublets will be decomposed in left-handed and the
singlets into right handed quarks, one can see from (5), that the contributions of the gluon and
the pseudo-axial gluon KK modes to the relevant mixed-chirality four quark operators,
L
R

L

R

will have opposite signs, independent of the mixing angle θ. If they also have the same size, a
cancellation between the contributions of these resonances would take place.
The size of the contributions is given by the BCs for gµ and Aµ , respectively. In order to have
a zero mode, i.e. an elementary gluon gauge boson, gµ need to have Neumann BCs on both
branes. In the case of Aµ , the need of an extended Higgs sector, caused by the extended gauge
group, which makes Yukawa terms couple quarks transforming under different SU (3)s, dictates
the IR BCs, while experimental bounds enforce Dirichlet BCs on the UV brane. If the profiles
χn (t) describe the KK wave functions along the extra dimension (t being the fifth coordinate),
and mn their respective masses, Neumann-Neumann BCs result in the sum over KK modes






(g) 0
X χ(g)
t2 1
L
t02 1
1
n (t) χn (t )
2
0
t< −
=
− ln t −
− ln t +
,
2
m2n
L 2
L 2
2L2
4πM
KK
n≥1

(6)

where only terms ∝ t2< ≡ min(t2 , t02 ) give rise to ∆F = 2 transitions such as meson-antimeson
mixing. The corresponding sum over KK states for the pseudo axial gluon gives
(A) 0
X χ(A)
n (t) χn (t )
n

m2n



L
Lv 2 2 02
2
=
t< − ξ
,
2
2 t t
4πMKK
2MKK

(7)

where ξ is order one, but depends on the exact realization of the scalar sector. As a consequence,
the dangerous t2< terms cancel between the two sums and the new t2 t0 2 -term will only introduce
further suppressed contributions. Therefore, the Wilson coefficients in (3) are of the order
e1 ∼
C1 , C

v2
2 ,
MKK

C4 , C5 ∼

v4
4 .
MKK

(8)

A scatter plot showing 5000 parameter points illustrates the result in Figure 1. Points which do
(not) fulfill the K bound are colored black (light gray) and the MKK scale at which the red line
cuts into the black points roughly gives the New Physics scale in the respective model without
finetuning.
3

More General Composite Higgs Models

In the dual theory, a bulk gauge symmetry translates to a global symmetry of the composite
sector, where the residual symmetry group on the UV brane is weakly gauged by an elementary

5.5
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4.5
4.0
3.5
3.0
2.5

dim

2.0
1.0

1.2

@H

im
= 2d
¾HD

@HD

1.4
dim@ HD

1.6

1.8

Figure 2: The scaling dimension of the operators H and H † H in a 4D conformal theory with a global SU (2)
symmetry (see4 for details). The excluded parameter space is shaded blue. Flavor constraints prefer the red
region in minimal CTC, and the green region if left-right operators are forbidden.

gauge boson. The model introduced in this talk thus is the holographic dual of a composite sector
which by a global symmetry does not admit mixed chirality operators with colored composites.
This global symmetry is broken at the electroweak scale by the vacuum expectation value of
the composite higgs as well as by mixing with the elementary sector, which only features an
elementary gluon and no axigluon.
If such a symmetry can be succesfully implemented in an RS model, it may also be a possibility to
resolve the flavor problem in a wider class of composite theories, which do not have a holographic
dual. Especially small N theories with large anomalous dimensions, so called partially gauged
walking or conformal technicolor theories (CTC) 3 , which do not have composite quarks, but
allow for the composite Higgs H to have a scaling dimension close to one, while the H † H operator
remains at most marginal, might be compatible with flavor constraints if they incorporate such a
mechanism. Recent studies on the possible scaling dimensions in 4D conformal theories disfavor
the region in which these models work without additional finetuning, shaded red in Figure 2, but
a rough estimate shows that with the additional global symmetry one cuts back into the allowed
parameter space, corresponding to the green shaded region (The bounds might be weaker than
shown in Figure 2, since they tend to go down with additional symmetry in the composite sector,
whereas the shown curve assumes an SU (2), see 4 for details).
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Minimal flavour violation with non-linear Higgs mechanism
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Implementing a non-linear Higgs mechanism with a Minimal Flavor Violation hypothesis
provides us with a tower of effective operators differing from that for the linearly realized
case. Natural sources of CP-violating effects arise at the leading order in the theory because
of the presence of a CP-odd operator. In addition, we analyze the impact of those operators
on ∆F = 1 and ∆F = 2 observables, focusing on the anomalies in the current data.

1

Introduction

Electroweak precision tests in the SM with a linearly realized electroweak symmetry breaking
(EWSB) point towards a light Higgs mass close to its present lower bound. In fact, latest LHC
data are hinting to a SM-like Higgs particle with a mass around 125 GeV. Nevertheless, the
observed excess of events in the 120-130 GeV region is still well compatible with a background
fluctuation, being thus reasonable to think of a Higgs boson hidden in the data, for instance
because it could mix with singlet scalars, which is known to generically dilute the strength of
the signals, or in a Higgs mass mH ≥ 1 TeV. The latter possibility is a very interesting physics
option, suggesting a composite scalar as in “technicolor” theories [1,2], or simply the absence of
a physical Higgs excitation. For values of mH ≥ 1 TeV, it follows that the Higgs self-coupling
λ ≥ 1, with the Higgs interactions in a strong (non-linear) regime. Notice as well that, if a
light Higgs and nothing else is confirmed to exist below the TeV scale, the Higgs sector could
still encode a strong TeV dynamics accounting for the hierarchy problem or, in other words,
a non-linearly realized EWSB. For instance, recent light composite Higgs models [3] include in
their spectrum a light Higgs which is a quasi-Goldstone boson of a global group.
Assuming a strongly interacting Higgs dynamics we develop in this work a variant of the
Minimal Flavour Violation (MFV) [4] ansatz. The latter builds upon the fact that, in the limit
of vanishing quark masses, the SM exhibits a global flavour symmetry
Gf = SU (3)QL × SU (3)UR × SU (3)DR ,

(1)

plus three extra U(1) factors corresponding to baryon number, hypercharge and the PecceiQuinn symmetry. The quark doublet QL and the quark singlets UR and DR transform under
Gf as QL ∼ (3, 1, 1), UR ∼ (1, 3, 1) and DR ∼ (1, 1, 3); in order to restor the Gf -invariance of
the Yukawa interactions
LY = QL YD DR Φ + QL YU UR Φ̃ + h.c.,

(2)

the MFV ansatz promotes the up and down Yukawa couplings YU,D to spurion fields transforming
under Gf as YU ∼ (3, 3, 1) and YD ∼ (3, 1, 3), respectively. It is also convenient and customary to

2 V +y2 , transforming as λ ∼ (8, 1, 1) under
define the combination λF ≡ YU YU† +YD YD† = V † yU
F
D
Gf and will determine the strength of new flavour effects. Being the top Yukawa coupling the
largest, the only relevant non-diagonal flavour structure will be (λF )ij ≡ (YU YU† )ij ≈ yt2 Vti∗ Vtj ,
for i 6= j, in the simplest form of MFV.
From an effective field theory approach, it is possible to write an effective Lagrangian expanded in a series of higher dimension operators, invariant under Gf , with the flavour transformation of each operator compensated by that of its operator coefficient, constructed to this aim
out of the Yukawa spurions. The tower of flavour-changing operators for a variant of the MFV
ansatz corresponding to a strong interacting Higgs regime is determined in Ref. [5], resulting in
the interesting appearance at leading order of a genuinely CP-odd operator. In the “minimal”
version of MFV, the Yukawa couplings are assumed to be the only source of breaking both of
the Gf and CP symmetries, but this does not need to be the case and flavor-diagonal CP-odd
phases can be allowed in generic MFV models. This is precisely what happens naturally at
leading order in the strongly interacting Higgs scenario considered here, in which the mentioned
CP-odd operator has necessarily a complex coefficient.
In Ref. [5] we explore the phenomenological limits and consequences of the resulting tower
of operators, and compare it with the analysis in the literature for the linear Higgs regime.
Specifically, we analyzed ∆F = 1 and ∆F = 2 processes, which are sensitive to modifications
of the Z-fermion and W -fermion couplings. For ∆F = 2 processes we discussed kaon and
meson oscillations, focusing on the quantities ∆MBd,s , the CP-asymmetries SΨKS and SΨφ in
the decays Bd → ΨKS and Bs → Ψφ respectively, and the like-sign dimuon charge asymmetry
Absl of semileptonic B decays.
The following section describes the general formalism of the non-linearly realized EWSB and
the effective MFV Lagrangian considered.

2

The MFV Lagrangian for a Heavy Higgs

A convenient way [6,7] to face the large mH -limit is to represent the SM Higgs doublet ΦT (x) =
(ϕ+ (x), ϕ0 (x)) through an adimensional field U
√ 

2 e
e = iτ2 Φ∗ ,
U(x) ≡
Φ
v = 246 GeV,
(3)
Φ(x) Φ(x) ,
v
transforming as a (2, 2) of the global SU (2)L ×SU (2)R symmetry and under the SU (2)L ×U (1)Y
gauge group as U(x) → L(x) U(x) R† (x), with L and R being the SU (2)L and U (1)Y gauge
transformations, given by L(x) = ei~L (x)·~τ /2 and R(x) = eiY (x)τ3 /2 , where the τ3 -dependence
e After EWSB the physical Higgs field gets a
accounts for the opposite hypercharges of Φ and Φ.
2
2
mass mH = 2λv , breaking the global SU (2)L ×SU (2)R symmetry and the local SU (2)L ×U (1)Y
gauge symmetry down to SU (2)C and U (1)EM respectively.
In the large mH -limit, the physical scalar degree of freedom is decoupled by sending µ, λ → ∞
while keeping v finite. A non-linear realization of the gauge symmetry breaking is thus obtained
subject to the unitarity constraint U† U = UU† = I. All remaining low-energy degrees of
freedom are described then through U and its covariant derivative,
i g0
ig
τi Wµi U −
U τ3 Bµ .
(4)
2
2
When considering the chiral dimension dχ = 4, four flavour violating operators Oi will emerge,
involving left-handed quarks QL and the U field [8,9]:
n
o
O1 ∼ Q̄Lα γ µ Uτ3 U† , (Dµ U)U† QLβ ,
O2 ∼ Q̄Lα γ µ (Dµ U)U† QLβ
(5)
h
i
O3 ∼ Q̄Lα γ µ Uτ3 U† (Dµ U)τ3 U† QLβ ,
O4 ∼ Q̄Lα γ µ Uτ3 U† , (Dµ U)U† QLβ . (6)
Dµ U ≡ ∂µ U +

where α and β are flavor indexes. In the linearly realized EWSB the standard MFV ansantz also
exhibits at its leading (d = 6) order four operators involving the Higgs field and two fermions,
named OH1 , OH2 , OG1 and OF1 in Ref. [4]. Only two of them, OH1 and OH2 , produce the same
low-energy effects (for energy E  v) than our operators O1 and O2 in Eq. (5), whereas the
linear siblings of our leading operators O3 and O4 in Eq. (6) have not been considered in Ref. [4],
as they would have dimension d = 8 in the linear realization. Conversely, the siblings of the
other two operators in the linear expansion, OG1 and OF1 , do not appear at dimension dχ = 4
in the non-linear expansion, but only at dχ = 5. In addition, notice from Eqs. (5) and (6) that
in the non-linear realization of EWSB with MFV, a CP-odd operator, O4 , emerges at leading
order [5]. We will keep this new source of CP violation, naturally present at leading order only
in the non-linear expansion, for its theoretical and phenomenological interest.
Finally, the modifications that these operators introduce in the low-energy effective Lagrangian read, in the unitary gauge, i.e. U = I,


g 
2
2
δLdχ =4 = ai Oi = − √ W µ+ ŪL γµ (aW + iaCP ) yU
V + V yD
DL + h.c. +
2



i
h

g
2
2
2
2
+ V † yU
V DL
−
+ V yD
V † UL + adZ D̄L γµ yD
Z µ auZ ŪL γµ yU
2 cos θW
(7)
where
auZ ≡ a1 + a2 + a3 ,

adZ ≡ a1 − a2 − a3 ,

aW ≡ a2 − a3 ,

aCP ≡ −a4

(8)

and ai denotes the corresponding coefficient of Oi . The next section is devoted for discussing
∆F = 1 and ∆F = 2 transitions in this framework.
3

∆F = 1 and ∆F = 2 Observables and B Semileptonic CP-Asymmetry

The dχ = 4 operators O1 , O2 and O3 induce tree-level Z-mediated FCNC processes from the
couplings in the effective Lagrangian in Eq. (7). FCNC bounds can be straightforwardly applied
to our case in order to constraint the specific combinations of coefficients modifying the neutral
current couplings. In fact, the overall constraint −0.044 < adZ < 0.009 can be extracted [5] at
95% of CL, from a set of different rare decays of mesons. The CP-odd operator O4 does not
modify the strength of the Z couplings and in consequence it has no impact for these processes.
The bounds on ∆F = 1 FCNC couplings among up-type quarks, auZ , can be easily predicted to
be of O(adZ yb2 /yt2 ) and consequently do not provide any interesting additional information. On
the other hand, ∆F = 2 observables are sensitive to our modifications of the W and Z couplings
to fermions in Eq. (7). The main corrections enter through W -mediated boxes as well as treelevel Z-mediated diagrams a . In fact, the presence of the new physics discussed here will impact
on the ∆MK mass difference, the CP-violating parameter εK for the K-system, the mixing
amplitudes ∆Mq , the mixing-induced CP-asymmetries SψKS and Sψφ in the decays Bd0 → ψ KS
and Bs0 → ψ φ, respectively, and the semileptonic CP-asymmetry Absl for the B-system. In
Table 1 are summarized the impact on some of these observables for a given set of parameter
values. Another observable RBR/∆M , defined as the ratio between BR(B + → τ + ν) and ∆MBd ,
has also been considered in Ref. [5]. Notice that εK is suppressed only for negative values of aW ,
being enhanced for positive ones, as well as enhanced for positive and negative values of aCP and
adZ . The opposite results for RBR/∆M , while Absl exhibits an interesting sensitivity. Fig. 1 shows
the results for the correlations between εK − RBR/∆M and aW − aCP , and Fig. 2 shows the
a

Z-mediated boxes and weak penguin diagrams can be safely neglected being suppressed with respect to the
tree-level Z contributions.

Table 1: Impact on the observables of specific parameter values.

Parameter
aCP = 0.1(−0.1)
aW = 0.1(−0.1)
adZ = ±0.1

δεK
≈ 1.1%
≈ +26%(−19%)
≈ 124%

δRBR/∆M
≈ −1.4%
≈ −25%(+30%)
≈ −62%

δAbsl
≈ 1.1%(1.6%)
≈ +33%(−23%)
≈ 160%

correlation between Absl − Sψφ . Our MFV scenario with a strong interacting Higgs sector is able
to accommodate simultaneously εK , RBR/∆M , and ∆MBd /∆MBs , when only theoretical errors
are included. For the εK −RBR/∆M correlation, the parameter space is strongly constrained and

Figure 1: Left: In blue the correlation between εK and RBR/∆M with aW , aCP ∈ [ − 1, 1], adZ ∈ [ − 0.1, 0.1]. In
orange (green) the 1σ, 2σ and 3σ (from the darker to the lighter) experimental error ranges for εK (RBR/∆M ),
while the red star is a particular choice of the in Ref. [5]. Taking all the data and the the allowed range, the
tension with the SM is only of 3σ. Right: aW − aCP parameter space for the observables inside their 3σ error
ranges and adZ ∈ [ − 0.044, 0.009].

Figure 2: Correlation between Absl and Sψφ . Left: with aW = adZ = 0, aCP ∈ [ − 1, 1]. Right: with aW , aCP ∈
[ − 1, 1], adZ ∈ [ − 0.044, 0.009]. For all points, εK and RBR/∆M are inside their 3σ error ranges. The red star
represents the SM predictions for Absl and Sψφ in Ref. [5].

only for a small part of it all the observables take values inside their own experimental 3σ errors
ranges εK ∈ [2.195, 2.261] × 10−3 and RBR/∆M ∈ [1.24, 5.26] × 10−4 ps. Our SM predictions of
εK deviate appreciably from its corresponding 3σ error range, but this due to the exclusive Vub framework taken in Ref [5]. Nonetheless, in the inclusive Vub -case, our SM predictions of εK can
reach values, e.g. εK ∼ 2.18 × 10−3 , that is 4σ away from the experimental value. Notice also
that even large values are allowed for aW and aCP , because of special cancellations between their
contributions [5]. In addition, it has been also explored the existing tension between the exclusive
and the inclusive experimental determinations of |Vub |, which within the SM translates into the

εK − SψKS anomaly and also the BR(B + → τ + ν) anomaly. Actually, our framework removes
the εK − SψKS anomaly, but it is unable to solve the SM tension on BR(B + → τ + ν) (see [5]
for more details). Finally, from the second correlation tiny corrections to the SM predictions for
Sψφ and Absl occur, but this is still experimentally allowed, mainly due to the large uncertainties
which affect present measurements.
4

Conclusions

In this work we have identified the leading effective couplings which would signal MFV for the
case of a strong Higgs dynamics. The analysis is quite model-independent, as an effective Lagrangian approach has been used, with the strong Higgs dynamics parametrized as usual through
a generic non-linear sigma model. New effective couplings appear already at mass dimension
four, with the outstanding fact of obtaining new natural sources of CP-violating effects at leading order in the effective field theory, in contrast with the case of the purely perturbative regime.
Phenomenological constraints and hypothetical future impact of the couplings of these leading
effective operators have been also analyzed. All their contributions to low-energy measurements
depend only on three parameters: the modification of the Z-fermion couplings for down quarks
adZ , and of the W-fermion couplings, aW and aCP for their real and imaginary parts, respectively. Because the corrections are equivalent to a non-unitary component in flavour mixing,
new CP-odd effects follow even when only two fermion families are present [5], in contrast to the
SM case. In addition some ∆F = 1 and ∆F = 2 processes have been analyzed in much detail
in this work. In particular, the non-linearly realized EWSB with MFV removes the εK − SψKS
anomaly, while it does not soften the SM tension for BR(B + → τ + ν). Only for a small part
of the parameter space the observables εK , SψKS , RBR/∆M , and ∆MBd /∆MBs would lie inside
their own experimental 3σ errors ranges, and when the type of cancellations mentioned above
occur, aW and aCP may be even large. Furthermore, tiny corrections to the SM predictions
for the CP asymmetries Sψφ and Absl may occur, which is still experimentally allowed. Hopefully LHCb will (partially) lower these experimental uncertainties in the near future, further
constraining the parameter space of our scenario or heralding a signal of new physics.
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The decay mode Bs0 → Ds∓ K ± allows for one of the theoretically cleanest time dependent
measurements of the CKM angle γ. This contribution reports the world best branching
fraction of this decay relative to the Cabibbo–favoured mode Bs0 → Ds− π + based on data
√
sample of 0.37 fb−1 proton–proton collisions at s = 7 TeV collected with the LHCb detector
+0.12 fs /fd

in 2011, resulting in BR(Bs0 → Ds∓ K ± ) = (1.90 ± 0.12stat ± 0.13syst −0.14

1

) × 10−4 .

Motivation

The least precise direct measured parameter of the unitary triangle is the angle γ. The high
abundance of bb pairs, together with an excellent proper time resolution, an excellent particle
identification and trigger capability to select hadronic final states, allows the LHCb experiment
to determine this parameter through a time dependent analysis using the Bs0 → Ds∓ K ± decay.
Unlike the flavour-specific decay Bs0 → Ds− π + , the Cabibbo-suppressed decay Bs0 → Ds∓ K ±
proceeds through two different tree-level amplitudes of similar strength.
These two decay amplitudes can have a large CP -violating interference via Bs0 − B̄s0 mixing,
allowing the determination of the CKM angle γ with small theoretical uncertainties through the
measurement of tagged and untagged time-dependent decay rates to both the Ds− K + and Ds+ K −
final states 1 . Although the Bs0 → Ds∓ K ± decay mode has been observed by the CDF 2 and
BELLE 3 collaborations, at present its branching fraction is known with an uncertainty around
23% 4 . Moreover, only the LHCb experiment has both the necessary decay time resolution and
access to large enough signal yields to perform the time-dependent CP measurement.
2

The LHCb experiment

The LHCb detector 5 is a single-arm forward spectrometer covering the pseudo-rapidity range
2 < η < 5, designed for studying particles containing b or c quarks. The detector includes a
high-precision tracking system (silicon and straw tube technologies) and a dipole magnet with a
bending power of about 4 Tm. The tracking system has a momentum resolution ∆p/p that varies
from 0.4% at 5 GeV to 0.6% at 100 GeV, an impact parameter resolution of 20µm for tracks
with high transverse momentum, and a decay time resolution of 50 fs. Charged hadrons are
identified using two ring-imaging Cherenkov detectors. Calorimeter and muon systems provide
the identification of photon, electron, hadron and muon candidates.
The analysis is based on a sample of pp collisions corresponding to an integrated luminosity
√
of 0.37 fb−1 , collected at the LHC in 2011 at a centre-of-mass energy s = 7 TeV.

3

Selection

The channels considered as signal in this document are the decays B 0 → D− π + , Bs0 →
Ds− π + and the Bs0 → Ds∓ K ± . These decays are all characterized by a similar topology and
therefore the same trigger, stripping and offline selection are used to select them, minimizing
the efficiency corrections.
The LHCb trigger consists of a hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage which applies full event reconstruction.
The decays of B mesons can be distinguished from the background by using variables such
as the pT and impact parameter χ2 of the B, D, and the final state particles with respect to the
primary interaction. In addition, the vertex quality of the B and D candidates, the B lifetime,
and the angle between the B momentum vector and the vector joining the B production and
decay vertices are used in the selection. In order to remove charmless background a requirement
in the flight distance χ2 of the Ds− from the Bs0 is applied 6 .
Further suppression of combinatorial backgrounds is achieved using a gradient boosted decision tree technique 7 . The optimal working point is evaluated directly from a sub-sample
of Bs0 → Ds− π + events in data selected using particle identification and trigger requirements.
The chosen figure of merit is the significance of the Bs0 → Ds∓ K ± signal, scaled according to
the Cabibbo suppression relative to the Bs0 → Ds− π + signal, with respect to the combinatorial
background. Multiple candidates occur in about 2% of the events and in such cases a single
candidate is selected at random.
Particle identification (PID) criteria serve two purposes: separate the Cabibbo-favoured
from the Cabibbo-suppressed modes (when applied to the bachelor particle) and suppress the
misidentified backgrounds which have the same bachelor particle (when applied to the decay
products of the Ds− or D− ). All PID criteria are based on the differences in log-likelihood (DLL)
between the kaon, proton, or pion hypotheses. Their efficiencies are obtained from calibration
samples of D∗+ → (D0 → K − π + )π + and Λ → pπ − signals, which are themselves selected
without any PID requirements. These samples are split according to the magnet polarity, binned
in momentum and pT , and then reweighted to have the same momentum and pT distributions
as the signal decays under study.
4

Mass fit

The three signal decays are distinguished with particle identification requirements applied at the
final stage of the analysis. The signal yields are obtained from extended maximum likelihood
unbinned fits to the data. In order to achieve the highest sensitivity, the sample is fitted
separately for the magnet up and down data. The signal line shapes are taken from simulated
signal events. A mass constraint on the D(s) meson mass is used in order to improve the B mass
resolution.
The shape of the signal mass distribution is obtained fitting a double Crystal Ball function
which consist of a common Gaussian with two exponential tails, one to describe the radiative
tail present in the lower mass region and the other one describing the higher mass region where
only the detector resolution is involved.
A common signal shape describes properly both polarities so a simultaneous fit with a
common mean and width of the double crystal ball function is used. The mean is free to float
in all the fits, while the width is fixed in the Bs0 -modes from the result obtained in data in the
B 0 → D− π + fit corrected for the B 0 − Bs0 differences observed in the simulation samples. The
other parameters are fixed from simulation.
Four sources of backgrounds are present: the combinatorial background, the charmless background, the fully reconstructed (misidenfied) background and the partially reconstructed back-

ground. The offline selection is optimized to reduce the combinatorial background contribution,
and the remaining contamination is fitted with an exponential shape for the modes with a bachelor pion, while it is taken flat for the Bs0 → Ds∓ K ± mode. The validity of this assumption is
checked with wrong-side samples and accounted for in the systematic uncertainty associated to
the fit model. The other two background categories have different components in the three fits
and therefore are explained separately. In all the fits the partially reconstructed background
shapes are obtained fitting a non-parametric function on samples of simulated events generated
in the specific exclusive modes, corrected for the observed mass shifts, momentum spectra, and
particle identification efficiencies observed in data when it is needed. The yields are left free
when possible or a gaussian constraint is applied if an expected amount is computable.
In the B 0 → D− π + mass fit the two relevant sources of partially reconstructed background
are the B 0 → D∗− π + and B 0 → D− ρ+ decays and their yields are left free to float in the fit.
In the Bs0 → Ds− π + mass fit the misidentified B 0 → D− π + shape is fixed from data using a
reweighting procedure to account for misidentification momentum dependency 8 . The number
of expected events is computed from the yield obtained in the B 0 → D− π + fit and the PID efficiency obtained from calibration sample. Its yield is therefore constrained to this expected value
with a 10% uncertainty. The B 0 → Ds− π + yield is calculated based on the B 0 → Ds− π + branching fraction 4 , the measured LHCb value of fs /fd 9 , and the value of the Bs0 → Ds− π + branching
fraction 6 . The shape used is the same of the signal Bs0 → Ds− π + with the mean position fixed
from the B 0 → D− π + fit. The partially reconstructed backgrounds relevant for this fit are the
decays Bs0 → Ds∗− π + and the Bs0 → Ds− ρ+ . Due to the large correlation between these two components, a gaussian constraint is used for the fraction of these two backgrounds. The fraction is
assumed to be the same as in the B 0 case, while the variation is assumed to correspond to 20%
SU (3) breaking.
In the Bs0 → Ds∓ K ± mass fit there are numerous reflections which contribute to the mass
distribution. The most important reflection is the misidentified Bs0 → Ds− π + decay. Its shape
is fixed from data using the reweighting procedure while the yield is left free to float. The
same procedure is also applied on simulation sample to extract the shape of the B 0 → D− K +
misidentified background. The yield is constraint according to the expected B 0 → D− K +
yield corrected for the PID efficiency. In addition, there is potential cross-feed from partially
reconstructed modes with a misidentified pion such as Bs0 → Ds− ρ+ , as well as several small
contributions from partially reconstructed backgrounds with similar mass shapes. The yields of
these modes, whose branching fractions are known or can be estimated are constrained to values
obtained based on criteria such as relative branching fractions and reconstruction efficiencies
and PID probabilities 6 . The fit results are shown in Fig. 1
5

Systematic uncertainty

Systematic uncertainties related to the fit are evaluated by generating large sets of simulated experiments using the nominal fit, and then fitting them with a model where certain parameters are
varied. The sources of systematic uncertainty considered for the fit are signal widths, the slope
of the combinatorial backgrounds, and constraints placed on specific backgrounds. The largest
deviations are due to the signal widths and the fixed slope of the combinatorial background in the
Bs0 → Ds∓ K ± fit. The systematic uncertainty related to PID is evaluated using simulated signal
and calibration samples. The observed signal yields are corrected by the difference observed in
the (non-PID) selection efficiencies of different modes as measured from simulated events. A
systematic uncertainty is assigned on the ratio to account for percent level differences between
the data and the simulation. These are dominated by the simulation of the hardware trigger. A
total systematic uncertainty of 3.9% for the ratio Bs0 → Ds∓ K ± /Bs0 → Ds− π + , of 3.4% for the
ratio Bs0 → Ds− π + B 0 → D− π + and of 4.6% for the ratio Bs0 → Ds∓ K ± B 0 → D− π + is found.

Figure 1: Mass distribution of the B 0 → D− π + candidates (top-left), Bs0 → Ds− π + candidates (top-right) and
Bs0 → Ds∓ K ± (bottom). The stacked background shapes follow the same top-to-bottom order in the legend and
in the plot. For illustration purposes the plot includes events from both magnet polarities.
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Results

The sum of the Bs0 → Ds− K + and Bs0 → Ds+ K − branching fractions relative to Bs0 → Ds− π + is
obtained by correcting the raw signal yields for PID and selection efficiency differences and it
leads to
BR(Bs0 → Ds∓ K ± )
= 0.0646 ± 0.0043 ± 0.0025 ,
(1)
BR(Bs0 → Ds− π + )
where the first uncertainty is statistical and the second is the total systematic uncertainty.
The relative yields of the three decays B 0 → D− π + , Bs0 → Ds− π + and Bs0 → Ds∓ K ± are
used to extract the branching fraction of Bs0 → Ds− π + and Bs0 → Ds∓ K ± together with the
recent fs /fd measurement from semileptonic decays 9 , leading to
−3
BR(Bs0 → Ds− π + ) = (2.95 ± 0.05 ± 0.17+0.18
,
−0.22 ) × 10

BR(Bs0

→

Ds∓ K ± )

= (1.90 ± 0.12 ±

0.13+0.12
−0.14 )

−4

× 10

,

(2)
(3)

where the first uncertainty is statistical, the second is the experimental systematic plus the
uncertainty arising from the B 0 → D− π + branching fraction, and the third is the uncertainty
(statistical and systematic) from the semileptonic fs /fd measurement. Both measurements are
significantly more precise than the existing world averages 4 .
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K + → π + π 0 γ in the Standard Model and Beyond
P. MERTENS
Centre for Cosmology, Particle Physics and Phenomenology (CP3)
Université catholique de Louvain, Chemin du Cyclotron, 2
B-1348 Louvain-la-Neuve, Belgium
In this note we show how improved theoretical analysis combined with recent experimental
data coming from NA48/2 concerning K + → π + π 0 γ decay shed light on the dynamics of the
s → dγ transition. Consequences on NP analysis are also presented.

1

Introduction

In the search for New Physics (NP) the s → dγ process is complementary to b → sγ and µ → eγ,
as the relative strength of these transitions is a powerful tool to investigate the NP dynamics.
However, since s → dγ takes place deep within the non-perturbative regime of QCD we have
to control hadronic effects and find observables sensitive to the short-distance dynamics, and
thereby to possible NP contributions. The purpose of this note is to show how this can be
achieved using the K + → π + π 0 γ observable [1].
In section 2, the anatomy of the s → dγ process in the Standard Model (SM) is shortly
detailed. In section 3, we analyse the K + → π + π 0 γ decay in the SM whereas section 4 is
devoted to show how, in the MSSM, rare and K + → π + π 0 γ decays, as well as Re(ε′K /εK ) can
be exploited to constrain NP.
The s → dγ anatomy

2

In the SM, the flavour changing electromagnetic process s → dγ is a loop effects which at low
energy scale is described by the effective ∆S = 1 Hamiltonian [2]
Hef f (µ ≈ 1 GeV) =

10
X

± ±
Ci (µ) Qi (µ) + Cγ±∗ Q±
γ ∗ + Cγ Qγ + h.c. ,

(1)

i=1

where the Qi are effective four-quarks operators whereas the quark-bilinear electric Q±
γ ∗ and
a Q± = (s̄ γ ν d ± s̄ γ ν d ) ∂ µ F
and
Q±
magnetic Q±
operators
are
respectively
given
by
L
L
R
R
µν
γ =
γ
γ∗
µν
µν
(s̄L σ dR ±s̄R σ dL ) Fµν . In the non perturbative regime of QCD this Hamiltonian is hadronized
into an effective weak Lagrangian that shares the chiral properties of the operators contained in
2
Hef f . The chiral structures of Qi and Q±
γ ∗ allow the usual O(p ) weak Lagrangian LW = G8 O8 +
G27 O27 + Gew Oew (detailed in [10]) whereas the chirality flipping Q±
γ operators induce more
involved O(p4 ) local interactions (detailed in [1,10]). The non-trivial dynamics corresponding to
a

By definition : 2σ µν = i[γ µ , γ ν ].

the low-energy tails of the photon penguins arise at O(p4 ) (the O(p2 ) dynamics being completely
predicted by Low’s theorem [3]) where they are represented in terms of non-local meson loops,
as well as additional O(p4 ) local effective interactions, in particular the ∆I = 1/2 enhanced
N14 , ..., N18 octet counterterms [4, 5].
K + → π + π 0 γ in the SM

3

For the K + → π + π 0 γ decay, the standard phase-space variables are chosen as the π + kinetic energy Tc∗ and W 2 ≡ (qγ · PK )(qγ · Pπ+ )/m2π+ m2K [6]. Indeed, pulling out the dominant
bremsstrahlung contribution, the differential rate can be written
∂ 2 ΓIB
∂2Γ
=
∂Tc∗ ∂W 2
∂Tc∗ ∂W 2

m2 +
1 − 2 π Re
mK



EDE
eAIB



m4 +
W 2 + π2
mK

EDE
eAIB

2

MDE
+
eAIB

2

!

W4

!

. (2)

In this expression both electric EDE and magnetic MDE direct emission amplitudes are functions
of W 2 and Tc∗ and appear at O(p4 ). To a very good approximation we can identify these direct
emission amplitudes with their first multipole for which the π + π 0 state is in a P wave. The
main interest of K + → π + π 0 γ is that its bremsstrahlung component AIB = A(K + → π + π 0 ) is
pure ∆I = 3/2 hence suppressed, making the direct emission amplitudes easier to access. The
magnetic amplitude MDE is dominated by the QED anomaly and will not concern us here.
3.1

Differential rate

Given its smallness, we can assume the absence of CP-violation when discussing this observable.
Experimentally, the electric and magnetic amplitudes (taken as constant) have been fitted in
the range Tc∗ ≤ 80 MeV and 0.2 < W < 0.9 by NA48/2 [7]. For the electric amplitude, using
their parametrization, we obtain at O(p4 ) :


m2K Re N̄
3G8 /G27
− Re (EDE /eAIB )
l
2
∗
=
≡ XEl − XECT ,
E (W , Tc ) − 2
XE =
m3K cos(δ11 − δ02 )
40π 2 Fπ2 m2K
mK − m2π

(3)

where δ11 (δ02 ) is the strong phase of EDE (AIB ). The E l represents O8 and O27 induced loop
contributions (loop contributions from Oew are sub-leading) and N̄ corresponds to local counterterms and Q−
γ contributions. Naively we would expect the O27 contributions to be sub-dominant,
however, they are dynamically enhanced by ππ loops. Since experimentally, no slope were included in XE , we average E l over the experimental range and find XEl = −17.6 GeV−4 . Knowing
XEl and using the experimental measurement of XE = (−24 ± 4 ± 4) GeV−4 we can extract the
local contributions
XECT /XEl = 0.37 ± 0.32 →

Re N̄ = 0.095 ± 0.083 .

(4)

To our knowledge it is the first time that K + → π + π 0 γ counterterms contributions are extracted
from experiment. The value we found is much smaller than the O(1) expected for the Ni on
dimensional grounds or from factorization [8]. Note that the required amount of counterterm
contribution would have been bigger if O27 loops were neglected since then XEl = −10.2 GeV−4 .
This result is important since it implies that the counterterms combination N̄, which appears
in other radiative K decays, is now under control and further reliable theoretical investigations
can be carried on, in particular concerning the CP violating observables.

3.2

Direct CP-violating asymmetry

Since the bremsstrahlung and direct emission amplitudes interfere and carry different strong
and weak phases, a non vanishing CP violating asymmetry can be generated. The asymmetry
measures direct CP violation since K ± do not mix. Besides and because the long-distance
bremsstrahlung amplitude dominates the branching, this CP asymmetry is the simplest window
on short-distance physics and a fortiori on possible NP effects. CP-violation in K + → π + π 0 γ is
quantified by the parameter ε′+0γ , defined from




Re EDE 
EDE
K ± → π± π0 γ ≈
cos(δ11 − δ02 ) ∓ sin(δ11 − δ02 )ε′+0γ ,
(5)
Re
eAIB
e Re AIB
as ε′+0γ ≡ ArgEDE − ArgAIB (see [9]). Both Q−
γ and Qi (through loops and counterterms)
contribute to this parameter and we find
√ ′
Im Cγ−
2|εK |
′
and ε′+0γ (Q−
)
=
+2.8(7)
,
(6)
ε+0γ (Qi ) = −0.55(25)
γ
ω
GF mK
respectivelyb . Sadly, these contributions interfere destructively implying that ε′+0γ |SM = 0.5(5)×
10−4 . This large uncertainty is driven by a large uncertainty on counterterms and on estimated
O(p6 ) effects. However, contrary to what happens in ε′K , ε′+0γ is rather insensitive to isospin
breaking effects, conservatively taken into account in (6). Expressing ε′+0γ (Qi ) in term of the
experimental ε′K allows us to keep possible NP effects in Qi under control. As a consequence,
the only way for NP to affect ε′+0γ is via its Im Cγ− component. The current bound obtained by
NA48/2 [7] is rather weak and allows very large NP effects in ε′+0γ :
Im Cγ− |N P /GF mK = −0.08 ± 0.13 .

(7)

K + → π + π 0 γ beyond the SM
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Once combined with other short-distance sensitive observables, any experimental improved measurement of ε′+0γ will be greatly rewarding. The main problem when probing NP is the issue
of disentangling correlations between various NP sources in a fully model-independent way.
In [10], we analysed broad classes of NP scenarios defined as model-independently as possible
and identified corresponding strategies to constrain and disentangle NP sources using experimental informations on KL → πℓ+ ℓ− , K → πν ν̄ decays and Re(ε′K /εK ). Doing so we highlighted
the complementary informations that could be obtained from radiative decays.
In the MSSM [11–16], NP can affect all the operators in (1) as well as gluon-penguin (denoted
µ
by Q±
g ) and semi-leptonic operators, in particular QV,l = s̄γµ d⊗ℓ̄γ ℓ. In this particular model the
+
+
irreducible correlations are two fold. First Qγ and QV,l (∋ Qγ ∗ ) always interfere in KL → πℓ+ ℓ−
in and beyond the SM and second, Re(ε′K /εK ) receives NP contributions from many different
sources. The corresponding bounds are displayed in Figure 1 where we see that a large but not
impossible cancellation between NP in gluon-penguin and electroweak operators in Re(ε′K /εK )
allows for ImCγ+ to reach the percent level if we impose Im Cγ+ = ±1.5 Im Cg− . This value will
correspond to a saturation of the current KL → π 0 e+ e− upper bound and since in the MSSM
±
+
Q±
γ and Qg mix under renormalization this ImCγ upper bound provides also an lower bound
−
for ImCγ . From (6) this implies that NP can push ε′+0γ up to roughly two orders of magnitude
above its SM prediction. The parameter ε′+0γ provides therefore a very good probe for NP
γ-penguin effects and furthermore reveals NP cancellations occurring inside Re(ε′K /εK ).
b

Numerically, in the SM, the Wilson coefficient of the magnetic operator in b → sγ can be used for Im Cγ± ,
since the CKM elements for the u, c, and t contributions scale similarly and we find Im Cγ± (2 GeV)SM /GF mK =
∓0.31(8) × Im λt .

a.

b.

Figure 1: Loop-level FCNC scenario, with all the electroweak operators as well as Q±
γ,g simultaneously turned on,
but imposing Im Cγ+ = ±1.5 Im Cg− and | Re(ε′K /εK )NP | < 2 Re(ε′K /εK )exp . (a) The Im Cγ+ range as a function
of the fine-tuning between Re(ε′K /εK )EW and Re(ε′ /ε)g . (c) The corresponding contours in the Im CV,ℓ − Im Cγ+
plane. In (b), the lighter (darker) colors denote destructive (constructive) interference between NP γ ∗ -penguin
0 + −
and Q+
γ in KL → π ℓ ℓ .

5

Conclusion

We exemplify in K + → π + π 0 γ that the stage is now set theoretically to fully exploit the s → dγ
transition. The SM predictions are under good control, the sensitivity to NP is excellent, and
signals in rare and radiative K decays not far from the current experimental sensitivity are
possible. Thus, with the advent of the next generation of K physics experiments (NA62 at
CERN, K0TO at J-Parc, ORKA at Fermilab and KLOE-II at the LNF), the complete set of
flavor changing electromagnetic processes, s → dγ, b → (s, d)γ, and ℓ → ℓ′ γ, could become one
of our main windows into the flavor sector of the NP which will hopefully show up at the LHC.
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BABAR MEASUREMENTS ON B → K (∗) ℓ+ ℓ− RATES AND RATE
ASYMMETRIES
L. SUN (on behalf of the BABAR collaboration)
Department of Physics, University of Cincinnati
345 Clifton Ct, Cincinnati OH 45221, USA
Based on 471 million BB pairs collected with the BABAR detector at the PEP-II e+ e− collider,
we perform a series of measurements on rare decays B → K (∗) ℓ+ ℓ− , where ℓ+ ℓ− is either e+ e−
or µ+ µ− . The measurements include total branching fractions, and partial branching fractions
in six bins of di-lepton mass-squared. We also measure isospin asymmetries in the same six
bins. Furthermore, we measure direct CP and lepton flavor asymmetries for di-lepton mass
below and above the J/ψ resonance. Our measurements show good agreement with both
Standard Model predictions and measurements from other experiments.

1

Introduction

The decays B → Kℓ+ ℓ− and B → K ∗ ℓ+ ℓ− 1 arise from flavor-changing neutral-current (FCNC)
b → sℓ+ ℓ− processes, which are forbidden at tree level in the Standard Model (SM). These
FCNC processes proceeds at lowest-order via γ/Z penguin and W + W − box diagrams 2 shown
in Fig. 1. New physics at the electro-weak scale may introduce new box and penguin diagrams
at the same order as the SM diagrams 3 . Figure 1 also show examples of these new physics loop
processes.
In the decays B → K (∗) ℓ+ ℓ− , many observables are sensitive to new physics contributions.
Due to poor knowledge of the B → K (∗) form factors, the theoretical predictions on decay
rates possess large uncertainties. However most of the theoretical uncertainties cancel for the
l

l+
γ,Z
b

l−

t,c,u
W

s

b

q

q

b

H

(b)

χ-

-

t,c,u

ν

−

l

W

t,c,u

+

+

s

−

q

(a)

W

−

s

b

~t , ~c, ~
u

q

s

(c)

g~, χ0

b

~~~
b, s, d

s

Figure 1: Top: Lowest-order Feynman diagrams for b → sℓ+ ℓ− in the SM. Bottom: Examples of new physics loop
˜
contributions to b → sℓ+ ℓ− : (a) charged Higgs (H − ); (b) squark (t̃, c̃, ũ) and chargino (χ− ); (c) squark (b̃, s̃, d)
and gluino (g̃)/neutralino (χ0 ).

ratios of these rates, the B → K (∗) ℓ+ ℓ− rate asymmetries can be particularly sensitive to new
physics contributions due to better theoretical knowledge. By performing the rate asymmetry
measurements, we are able to probe for new physics at the TeV scale 4 .
2

Measurements

The measurements are based on a data sample of 471 million BB pairs collected at the Υ (4S)
resonance with the BABAR detector 5 at the PEP-II asymmetric-energy e+ e− collider at the
SLAC National Accelerator Laboratory. We reconstruct B → K (∗) ℓ+ ℓ− signal events in eight
final states with an e+ e− or µ+ µ− pair, and a KS0 , K + , K ∗+ (→ KS0 π + ), or K ∗0 (→ K + π − ), where
a KS0 candidate is reconstructed in the π + π − final state. We also require selected K ∗ candidates
to have an invariant mass of 0.72 < mKπ < 1.10 GeV/c2 . We perform measurements in six bins
of di-lepton mass squared s ≡ m2ℓℓ : 0.1 ≤ s < 2.0 GeV2/c4 , 2.0 ≤ s < 4.3 GeV2/c4 , 4.3 ≤ s <
8.1 GeV2/c4 , 10.1 ≤ s < 12.9 GeV2/c4 , 14.2 ≤ s < 16.0 GeV2/c4 , and s ≥ 16.0 GeV2/c4 . The
experimental details on event selection and signal extraction are presented in Ref. 6 .
We measure the total branching fractions for decays B → Kℓ+ ℓ− and B → K ∗ ℓ+ ℓ− at
−7
(4.7 ± 0.6 ± 0.2) × 10−7 and (10.2+1.4
−1.3 ± 0.5) × 10 , respectively. Here, the first uncertainty is
statistical, and the second is systematic. Figure 2 show our total branching fraction results in
good agreement with measurements from Belle 7 and CDF 8 and predictions from Ali et al. 3 and
Zhong et al. 9 . Figure 3 shows our results on B → K (∗) ℓ+ ℓ− partial branching fractions together
with other recent experimental results from Belle 7 , CDF 8 , and LHCb 10 . Our results are also
shown to be consistent with the predictions from Ali et al. 3 .
The direct CP asymmetry
(∗)
AK
CP

≡

B(B → K

B(B → K

(∗) + −
ℓ ℓ )
(∗) + −
ℓ ℓ )

− B(B → K (∗) ℓ+ ℓ− )

(1)

+ B(B → K (∗) ℓ+ ℓ− )

is expected to be O(10−3 ) in the SM. However new physics at the electroweak weak scale may
(∗) 12
bring in significant enhancement to AK
. The lepton flavor ratio
CP
RK (∗) ≡

B(B → K (∗) µ+ µ− )
B(B → K (∗) e+ e− )

(2)

is expected to be consistent with unity to within a few percent for s > (2mµ )2 in the SM 13 .
According to two-Higgs-doublet models, the presence of a neutral Higgs boson at large tan β
(∗)
might increase RK (∗) by up to 10% 14 . In Fig. 4, our AK
CP and RK (∗) results below and above
the J/ψ resonance are shown to be in agreeement with the SM.
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Figure 2: Total branching fractions for the Kℓ+ ℓ− and K ∗ ℓ+ ℓ− modes compared with Belle 7 and CDF 8 measurements and with predictions from the Ali et al. 3 , and Zhong et al. 9 models.

We also measure the CP -averaged isospin asymmetry

AK
I

(∗)

≡

B(B 0 → K (∗)0 ℓ+ ℓ− ) − rτ B(B + → K (∗)+ ℓ+ ℓ− )
,
B(B 0 → K (∗)0 ℓ+ ℓ− ) + rτ B(B + → K (∗)+ ℓ+ ℓ− )

(3)

dBF/ds (10-7/GeV 2/c 4)

where rτ ≡ τB 0 /τB + = 1/(1.071 ± 0.009) is the ratio of B 0 and B + lifetimes 15 . In the SM,
(∗)
∗
AK
is expected to be small of a few percent. As s → 0, the SM expectation of AK
arrives
I
I
(∗)
16
K
at its maximum of +6% to +13% . Figure 5 shows our AI
results compared to the Belle
results in the six s bins. In addition, in the low s region (0.10 < s < 8.12 GeV2/c4 ), we measure
+0.29
K ∗ = −0.25+0.20 ± 0.03, where the first uncertainty is statistical
AK
−0.17∗
I = −0.58−0.37 ± 0.02 and AI
K results are consistent with SM expectations of
and the second is systematic. Our AK
I and AI
zero at 2.1σ and 1.2σ, respectively. These results also agree with the Belle measurements 7 .
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Figure 3: Partial branching fractions for the (a) Kℓ+ ℓ− and (b) K ∗ ℓ+ ℓ− modes as a function of s showing BABAR
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the Ali et al. model 3 with B → K (∗) form factors 11 (magenta dashed lines). The magenta solid lines show the
theory uncertainties. The vertical yellow shaded bands show the vetoed s regions around the J/ψ and ψ(2S).
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results from Belle 7 . The vertical yellow shaded bands show the vetoed s regions around the J/ψ and ψ(2S).

3

Summary

In summary, we have performed measurements on total and partial branching fractions, direct
CP asymmetries, lepton-flavor ratios, and isospin asymmetries in the rare decays B → K (∗) ℓ+ ℓ−
using the full BABAR dataset of 471 million B B̄ pairs. All our results are in good agreement
with the SM predictions and those from Belle, CDF, and LHCb. We notice negative isospin
asymmetries in B → K (∗) ℓ+ ℓ− modes at low s values as seen by Belle.
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Improved measurement of the branching fraction, polarization, and CP violation
in B 0 → D ∗+ D ∗− decays at the Belle experiment
B. Kronenbitter
Institut für Experimentelle Kernphysik, Karlsruher Institut für Technologie, Karlsruhe
One of the main goals of the Belle experiment is the measurement of time-dependent CP
violation in the decay of neutral B mesons. In this report, the measurement of the branching
fraction, the polarization, and CP violation in B 0 → D∗+ D∗− is presented. The analysis of
this decay requires a measurement of its polarization, since it is the decay of a pseudo-scalar
to two vector mesons. The measurement is performed using the final Belle data sample of 772
million B B̄ pairs.

1

Introduction

The time-dependent CP violation in the decay of neutral B mesons to two charged D mesons
is directly related to the angle φ1 in the unitarity triangle of the Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix, which was precisely measured in b → (cc̄)s decays. These double
charm decays have been analyzed in numerous final states both by the BaBar and the Belle
collaboration 1,2,3,4 , where Belle found unexpected evidence of large direct CP violation in B 0 →
D+ D− decays 1 . The analysis of B 0 → D∗+ D∗− decays requires an additional measurement of
the polarization, since it is the decay of a pseudo-scalar to two vector mesons and therefore
the final state is not a pure CP -eigenstate but a mixture of CP -even and CP -odd final states,
depending on the relative angular momentum of the D∗ mesons.
The used data sample of 772 million B B̄ pairs was collected at the Υ(4S) resonance with
the Belle detector at the KEKB asymmetric-energy e+ e− collider 5 . The last analysis of B 0 →
D∗+ D∗− decays of the Belle collaboration was performed using a data sample of 657 million
B B̄-pairs 2 , which is only 15% less than the data used in this measurement. But new track
finding algorithms and the reprocessing of a great fraction of the Belle data sample lead to a
79% higher reconstruction efficiency of B 0 → D∗+ D∗− decays and therefore a more than doubled
number of reconstructed signal events.
2

Event reconstruction

We fully reconstruct the signal decay mode B 0 → D∗+ D∗− , where D∗+ mesons are reconstructed
in the decay modes D∗+ → D0 π + and D∗+ → D+ π 0 a . Charged D mesons are reconstructed in
the modes K − π + π + , KS0 π + , KS0 π + π 0 , and K + K − π + and neutral D mesons in K − π + , K − π + π 0 ,
K − π + π + π − , KS0 π + π − , and K + K − . Final states containing more than one D∗+ decaying to
D+ π 0 or two KS0 mesons are discarded due to their high background level. This leads to 32
reconstructed decay channels in total. We select intermediate particle candidates based on
a

Charge-conjugate decay modes are implied unless otherwise stated.

numerous properties, like their mass or the distance to the interaction
q region. Neutral B meson
2
CMS 2 − p
Ebeam
~BCMS and
candidates are selected based on the beam-constrained-mass Mbc =
CMS − E CMS with E CMS being the beam energy in the centerthe energy difference ∆E = EB
beam
beam
CMS
CMS the energy of the fully reconstructed
of-mass system (CMS), p~B
the momentum, and EB
B meson. In case of multiple candidates, the best candidate is selected based on the masses of
the D meson and the mass differences between the D∗ and D meson candidates. The applied
reconstruction and selection leads to an overall reconstruction efficiency, including the branching
fraction of the intermediate particles, of 0.2%.
3

Branching fraction measurement

300

Events / ( 0.007 GeV )

Events / ( 0.00175 GeV )

The number of reconstructed signal events is extracted with an extended, two-dimensional, unbinned maximum likelihood fit in Mbc and ∆E. The signal distribution is described in both
dimensions by sums of Gausian distributions and empirically determined parameterized signal
shape introduced by the Crystal Ball collaboration 6 . The fractions of the individual terms and
the ratio of the widths are obtained using simulated signal events, while the mean and a scale
factor of the width, which is introduced to absorb the possible difference between data and simulation, are floated in the fit. The background in ∆E is described by a second-order polynomial
and in Mbc by an empirically determined parametrized background shape introduced by the
ARGUS collaboration 7 .
The so determined number of signal events is 1225 ± 59. The corresponding fit projections and
data distributions are shown in Fig. 1. The reconstruction efficiencies of all individual decay
channels are obtained using simulated signal events and the branching fractions of the intermediate decays are taken from Ref. 8 . This gives a branching fraction of B(B 0 → D∗+ D∗− ) =
(7.82 ± 0.38 ± 0.6) × 10−4 . The major contributions to the systematic error come from the uncertainty of the track reconstruction efficiencies of slow pions and neutral pions, the uncertainty
of the efficiency of the selection performed for the separation of charged kaons and pions, and
the uncertainty of the branching fractions of D and D∗ mesons.
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Figure 1: Fit projections and data points of Mbc (left) and ∆E (right). The solid lines show the total fitted
distribution in the signal region of the other variable. The dashed lines show the fitted background distribution.

4

Measurement of the polarization and time-dependent CP violation

For the statistical separation of CP -even and CP -odd final states, we perform an angular analysis
in the transversity basis, which is illustrated in Fig. 2, using two of the three possible angles:
θtr and θ1 .
The signal distribution in these two angles is described by the sum of three polynomial
distributions, where each of them represents one possible polarization. The fractions of the
polarizations are defined to have a sum of one and are noted as R0 , R⊥ , and Rk , where R0 and
Rk represent CP -even and R⊥ CP -odd final states. The shapes of the individual polynomial

D* D*+

D

D

Figure 2: Illustration of the transversity base for the decay B 0 → D∗+ D∗− .

distributions are obtained using samples of simulated, polarized signal events and fixed in the
fit. The background also is described by polynomial distributions, but all parameters are floated
in the fit.
The angular analysis and the measurement of CP violation is performed simultaniously in a
five-dimensional, unbinned, maximum-likelihood fit in Mbc , ∆E, θtr , θ1 , and ∆t, where ∆t is the
decay time difference of the fully reconstructed B meson, BCP , and the accompanying B meson,
referred to as tag B. It is calculated from the decay length difference ∆z = zCP − ztag with
∆t ≈ ∆z (βγ)Υ(4s) c. The decay vertex of the BCP meson is obtained by a hirarchical system of
kinematic fits, where some of the fits contain additional constraints like the known mass of the
particle for neutral pions or the interaction region for the BCP meson. The decay vertex of the
tag B meson is obtained from the charged tracks which are not used for the reconstruction of
the BCP meson by constraining them with a kinematic fit to originate from a common vertex
and discarding tracks which likely stem from secondary decays. The flavor of the tag B meson
is obtained using the flavor tagging algorithm described in Ref. 9 . For each candidate it gives
the flavor of the tag B meson q and a tagging quality variable r, which is divided in seven bins.
The wrong tag fraction w and the wrong tag fraction difference between the tagging of B 0 and
B̄ 0 mesons ∆w were determined in each of the bins using high statistics control samples 10 .
With S and A being the parameters of CP violation, where S is related to mixing-induced
and A to direct CP violation, the signal component in ∆t is described with
1 −|∆t| /τ 0
B {1−q∆w+q(1−2w)×[(1 − 2Podd )S sin(∆m∆t) + A cos(∆m∆t)]}⊗Rsig ,
e
4τB 0
(1)
where τB 0 is the lifetime of the neutral B meson, ∆m the mass difference of the two masseigenstates of the neutral B system, Podd the propability of an event to be CP -odd, obtained
from the angular distributions, and Rsig a resolution term, describing the detector resolution
and effects from secondary decays of the tag B. The resolution function and its parameters were
obtained from high statistics control samples and are described in detail in Ref. 10 . The background in ∆t is modeled with the sum of an exponential and a prompt component, convoluted
with the sum of two Gaussian distributions, whose widths depend on the uncertainty of ∆z.
The signal fraction is determined in each bin of r independently, using the fit model in ∆E and
Mbc which is the same as in the branching fraction measurement. In total, the PDF describing
the signal and background in Mbc , ∆E, cos θtr , cos θ1 , and ∆t has 30 free parameters with four
of them being S, A, R0 , and R⊥ . The result is
PB 0 (∆t) =

R0 = 0.624 ± 0.029 ± 0.007

R⊥ = 0.138 ± 0.024 ± 0.005

S = −0.79 ± 0.13 ± 0.03

A = 0.15 ± 0.08 ± 0.04.

The major contributions to the systematic error come from the uncertainty of the parameters
of the ∆t signal resolution function and the influence of the interference of Cabibbo-favored
b → cūd and doubly Cabibbo-suppressed b̄ → ūcd¯ decays of the tag B meson.
Figure 3 shows the fit projections and the data points for the two angles, the ∆t distribution of

60

Entries / ps

Events / ( 0.05 )

well tagged events (w < 0.25) with q = 1 and q = −1, and the corresponding raw asymmetry
(N+ (∆t) − N− (∆t)) / (N+ (∆t) + N− (∆t)) with Ni (∆t) being the number of events with the
corresponding flavor tag in a bin of ∆t.
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Figure 3: The left plot shows fit projections and data points of cos θtr (top) and cos θ1 (bottom) in the signal
region of Mbc and ∆E. The black, solid line shows the total fitted function, the green, long dashed line the fitted
signal, and the red, short dashed line the background. The brown dotted, the blue dash dotted, and the cyan
dash double dotted lines show the contributions of the R0 , R⊥ , and Rk components, respectively. The right top
plot shows events with w < 0.25 for q = 1 and q = −1 in the signal region of Mbc and ∆E. The red, solid (blue,
dashed) line and markers show the data points and the according fit of events for q = 1(q = −1). The thin, black
line shows the estimated background contribution. The right bottom plot shows the raw asymmetry of the two
top curves.

5

Conclusion

We measure the branching fraction, the polarization, and the parameters of CP violation of
B 0 → D∗+ D∗− decays with B(B 0 → D∗+ D∗− ) = [7.82 ± 0.38(stat.) ± 0.60(syst.)] × 10−4 ,
R0 = 0.624 ± 0.029(stat.) ± 0.007(syst.), R⊥ = 0.138 ± 0.024(stat.) ± 0.005(syst.), S = −0.79 ±
0.13(stat.) ± 0.03(syst.), and A = 0.15 ± 0.08(stat.) ± 0.04(syst.). This measurement is consistent
with the previous measurements of the Belle collaboration 11,2 and supersedes them. It is also in
agreement with the standard model expectation and is the first measurement in B 0 → D∗+ D∗−
decays, which excludes CP -conservation with more than 5 σ.
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Measurements of the polarisation amplitudes and triple product asymmetries in
Bs0 → φφ
D. LAMBERT, on behalf of the LHCb Collaboration
School of Physics and Astronomy, James Clerk Maxwell Building, Mayfield Road,
Edinburgh EH9 3JZ, Scotland
√
Using 1 fb−1 of pp collision data collected at center of mass energy s = 7 TeV during 2011 by
the LHCb detector. Measurements of the triple product asymmetries, polarisation amplitudes
and strong phase difference in the decay Bs0 → φφ are presented.

1

Introduction

In the Standard Model the decay Bs0 → φφ proceeds via a flavour changing neutral current
process. In such processes contributions from beyond the Standard Model are possible via the
introduction of new amplitudes or phases in the penguin loop. Hence studies of the polarisation
amplitudes and triple product asymmetries in this mode provide important tests of the Standard
Model. 1,2,3
The decay Bs0 → φφ is a pseudoscalar to vector-vector transition. Therefore, there are three
possible spin configurations of the vector mesons allowed by conservation of angular momentum.
These can be written as linear polarisation states A0 , Ak and A⊥ . The final state is a superposition of CP -even and CP -odd states. The longitudinal(A0 ) and parallel(Ak ) components are
CP -even while the perpendicular(A⊥ ) component is CP -odd.
Tree dominated decays such as B 0 → ρ+ ρ− are prominently longitudinally polarised 4 while
in penguin dominated decays such as B 0 → φK ∗0 (892) and B 0 → ρ0 K ∗0 (892), roughly equal
longitudinal and transverse components are observed. 5,6,7 The predictions do suffer from large
hadronic uncertainties. 8,9,10
To measure polarisation amplitudes, a time-integrated untagged angular analysis is per-

K+

n̂1

K+

n̂2

Φ
θ1

φ1

φ2

θ2

Bs0
K−

K−

Figure 1: Helicity angles for the decay Bs0 → φφ where θ1,2 is the angle between the K + track momentum in the
φ1,2 meson rest frame and the parent φ1,2 momentum in the Bs0 rest frame, Φ is the angle between the two φ
meson decay planes and n̂1,2 is the unit vector normal to the decay plane of the φ1,2 meson.

formed. Due to fast oscillation of the Bs0 meson an equal number of Bs0 and B¯s0 are assumed at
production. In addition, the CP violating phase is assumed to be zero, as predicted in Ref. 11 .
Under these assumptions, the differential decay width is given
32π
d3 Γ
1
4
|A0 |2 cos2 θ1 cos2 θ2 +
|A |2 sin2 θ1 sin2 θ2 (1 + cos 2Φ)
=
9 d cos θ1 d cos θ2 dΦ
ΓL
ΓL k
√
1
2
2
2
2
+
|A⊥ | sin θ1 sin θ2 (1 − cos 2Φ) +
Im(A0 A∗k ) sin 2θ1 sin 2θ2 cos Φ.
ΓH
ΓL

(1)

where the helicity angles (θ1 , θ2 , Φ) are defined in Fig. 1 and ΓL,H are the lifetimes for the light
and heavy mass eigenstates respectively. The strong phase difference δk is defined as arg(Ak /A0 ).
Non zero triple product asymmetries can be due to either T violation or final state interactions. The former, assuming CP T conservation, implies CP is violated. In the decay Bs0 → φφ
two triple products can be constructed, denoted U = sin(2Φ)/2 and V = ± sin(Φ), where the
positive sign is taken if the T-even quantity cos θ1 cos θ2 ≥ 0 and the negative sign otherwise.
These correspond to the T-odd triple products
sin Φ = (nˆ1 × nˆ2 ) · pˆ1 , sin(2Φ)/2 = (nˆ1 · nˆ2 )(nˆ1 × nˆ2 ) · pˆ1 ,

(2)

where n̂i (i = 1,2) is a unit vector perpendicular to the φ decay plane and pˆ1 is a unit vector in
the direction of the φ momentum in the Bs0 rest frame (see Fig. 1).
Extraction of the triple products is a simple counting experiment which does not require
tagging the flavour of the Bs0 meson or time dependence. The asymmetries are defined as
AU =

N+ − N−
M+ − M −
, AV =
,
N+ + N−
M+ + M −

(3)

where N+ (N− ) is the number of events with U > 0 (U < 0) and M+ (M− ) is the number
of events with V > 0 (V < 0). The dataset used for these analyses consists of 801 ± 29
Bs0 → φφ candidates in 1 fb−1 of data collected at the LHCb detector 12 at a centre-of-mass
√
energy s = 7 TeV.
2

Candidate Selection

Candidates / 5 MeV/c2

Bs0 → φφ candidates are selected using events where both φ mesons decay into the final state
K + K − . The candidate selection criteria were optimised using a data-driven approach based on
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Figure 2: The K + K − K + K − invariant mass distribution for selected Bs0 → φφ candidates. A fit to a double
Gaussian signal component together with an exponential background (dotted line) is superimposed.

Table 1: Systematic uncertainties on the measured polarisation amplitudes and the strong phase difference.

Source
S-wave component
Decay time acceptance
Angular acceptance
Trigger category
Background model
Total

|A0 |2
0.007
0.006
0.007
0.003
0.001
0.012

|A⊥ |2
0.005
0.006
0.006
0.002
0.010

|Ak |2
0.012
0.002
0.006
0.001
0.001
0.014

cos δk
0.001
0.007
0.028
0.004
0.003
0.029

the s Plot technique 13 with the invariant mass of the four-kaon system as the discriminating
√
variable to separate signal from background. The figure of merit to be optimised is S/ S + B
where S (B) is signal (background) yield. Full details on the selection can be found in Ref. 14 .
Figure 1 shows the four-kaon mass for selected events. An unbinned maximum likelihood fit
is used to extract the signal yield. The signal component is modelled by two Gaussian functions
with a common mean. The relative fraction and width of the second Gaussian are fixed to values
obtained from simulation. Combinatoric background is modelled by an exponential function.
Background from B 0 → φK ∗0 (892) and Bs0 → K ∗0 (892)K¯∗0 (892) is found to be negligible in
both data-driven and simulation studies. Fitting this probability density function (PDF) yields
801 ± 29 signal events.
Data-driven studies to determine contributions from S-wave final states arising from f0 →
+
K K − and non-resonant K + K − yield results consistent with zero. The S-wave fraction is hence
assumed to be zero in this analysis. A systematic error is assigned based on this assumption.
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Figure 3: Angular distributions for (a) Φ, (b) cos θ1 and (c) cos θ2 of Bs0 → φφ events with the fit projections for
the total fitted PDF (solid line) and background component (dotted line) superimposed.

The polarisation amplitudes are determined by performing an unbinned maximum likelihood
fit to the reconstructed mass and helicity angle distributions. Both the signal and background
PDFs are the products of a mass component together with an angular component. The angular
component of the signal is given by Eq. 1 multiplied by the angular acceptance of the detector,
where the acceptance is determined using the simulation. The polarisation amplitudes are
constrained such that |A0 |2 + |Ak |2 + |A⊥ |2 = 1. The angular distributions for the background
have been studied using the mass sidebands in the data, these distributions are consistent with
being flat in (cos θ1 , cos θ2 , Φ). A uniform angular PDF is therefore assumed for the background
and more complicated shapes are considered as part of the systematic studies. The values of
Γs = 0.657 ± 0.009 ± 0.008 ps−1 and ∆Γs = 0.123 ± 0.029 ± 0.011 ps−1 together with their
correlation coefficient of −0.3, as measured by LHCb, 15 are used as a Gaussian constraint. The
angular projections are shown in Fig. 3.

Table 2: Systematic uncertainties on the triple product asymmetries, AU and AV .

Source
Angular acceptance
Decay time acceptance
Fit model
Total

AU & AV uncertainty
0.009
0.014
0.005
0.018

To determine the triple product asymmetries, the dataset is partitioned according to whether
U (V) is less than or greater than zero. Simultaneous fits are performed to the mass distributions for each of the two partitions. In these fits, the mean and resolution of the Gaussian
signal component together with the slope of the exponential background component are common parameters. The asymmetries are left as free parameters and are fitted for directly in the
simultaneous fit.
The measurements of the polarisation amplitudes and triple product asymmetries are summarised in Table 3. Several sources of systematic uncertainty are considered, summarised in
Tables 1 and 2. The measured values agree well with previous measurements by the CDF collaboration. 16 The triple product asymmetries are consistent with zero and hence no indication
of T-odd asymmetries are observed with the present statistics.
Table 3: Measurements of the polarisation amplitudes and triple product asymmetries in the decay Bs0 → φφ.

Parameter
|A0 |2
|A⊥ |2
|Ak |2
cos(δk )
AU
AV

Measurement
0.365 ± 0.022(stat.)±0.012(syst.)
0.291 ± 0.024(stat.)±0.010(syst.)
0.344 ± 0.024(stat.)±0.014(syst.)
−0.844 ± 0.068(stat.)±0.029(syst.)
−0.055 ± 0.036(stat.)±0.018(syst.)
0.010 ± 0.036(stat.)±0.018(syst.)
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ICARUS T600 experiment in the underground laboratory in Gran Sasso
IZABELA KOCHANEK
Institute of Physics, University of Silesia,
ul. Uniwersytecka 4, 40-007 Katowice, Poland
Laboratori Nazionali del Gran Sasso - INFN,
S.S. 17 BIS km. 18.910, 67010 Assergi L’Aquila
The multipurpose ICARUS T600 detector, with its large sensitive volume, high granularity, excellent tracking and particle identification capabilities, is an ideal device for searching
for phenomena beyond the Standard Model. The ICARUS T600 addresses a wide physics
program. It is simultaneously collecting a wide variety of ,,self-triggered” events of different nature, such as cosmic ray events and neutrino interactions associated with the CNGS
neutrino beam.

1

Introduction

The Liquid Argon Time Projection Chamber (LAr-TPC), first proposed by C. Rubbia in 1977 1 ,
is a powerful detection technique that can provide a 3D imaging of any ionizing event. LAr-TPC
provides excellent calorimetric measurements of particle energy. The ICARUS T600 is installed
in the Hall B of the Gran Sasso underground National Laboratory (LNGS) of Istituto Nazionale
di Fisica Nucleare (INFN), shielded against cosmic rays by 1400m of rock. The description of
ICARUS T600 detector and its underground operation in 2010-2011 are presented in this paper.
A fully reconstructed neutrino interaction collected by T600 will be discussed.
2

The ICARUS T600 detector

The ICARUS T600 detector 2 consists of a large cryostat split into two identical, adjacent and
independent half-modules, with an overall volume of about 760 tons of ultra-pure liquid Argon
at temperature of 89K. Each half-module houses two TPCs separated by a common cathode.
The anode of each TPC is made of three parallel wire planes, 3mm apart, oriented at 0◦ and
±60◦ with respect to the horizontal direction. The operational principle of the LAr-TPC relies
on ionization electrons that can be transported practically undistorted by the application of an
uniform electric field (ED = 500V /cm) over macroscopic distances - see illustration in Figure 1.
The signals coming from each wire are continuously read and recorded in multi-event circular
buffers. The measurement of the absolute time of the ionizing event, combined with the electron
drift velocity information (vD ∼ 1.6mm/µs at ED = 500V /cm), provides the absolute position
of the track along the drift direction. The determination of the absolute time of ionizing event
is accomplished by the prompt detection of the scintillation light produced in LAr by charged
particles. For this purpose arrays of Photo Multiplier Tubes (PMTs) are installed behind the

Figure 1: Illustration of the ICARUS T600 working principle: a charged particle ionization path in LAr and its
geometrical reconstruction on a plane.

wire planes. The PMTs are coated with wavelength shifter to allow the detection of VUV
scintillation light (λ = 128nm) and they are operating at the LAr cryogenic temperature 3 .
2.1

LAr Purity

The detector imaging capability and a correct estimation of the energy deposition from the ionization charge signal relies on a liquid Argon purity. Purity is continuously monitored measuring
the charge attenuation along ionizing clean through-going cosmic muon track. The drifting electrons, before they reach the anode planes can be captured by the electronegative contaminants
(mainly O2 , H2 O and CO2 ). With the liquid recirculation turned on, the LAr purity steadily
increased, reaching values of free electron lifetime a (τe ) exceeding 6ms in both cryostats. Pump
maintenance required some stops of the LAr recirculation lasting several days which resulted in
a degradation of the purity suddenly recovered as soon as pumps were back on. The τe , however,
never droped below 1ms.
2.2

CERN Neutrinos to Gran Sasso - CNGS

The CNGS project aims at directly detecting νµ → ντ neutrino oscillations. A muon-neutrino
beam (1017 νµ /day) is generated at CERN and directed towards the Gran Sasso National Laboratory, 732km away. A beam of this type is generated from collisions of protons in a beam with
nucleons in a graphite target. The products of such interactions (mostly pions and kaons) are
not stable particles. In most of the cases they decay to νµ neutrinos and muons. The muonneutrino energy spectrum is the key feature for the ICARUS T600 experiment. The average
muon-neutrino energy is ∼ 17GeV /c.
The trigger system relies on the scintillation light signals provided by the internal PMTs and on
the SPS proton extraction time for the CNGS beam. For every CNGS cycle two proton spills,
lasting 10.5µs each, separated by 50ms, are extracted from the SPS machine.
2.3

CNGS data taking

The CNGS run 2010 started in stable conditions on October 1st and continued till the beam
shutdown, on November 22nd.
In this period 5.8 · 1018 pot were collected out of 8 · 1018 pot delivered by CERN (left plot
on Figure 2), with the detector lifetime up to 90% since November 1st. ICARUS T600 detector
smoothly started data taking on March 18th 2011 receiving the CNGS neutrino beam operating
in high dedicated mode. In the time interval from March 18th to Novenmer 20th CNGS delivered
4.78 · 1019 pot (right plot on Figure 2). The detector lifetime in this period was about 93%,
allowing the collection of about 4.44 · 1019 pot.
a

Free electron liftime is the average capture time of a free ionization electron by an electronegative impurity
in LAr. It can be expressed as τe [ms] ∼ 0.3/N [ppb], N being the Oxygen equivalent impurity concentration.
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Figure 2: Number of pot collected by ICARUS T600 during 2010 (left) and 2011 (right) compared with the beam
intensity delivered by CERN.

3

Neutrino events

The T600 at LNGS is detecting neutrino interaction events both from the CNGS beam and from
cosmic interactions. The 3D track reconstruction is based on the Polygonal Line Algorithm fit
in 3D space 4 , optimized to all available hits in 2D wire planes and identified 3D reference points
(interaction vertices, peculiar points like delta rays). The main advantage is that 2D hit to
hit associations are not needed and therefore missing track parts in single view are accepted as
well as horizontal tracks except for pathological situations such as long missing segments at the
track ends. Improvements in the PID algorithm allow for a reduction of the systematic effects
due to trajectory and charge measurement errors. Stopping particle identification is based on
the dependency of reconstructed dE/dx versus track residual range. A shower measurement
algorithm providing the reconstruction of shower geometry, initial dE/dx and total energy has
been developed on MC and is being validated with real data. The available analysis tool allow
a complete kinematical reconstruction of the neurino interactions.

Figure 3: An example of CC neutrino interaction in Collection view

An example of CNGS CC event is shown in Figure 3. The use of two different views allows
the recognition of the presence of two distinct electromagnetic showers pointing to the primary
vertex. The corresponding conversion distances are measured to be 15cm and 61cm respectively.
The invariant mass m∗γγ = 117±15M eV /c2 , associated with electromagnetic showers, compatible
with the π 0 particle mass, is determined, under the assumption of equally shared energy between
the two photons, from their opening angle θ = (129.1 ± 2.5)◦ . In the primary vertex one can see
also a long muon track with its momentum calculated as 5.7 ± 0.1GeV via multiple scattering.
The values of energy of interacting pions are listed in Table 1.
The transverse and total momentum of presented event were calculated as in Table 2.

TRACK
A (π)
A (π)
B (π)

E [MeV]
62 ± 5
337 ± 32
429 ± 36

p [MeV/c]
145 ± 7
455 ± 32
550 ± 38

range [cm]
18
18
92

Table 1: Reconstructed values of energy, momentum and range for pions created in primary vertex.

pT [M eV /c]
78
154

ptot [GeV /c]
7
6.5

Table 2: Values of transverse momentum and total momentum for the event.

4

Conclusions

The ICARUS T600 detector is so far the biggest LAr detector ever built. It has been successfully
installed in the Gran Sasso underground National Laboratory (Italy) and, after having smoothly
reached the optimal working conditions, it is presently collecting data for its second year of
CNGS neutrino beam. ICARUS T600 represents the final milestone of a series of fundamental
technological achievements in the last several years. Its underground operation demonstrates
that T600 technology is mature and scalable to much larger masses, in the range of tens of
kton, as required to realize the next generation experiments for neutrino physics and proton
decay searches. The examples of neutrino interaction event preliminary analyzed in this paper
show that reconstruction precedures and particle identification are correctly performed, fully
exploiting the physical potentiality of this technology.
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Abelian symmetries in multi-Higgs-doublet models
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Classifying symmetry groups which can be implemented in the scalar sector of a model with
N Higgs doublets is a difficult and an unsolved task for N > 2. Here, we make the first step
towards this goal by classifying the Abelian symmetry groups. We describe a strategy that
identifies all Abelian groups which can be realized as symmetry groups of the NHDM scalar
potential. We give examples of the use of this strategy in 3HDM and 4HDM and prove several
statements for arbitrary N .

1

Introduction

Many different variants of the Brout-Englert-Higgs (BEH) mechanism of Electroweak symmetry
breaking (EWSB) have been proposed so far 1 , each of which has many free parameters describing
the scalar and Yukawa sectors. The standard approach to find a formalism reconstructing the
phenomenology of a given model, is to narrow down the freedom by imposing certain symmetries
both on the scalar sector and on the Yukawa interactions. However, it is a difficult and often
unsolved task to find the full list of symmetries which can be implemented within each variant.
Here we make a step towards solving this problem for models with N Higgs doublets. We
focus on Abelian symmetries of the NHDM scalar potential and describe a strategy that algorithmically identifies realizable Abelian symmetry groups for any given N . The strategy first
addresses groups of unitary transformations in the space of Higgs families and then it is extended
to groups that include antiunitary (generalized CP ) transformations. The strategy also yields
explicit examples of the potentials symmetric under a given realizable group. Here we only
present the Higgs-family symmetries. For the detailed version of the strategy and antiunitary
transformations refer to 2 .
2

Symmetries in the scalar sector of NHDM

When searching for the symmetry groups which can be implemented in the scalar sector of a
non-minimal Higgs model, one must distinguish between realizable and non-realizable groups. If
it is possible to write a potential which is symmetric under a group G but not symmetric under
any larger symmetry group containing it, we call G a realizable group. The true symmetry
properties of the potentials are reflected in realizable groups.
We focus on the reparametrization transformations, which are non-degenerate linear transformations mixing different doublets φa but keeping invariant the kinetic term (which includes
interaction of the scalar fields with the gauge sector of the model).

A reparametrization transformation must be unitary (a Higgs-family transformation); U :
φa →
7 Uab φb or antiunitary (a generalized CP -transformation); UCP = U · J : φa 7→ Uab φ†b , with
a unitary matrix Uab . The transformation J ≡ CP acts on doublets by complex conjugation
and satisfies J 2 = 1.
Here we focus on the unitary transformations U . A priori, such transformations form the
group U (N ). However, the overall phase factor multiplication is already taken into account by
the U (1)Y from the gauge group. This leaves us with the SU (N ) group of reparametrization
transformations. Then, this group has a non-trivial center Z(SU (N )) = ZN generated by the
diagonal matrix exp(2πi/N )·1N , where 1N is the identity matrix. These transformations act trivially in the space of potentials. Therefore, the group of physically distinct unitary reparametrization transformations is the projective special unitary group Gu = P SU (N ) ' SU (N )/ZN .
3

Finding Abelian subgroups and identifying the symmetries of the potential

A maximal Abelian subgroup of Gu is an Abelian group that is not contained in a larger Abelian
subgroup of Gu . A priori, there can be several maximal Abelian subgroups in a given group.
Any subgroup of Gu must be either a maximal one, or lie inside a maximal one. Therefore,
we first need to identify all maximal Abelian subgroups of Gu and then study their realizable
subgroups.
It was proved in 2 that there are two types of maximal abelian subgroups of PSU(N): maximal tori constructed below and additional finite groups which must be treated separately. All
maximal tori in PSU(N) are conjugate to the group of phase rotations T = U (1)1 × U (1)2 ×
· · · × U (1)N −1 where
U (1)1 = α1 (−1, 1, 0, 0, . . . , 0) ,
U (1)2 = α2 (−2, 1, 1, 0, . . . , 0) ,
U (1)3 = α3 (−3, 1, 1, 1, . . . , 0) ,
..
..
.
.


N −1 1
1
U (1)N −1 = αN −1 −
, , ...,
N
N
N

(1)

where αi ∈ [0, 2π) are the angles parametrizing phase rotations. The next step is to study which
subgroups of the maximal torus T can be realizable in the scalar sector of NHDM.
We start from the most general T -symmetric potential:
V (T ) = −

X
a

m2a (φ†a φa ) +

X
a,b

λab (φ†a φa )(φ†b φb ) +

X

λ0ab (φ†a φb )(φ†b φa ) ,

(2)

a6=b

Each term in this potential transforms trivially under the entire T . A sufficiently general
potential of this form has no other unitary symmetry. It is proven mathematically 2 that when
we start from the T -symmetric potential (2) and add more terms, we will never generate any
new unitary symmetry that was not already present in T . This is the crucial step in proving
that the groups described below are realizable.
The Higgs potential is a sum of monomial terms which are linear or quadratic in φ†a φb .
Every bilinear φ†a φb , a 6= b gains a phase change under T which linearly depends on the angles
αi : φ†a φb → exp[i(pab α1 + qab α2 + . . . + tab αN −1 )] · φ†a φb with integer coefficients pab , qab , . . . , tab .
Consider a Higgs potential V which, in addition to the T -symmetric part (2) contains k ≥ 1
additional terms, with coefficients pi , qi , . . . ti . This potential defines the following (N − 1) × k

matrix of coefficients:



X(V ) = 





p1 q1 · · · t1
p2 q2 · · · t2 

..
..
.. 
.
.
.
. 
pk qk · · · tk

(3)

The symmetry group of this potential can be derived from the set of non-trivial solutions for αi
of the following equations:


X(V ) 


α1
..
.

2πn1
 
..  ,
=
. 
2πnk


αN −1





(4)

To find which symmetry groups can be obtained, we need to diagonalize the X(V ) matrix
with integer entries. After diagonalization, the X matrix becomes diag(d1 , . . . , dN −1 ), where di
are non-negative integers. The symmetry group of this matrix is Zd1 × · · · × ZdN −1 (where Z1
means no non-trivial symmetry, and Z0 means a continuous group U (1)).
4

Abelian symmetries of the 3HDM and 4HDM

In the 3HDM the representative maximal torus T ⊂ P SU (3) is parametrized as
2 1 1
U (1)2 = β − , ,
3 3 3


T = U (1)1 × U (1)2 ,

U (1)1 = α(−1, 1, 0) ,



,

(5)

where α, β ∈ [0, 2π). The most general Higgs potential symmetric under this T , can be constructed from (2).
The full list of subgroups of the maximal torus realizable as the symmetry groups of the
Higgs potential in this case:
Z2 ,

Z3 ,

Z4 ,

Z2 × Z2 ,

U (1),

U (1) × Z2 ,

U (1) × U (1) .

(6)

Writing the explicit potentials that are symmetric under each group in 6 can be found in 2 .
The only Abelian group that is not contained in any maximal torus in P SU (3) is Z3 × Z3 .
Although there are many such groups inside P SU (3), all of them are conjugate to each other.
Thus, only one representative case can be considered, and we describe it with the following two
generators




1 0 0


a =  0 ω 0 ,
2
0 0 ω





0 1 0


b =  0 0 1 ,
1 0 0

2πi
ω = exp
3




.

(7)

In turns out that the Z3 × Z3 -symmetric potential is also symmetric under the group Z3 × S3 ,
which is non-Abelian. Therefore, we conclude that the symmetry group Z3 × Z3 is not realizable
for 3HDM.
One could use our strategy to find the full list of realizable Abelian symmetries in 4HDM.
However, here we use the results of the next section to find the list of all realizable finite
subgroups of the maximal torus in 4HDM:
Zk with k = 2, . . . , 8;

Z2 × Zk with k = 2, 3, 4;

Z2 × Z2 × Z2 .

(8)

5

Abelian symmetries in general NHDM

The algorithm described above can be used to find all Abelian groups realizable as the symmetry
groups of the Higgs potential for any N . We do not yet have the full list of finite Abelian groups
for a generic N , although we put forth a conjecture concerning this issue. Several strong results
can also be proved 2 about the order and possible structure of finite realizable subgroups of the
maximal torus.
• Upper bound on the order of finite Abelian groups
The exact upper bound on the order of the realizable finite subgroup of maximal torus in
NHDM is |G| ≤ 2N −1 .
• Cyclic groups
The cyclic group Zp is realizable for any positive integer p ≤ 2N −1 .
• Products of cyclic groups
P
Let (N − 1) = ki=1 ni be a partitioning of N − 1 into a sum of non-negative integers ni .
Then, the finite group G = Zp1 × Zp2 × · · · × Zpk is realizable for any 0 < pi < 2ni .
• Conjecture
Any finite Abelian group with order ≤ 2N −1 is realizable in NHDM.
6

Conclusions

In this work we made a step towards classification of possible symmetries of the scalar sector
of the NHDM. Namely, we studied which Abelian groups can be realized as symmetry groups
of the NHDM potential. We developed an algorithmic strategy that gives full list of possible
realizable Abelian symmetries for any given N . We gave the result of our strategy for 3HDM
and 4HDM. We also proved that the order of any realizable finite group in NHDM is ≤ 2N −1
and explicitly described which finite groups can appear at given N . Finally, we conjectured that
any finite Abelian group with order ≤ 2N −1 is realizable in the NHDM. An obvious direction
of future research is to understand phenomenological consequences of the symmetries found.
One particular result already obtained 3 is the possibility to accommodate scalar dark matter
stabilized by the Zp symmetry group, for any p ≤ 2N −1 .
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We consider recent LHC flavour and Higgs results to constraint a custodial vectophobic TwoHiggs-Doublet-Model (2HDM) where the Minimal Flavour Violation principle (MFV) is implemented to suppress (pseudo)scalar induced flavour changing neutral currents (FCNC).

1

Introduction

For decades the Standard Model (SM) has been the theoretical paradigm in the understanding
of fundamental interactions and elementary particles. Yet, its predicted scalar boson still remains one of the key predictions not yet observed experimentally. Current experiments, such
as those taking place at the Tevatron and the LHC colliders, are providing the community with
interesting data and constraints on the parameter space of many models beyond the SM. In
such a perspective, this work 1 analyzes a model with two scalar doublets where SM accidental
symmetries are minimally violated.
2

Accidental Symmetries

Accidental symmetries in the SM are known to provide interesting features that successfully
account for numerous experimental results.
The custodial symmetry associated to the SU (2)L+R group arises from the SM scalar potential and appears to be responsible for the success of the tree-level mass relation 2
ρ=

MZ2

2
MW
= 1.
cos2 θW

(1)

Corrections to the ρ parameter are generated by the sectors where the custodial symmetry is
not conserved, and mostly by the Yukawa couplings due to the huge bottom-top mass splitting.
These corrections are rather small and compatible with the current experimental measurements.
In general 2HDM scenarios, the custodial symmetry is no longer present in the scalar potential and corrections to the ρ parameter are expected to be too large. However, this symmetry
can be imposed. An example is given by a particular 2HDM where the physical states can be
classified according to custodial multiplets in the following ways 3
Φ1 3



+

 G 


G0


 G− 

a

⊕ {h0 +

√v }
2

Φ2 3



+

 H 


A0



 H− 

⊕ {H 0 } or



+


 H 

H0

⊕ {A0 } .

(2)


 H− 


Talk given at Rencontres de Moriond, EW Interactions and Unied Theories, March 3rd-10th, 2012, La Thuile,
Italy.

In the previous equation Φ1 is the SM-like doublet with a non-zero vacuum expectation value
and a SM-like scalar while Φ2 contains all the new physical states. In the following we will consider two possible hierarchies corresponding to the case where the singlet custodial component
of Φ2 is the lightest particle, i.e., either the scalar H 0 or the pseudoscalar A0 are light.
The flavour symmetry 4 is another accidental symmetry of the SM. It is associated to the
group Gf = SU (3)QL × SU (3)UR × SU (3)DR and is also broken by the Yukawa couplings
that give rise to mass terms. In fact, the misalignment between the weak eigenstates and the
mass eigenstates induces flavour changing charged currents weighted by the Cabibbo-KobayashiMaskawa (CKM) mixing matrix.
In a 2HDM, however, new sources of flavour violation are introduced by the couplings between the fermions and the second doublet
LY ukawa = −Q̄0L (Yd0 Φ1 + Zd0 Φ2 )d0R − Q̄0L (Yu0 Φ̃1 + Zu0 Φ̃2 )u0R ,

(3)

giving rise to FCNC. Following the 2HDM defined in eq. (2) the FCNC are mediated by the
additional neutral states H 0 and A0 . In order to reduce but not eliminate these FCNC we
introduce the MFV hypothesis 5 6 . To do so, the SM-like Yukawa couplings Yd,u are promoted
into auxiliary fields or spurions and flavour structures can be constructed out of them in a
Gf invariant way. Once the spurions are frozen to their background values, the new flavour
structures will be expressed in terms of the SM masses and mixing parameters. To apply this
formulation of MFV to eq. (3) one just needs to write Zd,u as series in terms of Yd,u in a Gf
invariant way
Zd0 = {δ0 + δ1 Yu0 Yu0† + δ2 (Yu0 Yu0† )2 }Yd0 ,

Zu0 = {υ0 + υ1 Yu0 Yu0† + υ2 (Yu0 Yu0† )2 }Yu0 .

(4)

Here, the down Yukawa couplings are neglected in the MFV expansion. Once the Yd,u couplings
are diagonalized, the flavour changing couplings, appearing only in the down-sector, will be
dependent on non-diagonal CKM elements and will therefore be suppressed. The δi and υi
coefficients are assumed to be of order one.
3

Flavour constraints

Consequences of the MFV suppressed FCNC have been studied 1 for ∆F = 2 transitions. At
the hadronic level, for the K 0 and Bq0 systems, the matrix element of the effective Hamiltonian
is given by
"

hM̄

0

∆F =2
|Hef
|M 0 i
f

' hM̄

0

∆F =2
|Hef
|M 0 iSM
f

1 + 16π

2

xδ12 m2M

1
1
− 2
2
mH 0
mA0

!#

,

(5)

in the limit mdj  mdi and with x encoding the full dependence on the top quark mass
(mt (mt ) = 163.4 GeV)
2m4
x= 2 2 t
≈ 1.61.
(6)
MW v S0 (xt )
This new contributions to ∆F = 2 transitions could in principle be sizeable. In figure 1 (left) the
effects of the scalar mediated transitions contributing to the ∆F = 2 quantitie ∆MBs are shown
as a function of the (pseudo)scalar (A0 )H 0 mass. In kaon physics, however, the contributions
due to neutral Higgses heavier than 100 GeV are totally negligible.
Similarly, the effects of Higgs mediated FCNC on the Bs → µ+ µ− branching ratio give
+ −

+ − SM

B(Bs → µ µ ) = B(Bs → µ µ )

"

1+

CP
m2Bs
CA

2

4m2µ
+ 1− 2
mBs

!

m4Bs

CS2
2
CA

#

(7)
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Figure 1: ∆MBs and Bs → µ+ µ− branching ratio as a function of the H 0 and A0 masses for a MFV

coefficient δ1 = 1. The green lines indicate the experimental values, the orange areas indicate the 1σ
SM prediction, the blue areas show the 1σ prediction for mH 0  mA0 = 400 GeV, while the grey areas
correspond to the analogue prediction for mA0  mH 0 = 400 GeV.

where CA = 2Y (xt ) ≈ 2.0 is the Wilson coefficient associated to the SM contribution and the
coefficients CS and CP are defined by
CS(P ) =

∆
m2H 0 (A0 )

;

∆=

4π 2 δ1 λ0 m2t
.
2
MW

(8)

The dependence of the Bs → µ+ µ− branching ratio in terms of the H 0 and A0 masses is
displayed in figure 1 (right).

4

Diphoton signal at the LHC

The diphoton signal at the LHC has also been studied considering the possibility that an excess
at around 125 GeV 7 8 might be induced by the scalar H 0 or the pseudoscalar A0 . In the SM,
the diphoton decay takes place through top and W loops. In the model studied in this work,
both the scalar H 0 and the pseudoscalar A0 are vectophobic (i.e., they have no couplings to
two gauge bosons) and the decay takes place only through top loops. The number of events in
the diphoton invariant mass spectrum is proportional to the production cross-section times the
decay branching ratios. The ratio normalized to the SM rate for mH 0 (A0 ) = 125 GeV is given
in terms of the MFV coefficients and the top Yukawa coupling by

R=


(υ0 +υ1 yt2 )4


 RH 0 /h0 (mH 0 = 125 GeV) = 0.08 (δ0 +δ1 y2 )2

t
σ × B(H 0 , A0 → γγ)
→

2 4
σ × B(h0 → γγ)SM

 RA0 /h0 (mA0 = 125 GeV) = 0.44 (υ0 +υ1 y2t )2
(δ0 +δ1 y )

(9)

t

In eq. (9) the production is assumed to be dominated by the gluon-gluon fusion, and the
total decay width by the bb̄ final state. The analytical expressions of the ratio R has been
used to plot it in terms of the (pseudo)scalar mass as it is shown in figure 2. From this plot it
can be observed that the pseudo-scalar case might be more suited to account for an observable
excess of events in the diphoton channel or even an excess with respect to the SM Higgs boson
expectations. It is also clear that both H 0 and A0 being vectophobic, any evidence of W + W − or
Z 0 Z 0 gauge boson contribution at the production or decay level would require a SM-like scalar.
In such a scenario, with two light neutral bosons (h0 , and H 0 or A0 ), two resonances in the
diphoton invariant mass expectrum would be expected.
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Figure 2: The ratio R defined in eq. (9) as a function of the H 0 and A0 masses if the MFV coefficients

are equal to one. The upper (black) curve corresponds to the case where A0 is the lightest non-SM Higgs
boson while the lower (blue) one corresponds to the case where H 0 is the lightest non-SM Higgs boson.

5

Conclusion

A vectophobic 2HDM with minimal violation of flavour and custodial symmetries has been
studied in this work. It has been shown that the Bs system provides us with strong constraints
on a light flavour-violating (pseudo)scalar. LHC results in the diphoton invariant mass spectrum
have been considered as well in the case of a non SM-like (pseudo)scalar. The light pseudoscalar
A0 would be favoured in order to account for a two-photon excess at 125 GeV. However, the
additional neutral states of the 2HDM analyzed in this work being vectophobic, more data on
the W + W − or Z 0 Z 0 contributions at the production or decay level are needed as well as studies
of other channels like the fermionic ones which have attracted special attention after the latest
Tevatron results 9 presented at this workshop.
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EFFECTIVE COUPLINGS APPROACH TO NEUTRALINO DARK MATTER
RELIC DENSITY

Suchita Kulkarni
LPSC, 53 Av. des Martyrs, 38000, Grenoble, France
In this work, we analyze the electroweak loop corrections to the Neutralino dark matter relic
density in the framework of effective coupling. In the first part, we comment on the generic
features of the corrections and quantitative changes to the predicted relic density. We analyze
the correlation between the characteristics of effective couplings to the nature of neutralino.
Effective couplings, however, absorb only the most dominant one loop corrections and are
not an exact calculation. In the second part, we assess the validity of effective couplings by
comparing them to the full one loop calculations in various regions of parameter space.

1

Introduction

Within the framework of ΛCDM, the existence of dark matter is well established. Although,
the exact nature of this omnipresent dark matter is yet to be identified, its relic density is well
measured and measurements from Planck satellite will reduce the uncertainly to 1%. This is good
news because the abundance of dark matter not only depends on the astrophysical parameters
like the Hubble constant and the velocity distribution, but also on the particle physics properties
like it’s mass and the cross-section. If dark matter is cold in nature then it’s relic density Ω h2
is inversely proportional to the thermal average of the annihilation cross-section hσvi. Any
changes in the theoretically predicted cross-section will thus change the relic density. In the
light of upcoming results from Planck, a theoretically precise calculation of the relic density
plays an important role in determining the favored regions of theory parameter space.
Various theories beyond the Standard Model of particle physics (SM) seek an explanation for
dark matter. Supersymmetry is one of the most elegant extensions of the SM not only because
it provides us with possible dark matter candidate but also because it gives us an explanation of
the hierarchy problem in the higgs sector. 1 Different ways of SUSY breaking at a high scale can
lead to different dark matter candidates, the lightest neutralino or gravitino for example. Under
the assumption of R-parity conserving SUSY, neutralino is the most widely studied dark matter
candidate. However, the annihilation cross-section of neutralino is often taken at tree-level and
changes due to loop-corrections can lead to a significant change in the predicted relic density.
A full one loop analysis is numerically exhaustive due to large number of diagrams involved in
annihilation cross-section while computing the relic density.
In this work, we assess the impact of electroweak loop-corrections to neutralino dark matter
via effective couplings and compare the validity of this approach to the full one loop analysis.

2

Effective couplings for neutralino

We implement effective couplings for the neutralino-fermion-sfermion vertex, as first discussed
by Guasch et.al. 2 Analogous to the oblique corrections in the SM, they are flavor independent,
finite corrections to the neutralino-fermion-sfermion vertex.
The neutralino is a combination of supersymmetric counterparts of the gauge and Higgs
boson, namely the gauginos and the higgsinos. After the SU (2)L × U (1)Y symmetry breaking,
the bino, wino and higgsino mix to form four neutralinos, the lightest one being of interest to
us as a dark matter candidate. At tree level, the neutralino-fermion-sfermion couplings can be
written as:
Lχ̃0 f˜f
α

i

h

√
= − 2g χ̃0α T3f Nα∗ 2 + tan θW Qf − T3f PL f˜L∗ − tan θW Qf Nα1 PR f˜R∗ f
i
h
gmf
∗
˜∗ Nα h PR f˜∗ f + h.c.
χ̃0α Nαh
P
f
− √
L
f
R
L
f
2MW ff (β)

(1)

In the above equation, N denotes the neutralino mass diagonalization matrix, g is the SU (2)
gauge coupling, θW the weak mixing angle, T3f and Qf are the third component of the weak
isospin and the electric charge of fermion f , respectively, PL,R = (1 ± γ5 )/2 are the chiral
projectors, mf and MW are the masses of fermion f and of the W boson, respectively, and
tan β is the ratio of vacuum expectation values of the two neutral Higgs fields required in the
MSSM. Finally, the function ff (β) appearing in eq.(1) is sin β for up-type quarks and sneutrinos,
and cos β for down-type quarks and charged leptons; similarly the index hf = 4 (3) for up-type
quarks (down type quarks and charged leptons).
At one loop level eq.(1) receives counter-terms and one can extract a flavor independent set
of corrections to the neutralino mixing matrix as follows:
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2 , δ cos β, δ sin β represent the counter-terms of the quantities introduced in
Here, δg, δtW , δMW
αβ
represent the neutralino wave-function renormalization constants.
eq.(1) and δZR
Note that eqs.(2) include only two point correlation functions and hence do not include any
vertex or box corrections. Also, it should be remembered that these corrections modify mixing
matrix N appearing only in the interaction lagrangian.
Eqs.(2) are finite only for the fermion-sfermion loops. At this point a couple of remarks are in
order. First, the above expressions are process independent in the sense that they do not depend
on the details of external state, second, they were originally introduced to absorb the one loop
corrections in the neutralino-fermion-sfermion vertex, however, they can also be used to (partly)
absorb all the vertices involving the gaugino component of the neutralino, except for the vertices
involving gauge bosons. The most interesting feature of the above set of effective couplings is
the non-decoupling behavior of heavy sparticles. Due to broken supersymmetry, otherwise equal
sfermion-fermion-gaugino coupling g̃ runs apart from the corresponding fermion-fermion-gauge

boson gauge coupling g below the sfermion mass scale. At one loop level, this difference is given
by:
g̃(mf˜)
mf˜
g̃(Q)
−1=
− 1 = βh log
,
mf ≤ Q ≤ mf˜,
(3)
g(Q)
g(Q)
Q
Thus, correction to g̃ logarithmically increases with the sfermion mass scale.
3

Results

The implementation of these effective couplings is done in the on-shell scheme. We use a variant
of the on shell scheme for the neutralino sector, as introduced in Chatterjee et.al. 3 We define the
electromagnetic coupling constant, W and Z-boson masses as on shell quantities. To calculate
the relic density, we modify the couplings in micromegas with the above expressions. Taking
the input at electroweak scale, we scan over the bino parameter M1 . We set MA = 500 GeV,
tan β = 10, left sfermion soft masses Ml̃R = Mq̃L = 500 GeV, right sfermion soft masses
MũR = Md˜R = MQ̃L = 1500 GeV, Af = 1000 GeV, M2 = 400 GeV and µ = 600 GeV. In Fig. 1
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Figure 1: Correction to the bino-like component of the neutralino mixing matrix (left) and the corresponding
percentage change to the relic density (right).

we plot the correction to the bino component of the lightest neutralino ∆N11 (left) and the
percent change in the relic density ∆Ω (right). Since M2 = 400 GeV, for M1 > 400 GeV, the
lightest neutralino is not bino-like anymore. As a result, the correction ∆N11 decreases. While
the neutralino is bino-like, the changes in the relic density are characterized by the corrections
captured by ∆N11 and opening of various annihilation channels, this is reflected by various peaks
appearing in the plot. In some of the annihilation channels only part of the radiative corrections
are captured (for example, at M1 ≈ 84, 94, 106 GeV, the W + W − , ZZ, Zh channels mediated by
a Higgs exchange open and the radiative corrections only to the gaugino-higgisino-neutral higgs
vertices are captured.).
4

Comparison to full one loop analysis

This being an effective approach, will fail at some point and it is important to know in which
regions of parameter space such couplings are applicable. To this extent we compare the results
obtained for σ(χ̃01 χ̃01 → µ+ µ− ) using effective couplings to those of full one loop results. 4 The
full one loop results were obtained by using SLOOPS.
In the case, we set MA = 1 TeV, tan β = 4, Ml̃R = Ml̃L = 500 GeV, MũR = Md˜R = MQ̃L =
800 GeV, Af = 0, M2 = 500, M1 = 600 GeV and µ = −600 GeV. In Fig. 2, left hand side
shows the percent change in σ(χ̃01 χ̃01 → µ+ µ− ) for the full one loop calculations, the effective
coupling approach and the difference between the two. We scan over M1 changing the bino
fraction of the neutralino. The full one loop analysis shows about 18 to 20% corrections of
which about 15 to 17% corrections are absorbed by effective couplings remaining non-effective
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Figure 2: Comparison of the full one loop analysis with the effective coupling results, on left, a scan against the
bino-like component of neutralino M1 and on right against the higgsinolike component µ.

part staying constant at about 2 to 3%. a This is because the neutralino stays bino-like and
annihilates dominantly to fermion final states via a sfermion exchange, thus the box and vertex
corrections do not contribute significantly. The figure on right shows the percent change in the
same cross-section as a function of the higgsino component of the neutralino µ. In this case, the
neutralino annihilates via a Z boson exchange and the box and vertex corrections are significant.
Effective couplings fail to reproduce the full one loop correction, which ranges from 0 to − 40%.
The green line, illustrating the contribution of the boxes is the most dominant contribution,
which the effective couplings do not take into account. We tried to implement a new set of
effective couplings, displayed in yellow line, however even they fail to reproduce the genuine box
diagrams.
5

Conclusions

Effective couplings as used in this work can be an easy and convincing way to include dominant
process independent one loop electroweak corrections to neutralino dark matter relic density.
These are constructed using two point correlation functions and can be used to absorb corrections
to all the gaugino component of the neutralino. When applied to a dominant bino-like neutralino,
the changes to the relic density can be as large as 4%. They are most effective when the neutralino
is bino-like, annihilating into a pair of fermions via sfermion exchange when the contribution
from the box and the vertex corrections are negligible. When the neutralino changes it’s nature
to wino or higgsinolike however, the effective coupling approach fails to reproduce full one loop
results.
6
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LONG-LIVED STAUS AT THE LHC
JAN HEISIG
II. Institute for Theoretical Physics, University of Hamburg
Germany
Supersymmetric scenarios with a very weakly interacting lightest superparticle (LSP)—like
the gravitino or axino—naturally give rise to a long-lived next-to-LSP (NLSP). In the case of
a stau NLSP, the scenario shows up in a very prominent way at colliders. We present the LHC
sensitivity for these classes of scenarios in the framework of simplified models. This allows for
deriving robust limits on the masses of the lightest stau, the gluino and squarks.

1

Introduction

In an R-parity conserving supersymmetric theory, the lightest supersymmetric particle (LSP) is
stable and thus provides us with a candidate for dark matter (DM). Searching for supersymmetry
at colliders always means searching for a certain LSP scenario. The neutralino LSP scenario is
clearly the most widely studied scenario for the LHC and it is often referred to as the SUSY
search. However, if one extends the MSSM, other cosmologically viable DM candidates show
up. If, for instance, we impose the idea of SUSY on the fundamental theory of nature we
have to supersymmetrize gravity predicting the gravitino, the superpartner of the graviton.
The gravitino is indeed a very well motivated LSP1 and may even be considered as favored
since it alleviates the gravitino problem2 allowing for larger reheating temperatures. Another
perfectly viable DM candidate is the axino,3 a supersymmetric partner of the QCD axion which
is introduced in the Peccei-Quinn mechanism. Both candidates are very weakly interacting
particles—the couplings are suppressed by the Planck- or the Peccei-Quinn scale, respectively.
This naturally renders the next-to-LSP (NLSP) long-lived. If the decay length of the NLSP
is large compared to the size of a detector of a collider experiment, the LSP is typically not
involved in the interactions inside the detector at all and the NLSP determines the signature.
For an electrically charged NLSP, like the stau, this leads to a very distinct SUSY signature—no
missing energy but highly ionizing tracks leaving the detector.4 Several studies for long-lived
staus have been performed, assuming a certain underlying high scale model—such as minimal
gauge mediated supersymmetry breaking or the constrained MSSM (CMSSM).a However, longlived staus can basically occur in all common breaking models.
In this work we address the question whether it is possible to derive robust bounds on
the mass parameters from the LHC experiment that cover all possible spectra accommodating
a long-lived stau NLSP. We will therefore adopt the approach of simplified models.7,8 As an
important outcome, we will see that in the case of long-lived staus the simplified models provide
a very powerful description covering a large set of possible realistic spectra. We will restrict
ourselves to the production via squarks and gluinos as well as to direct pair production of staus.
a

Currently, searches for heavy stable charged particles are performed by ATLAS5 and CMS6 .

2

Simplified models for long-lived staus

Simplified models have successfully been used in the neutralino LSP scenario and have lead to
bounds on the gluino and squark mass beyond those derived within the CMSSM. However, one
immediately notices some important differences between that scenario and the one considered
here. In the neutralino LSP scenario, the only signal from the LSPs is missing energy. The
SUSY search is almost independent of the neutralino kinematics, rather it depends strongly on
the type and hardness of the SM particle radiation. In the considered long-lived stau scenario
it is—roughly speaking—the other way around. The kinematics of the staus, in particular
their velocities are crucial quantities. For velocities well below one the signature is basically
background free, whereas, if the velocity approaches one a comparatively huge amount of muon
background is present. Consequently, the significance of the signal will drop drastically.
When the stau is produced in a cascade decay following the production of colored sparticles
a very large number of parameters enter the computation through the mixing angles and masses
of the intermediate sparticles that can participate in the cascade decay. But not all parameters
are equally important. Obviously, the masses of the squarks and gluinos play an important role
in determining the production cross section. Additionally, the mass of the stau determines the
total phase space available in the cascade decay of the lightest colored sparticle (LCP) down
to the stau and thus dominantly determines the stau velocity. The impact of the intermediate
sparticles can successfully be described by introducing a few distinct simplified models which
represent limiting cases of realistic spectra and allow for the free parameters mge, mqe and mτe1 .
Considering a fixed mass gap mLCP − mτe1 , in the limit of massless SM radiation a non-trivial
extremum of the stau velocity is given by the mass pattern
mi = (mLCP )

n−i
n

i

(mτe1 ) n

(1)

of n − 1 intermediate sparticles i. This extremum is usually a minimum. The only other
extremum is represented by the mass degenerate configurations
mi = mLCP ,

mj = mτe1 ,

i<j,

(2)

which is kinematically equivalent to a direct decay of the LCP into the stau. These observed
extrema motivate the following simplified models. Model A: The direct decay over a nearly
degenerate neutralino (mχe0 ' mτe1 ). Model B: The mass pattern (1) for n = 2, LCP→ χ
e01 → τe1 ,
√
i.e. mχe0 = mLCP mτe1 . Model C: The mass pattern (1) for n = 4, LCP→ χ
e02 → `e → χ
e01 → τe1 .
In fact, these models represent limiting cases even for decay chains that radiate massive SM
particles, like LCP→ χ
e02 → χ
e01 → τe1 . Decay chains longer than n = 4 are rather unlikely and
will not make up the dominant decay mode within the MSSM.9
Another important difference between the neutralino LSP and the considered scenario is that
the latter provides a perfectly well observable direct production mechanism. The production via
the Drell-Yan (DY) process depends only on mτe1 and (less strongly) on the stau mixing angle
θτe. The stau mixing angle that provides the lowest cross section, θτemin , is practically independent
of the mass and kinematics of the stau (at least for stau masses above roughly 150 GeV). Thus
the DY production provides an important lower limit on the stau mass, which is completely
model-independent.10
3

LHC reach

To estimate the projected LHC reach of the scenario we performed a full-fledged Monte Carlo
study. We imposed a set of selection criteria which was optimized in order to provide high
efficiencies throughout the considered parameter space. This was achieved by only taking into
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Figure 1: Projected LHC sensitivity (95% CLs exclusion, see footnote b) for the models A (blue dashed), B
(green solid) and C (red dot-dashed) as well as A (cyan dotted) and C (purple dot-dot-dashed) for a reduced set of
selection criteria (see text for details). In the lower right panel the curves represent the minima in the sensitivity
with respect to the variation of mτe1 . We assume a common squark mass for all flavors. Taken from reference 9.
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Figure 2: Left panel: Projected LHC sensitivity (95% CLs exclusion, see footnote b) for the models A (blue
dashed), B (green solid) and C (red dot-dashed). The curves represent the minima in the sensitivity w.r.t. the
variation of mτe1 . We assume a common squark mass for all flavors. Right panel: The cross section limit on stau
pair production from the 7 TeV CMS data and the NLO cross section prediction for the DY production with θτmin
e .

account the staus and up to two jets. The most important background is the DY production of
muons, even when two hard jets (pT > 200 GeV) are required.
Figure 1 shows the projected 95% CLs exclusion limitsb at the 8 TeV LHC for the three
simplified models defined in 2. In model A (blue dashed lines) the decay LCP→ χ
e01 is the
dominant decay leading to hard jets and potentially highly boosted staus. In an intermediate
region of mLCP − mτe1 this leads to an enhancement of the significance whereas for large mass
gaps mLCP − mτe1 the significance drops sharply, despite the fact that the jets become harder.
(The cyan dotted curve shows the sensitivity without taking the jet-optimized selection criterium
into account.) The scenario would hide very effectively from observation if it were not for the
direct production which increases the sensitivity for lower mτe1 . This results in a minimum in
the sensitivity just above the limit provided by the minimal DY production. For small mass
gaps mLCP − mτe1 the lower limit on the velocity becomes more important. Such a lower limit
might be imposed by trigger restrictions. The purple dot-dot-dashed curves show the sensitivity
for C after dropping a selection criterium that allows staus to fire the muon trigger in delay, i.e.
requiring a buffering of the tracker data up to three bunch crossings in delay.
In the lower right panel of figure 1 and the left panel of figure 2 the LHC sensitivity in the
mge-mqe-plane is shown. The curves show the 95% CLs taking the respective mτe1 that yields the
lowest cross section at each point. The simplified models A, B and C span a relatively narrow
band in the mge-mqe-plane. From the non-observation of heavy stable charged particles this allows
for an estimation of model-independent limits on mge and mqe. In the right panel of figure 2 the
cross section for direct DY production of staus is displayed as a function of the stau mass. We
chose here the stau mixing angle which yields the smallest cross section. Additionally, we display
the cross section limit curve from CMS6 obtained for another choice of θτe. Since the kinematics
do not depend on θτe, we do not expect any changes in the cut efficiencies.
4

Conclusion

The long-lived stau scenario can be very well described by simplified models. The direct detectable stau does not give rise to regions in parameter space where the scenario hides very
effectively from observation, as it is e.g. the case in the neutralino LSP scenario where compressed or widely spread spectra are difficult to explore. From the minimal direct production,
long-lived staus with a mass below mτe1 = 216 GeV can be excluded. This limit is completely
model-independent. In the described framework, conservative limits on the gluino mass and a
common squark mass of about mge > 1100 GeV and mqe > 1250 GeV can be estimated.
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Search for R-hadrons at the ATLAS experiment at the LHC
M.D. Joergensen
On behalf of the ATLAS Collaboration
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Blegdamsvej 17, Copenhagen, Denmark
The latest search for massive long-lived hadronising particles with the ATLAS detector is
presented. The search is conducted with the inner detector and an integrated luminosity
√
corresponding to 2.06 fb−1 at s = 7 TeV. For Split-SUSY scenarios gluino masses below 810
GeV have been excluded.

1

Introduction

This paper presents the latest search for massive long-lived hadronising particles with the ATLAS
detector at the LHC 1 . The discovery of new massive long-lived particles at the LHC would be of
fundamental significance 2 . It was the discovery of a stable massive particle that opened the field
of particle physics, and for many years electrons, protons, neutrons and muons were the only
known type of elementary particles, all of which could be detected due to their long-lived nature.
With the advent of accelerators the discovery of long-lived hadrons heralded the development
of quantum chromodynamics, the theory of the strong interaction. In that sense history is a
primary motivation for the search for new long-lived particles. Furthermore multiple new models
predicts potentially long-lived particles. The search presented here investigates specific SUSY
scenarios that predict massive long-lived coloured particles in the form of colour-octet gluinos
(g̃). Due to colour confinement it is expected that the heavy sparton will hadronise with standard
model partons into a colour neutral object called an R-hadron 2 . In R-parity conserving SUSY
models this bound state is kept stable. The sparton itself is assumed stable or at least long-lived
by other mechanisms, for instance requiring a highly suppressed decay channel 3 .
The primary search strategy for these objects relies on them being massive compared to the
available collision energy. This in turn leads to the assumption that the particles must move at
low velocities compared to the speed of light, thus behaving differently than most other directly
observable particles produced. If the slow moving particles carry electric charge the particle can
be detected in multiple sub systems in ATLAS 4 . In general two complementary methods both
sensitive to particle velocity; time of flight and anomalous energy deposition are used.
In previous searches 5,6 ATLAS reported results based on a combination of sub-detectors,
Pixel based specific energy loss dE/dx, Calorimeter based time-of-flight (ToF) and ToF in
the Muon spectrometer as well. The analysis presented here only uses the Pixel based dE/dx
method in order to remain insensitive to hadronic interactions in the calorimeters that can cause
an exchange of light quarks making the R-hadron electrically neutral and invisible to further
detection.

2

Models and datasets

√
The analysis is based on LHC pp collision data at s = 7 TeV, recorded in the period between
March and August 2011. This corresponds to an to an integrated luminosity of 2.06 fb−1 after
data quality cuts. Signal samples have been generated in a range of masses from 200 to 1000 GeV
in 100 GeV intervals. The analysis is insensitive to lower masses due to trigger constraints and
large backgrounds. The R-Hadron samples are pair produced g̃g̃ simulated with Pythia 7 . The
initial hadronisation of gluinos into R-Hadrons is done with a custom version of the Lund string
hadronisation model. The particles are always produced stable in this scenario. Simulating the
R-Hadron interaction with material in the detector is handled by dedicated Geant4 routines 8,9 .
Because of the limited knowledge regarding the possible hadronic states, three different models
are used to cover various model assumptions 5 . In all Monte Carlo samples, the primary collision
event is overlaid with minimum bias simulated events to model the pile-up conditions in data.
3

Pixel-based mass estimation

dE/dx (MeV g-1 cm2)

The silicon pixel detector is the part of the tracker situated closest to the beam pipe in ATLAS
and covers the radial distance 50.5 < r < 122.5 mm in the pseudorapidity region |η| < 2.5. The
detector consists of three layers parallel to the beam pipe in the barrel region and perpendicular
in in the end-cap regions. In total the pixel tracker contains 80 million pixels. The pixel tracker
is capable of reading out a “time over threshold” (ToT) value that corresponds to the amount
of charge collected in each pixel. The threshold is set at a minimum value of 3200 ± 80 e− . The
maximum charge collected per pixel is limited by the dynamic range of the read out electronics
(8 bit ADC) to roughly 8.5 times the energy deposited by a minimum ionising particle (MIP).
Depositions higher than that causes a saturation leading to a mismeasurement. The maximum
value limits the sensitively to slow particles with velocities higher than β & 0.3. To arrive at
an estimate of the specific energy loss dE/dx the charge deposition is measured in all pixels in
the vicinity of the track in all layers. The truncateda mean value of the energy deposited is then
divided by the expected track length in the material.
The specific energy loss by a charged particle depends from the velocity of the particle in
the material as illustrated by figures 1, 2. The relationship is described by the well known
Bethe-Bloch formula. To obtain an empirical formula for the specific energy loss in the pixel
detector a fit is made on the dE/dx distributions from low momentum standard model particles
with well-defined masses (fig. 1).
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Figure 1: Measured specific energy loss
(dE/dx) in the pixel detector as a function of momentum for low pT standard
model particles 1 . The bands corresponds to pions, kaons and protons respectively.
a

Figure 2: Specific energy loss as a function of momentum for four different simulated R-hadron masses 1 : 100, 300, 500
and 700 GeV.

This is done to avoid fluctuations from a deposition far out on the Landau tail

Table 1: Cut flow table: observed data yields and signal expectation 1 . The quoted uncertainties are statistical.

Cut level
Trigger
Offline ETmiss
Primary vtx
High-pT
Isolation
High-p
Ionisation

# Events
2,413,863
1, 421, 497
1, 368, 821
212, 464
32, 188
21, 040
333

Data
Cut Eff.
0.589
0.963
0.155
0.151
0.654
0.016

Total Eff.
0.589
0.567
0.0880
0.0133
8.7 × 10−3
1.4 × 10−4

Bkg
# Events
—
—
—
—
—
—
332

Gluino 400 GeV
Total Eff.
0.205 ± 0.013
0.200 ± 0.013
0.200 ± 0.013
0.120 ± 0.010
0.100 ± 0.009
0.099 ± 0.009
0.067 ± 0.008

Gluino 700 GeV
Total Eff.
0.219 ± 0.009
0.216 ± 0.009
0.216 ± 0.009
0.129 ± 0.007
0.105 ± 0.006
0.104 ± 0.006
0.085 ± 0.005

Equation 1 expresses the most probable value of the specific energy loss for a given velocity
β. The function is numerically inverted to find the velocity as a function of energy loss and then
the mass.
p1
MPV dE/dx (β) = p3 ln (1 + (p2 βγ)p5 ) − p4
(1)
β
4
4.1

Selection
Trigger

It is currently not possible to trigger directly on heavily ionising tracks with the ATLAS detector. To compensate, the analysis uses a missing energy trigger that relies on the production
mechanism of the gluinos which also induces associated QCD radiation. A large missing energy
component from initial state radiation (ISR) jets enables the use of the lowest unprescaled missing ET trigger available in the data taking period. The threshold is set to ETmiss > 70 GeV. The
overall acceptance in the mass range of interest is around 20%, with a slight mass dependence.
4.2

Candidate selection

The selection reduces overall background by requiring offline ETmiss > 85 GeV, a vertex with at
least 5 tracks of which one track must have pT > 50 GeV and the longitudinal and transverse
impact parameters below 1.5 mm. High-pT track candidates must also have three hits in the
pixel detector, six hits in the silicon tracker and be isolated from other tracks with pT > 5 GeV
and ∆Rtrk > 0.25. Furthermore the track must have a momentum p larger than 100 GeV.
The last cut is based on ionisation. The dE/dx estimate is not entirely flat as a function of
pseudorapidity, to compensate the track must have a energy loss larger than 1.8 − 0.045|η| +
0.115|η|2 − 0.033|η|3 MeV/g cm−2 . The resulting reduction is illustrated in table 1 for data,
background and two signal sets.
4.3

Background estimation

The background is expected to be entirely due to instrumental misclassification. A full MonteCarlo simulation from first principles would require a very accurate model of the detector feedback to a degree not yet feasible. Instead a data-driven approach is used. By assuming independence between momentum and charge deposition for the background, two independent side-band
windows (Bkg1 and Bkg2 in table 4.3) can be defined outside the relevant physics region.
In the Bkg1 region momentum is sampled as a function of η with the requirement that
dE/dx must be less than 1.8 MeVg−1 cm2 . In the Bkg2 region the dE/dx spectrum is sampled
as a function of η for p < 100 GeV. Tracks in these regions are collected in 2D histograms
Bkg1(η, p), Bkg2(η, dE/dx). The two distributions are then sampled randomly 2 million times

Table 2: Sideband regions

Low p
High p

Low dE/dx
—
Bkg1

High dE/dx
Bkg2
signal

for each sampling and the values are combined to form a mass estimate based on the dE/dx
and the momentum sampled. The resulting distribution is scaled to match the distribution in
data by matching the sideband region below the signal region m < 140 GeV. The resulting
background is shown in figure 3.
5

Results
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Cross section [pb]

Candidates / 20 GeV

After the final selection no significant deviation from the standard model is observed. An upper
limit is calculated for each mass hypothesis with the CLs method at 95% CL. Comparing with
expected cross sections produced with Prospino 10 a mass exclusion for Split-SUSY gluinos are
found for gluino masses less than 810 GeV assuming gluino-gluon formation at 10%. Limits for
all tested masses are shown in figure 4.
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Figure 3: Mass distribution for data, background and Figure 4: Upper limit on gluino R-Hadron production
four simulated gluino R-Hadron signal scenarios scaled
cross section 1 .
1
to the Prospino expected cross sections .
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STRONG SO(10)-INSPIRED LEPTOGENESIS: PREDICTIONS AND
MOTIVATIONa
L. MARZOLA
University of Southampton, School of Physics and Astronomy,
Southampton SO17 1BJ, England
We highlight the existence of regions in the parameter space associated to the SO(10)-inspired
model of leptogenesis where, beside the current experimental constraints, also non-trivial
strong thermal leptogenesis requirements are satisfied. These particular solutions guarantee
the independence of the model from possible pre-existent asymmetries, motivating at the
same time the value observed for baryon asymmetry of the Universe. Attracted by these
features we insist on the strong thermal solutions of the SO(10)-inspired model, presenting
sharp predictions on the low energy neutrino parameters which fall in the range of the nextgeneration experiments.

1

Introduction

Leptogenesis is a class of models in which neutrino masses and baryon asymmetry of the Universe
share a common origin 3 . The model we consider is based on a type-I seesaw extension of
the Standard Model, involving three Majorana right handed (RH) neutrinos NRi (i = 1, 2, 3).
More precisely, after the charged-lepton-Yukawa-coupling matrix has been diagonalised, the
Lagrangian can be written as
1 c
L = LSM + iNRi ∂ µ γµ NRi − hαi ℓLα NRi Φ̃ − NRi
DMi NRj + H.c.
(1)
2
where DX indicates the diagonal form of the matrix X, the subscript ‘α’ denotes the chargedlepton flavours (α = e, µ, τ ) and the subscript ‘i’ refers to the RH neutrinos (i = 1, 2, 3). With
the setup in Eq. 1 a neutrino Dirac mass term, mD = hv, is generated at the electro-weak
symmetry breaking, where v = 174 GeV. Then, in the seesaw limit M ≫ mD , the neutrino
spectrum splits effectively into two parts: on one hand we have three light neutrinos associated
to the mass scale resulting from the famous seesaw formula
−1 T
mD .
mν = −mD DM

(2)

c
On the other, in the high energy sector of the theory, three heavy neutrinos Ni ≃ NRi + NRi
4
generate the baryon asymmetry of the Universe through their CP-violating decays . By net
lept
lept,f
leptogenesis accounts for the production of a baryon asymmetry as large as ηB
≃ 10−2 NB−L
.
lept,f
Here NB−L represents the final amount of B − L asymmetry induced by the heavy neutrino
decays, while NX denotes the abundance of particle or asymmetry X calculated in a co-moving
volume which contains one RH neutrino in ultra-relativistic regime and thermal equilibrium.
a

This paper is based on the work in 1 , 2 and its content was presented to the Electroweak Interaction and
Unified Theories session of the 47th edition of the Recontres de Moriond.

2

The Model

The seesaw type-I extension in Eq. 1 introduces 18 new parameters: 15 in the Yukawa coupling
matrix hαi and the three heavy masses Mi . Considering now the Takagi factorisation of the
light neutrino mass matrix by the PMNS matrix U
U † mν U ∗ = −Dm

(3)

as well as the bi-unitary decomposition of the neutrino Dirac mass matrix mD
mD = VL† DmD UR .

(4)

−1 V U D U T V T D −1 = U D −1 U T = M −1 .
by means of the seesaw formula in Eq. 2 it is: Dm
R M R
m
mD
L
D L
It is therefore clear that the unitary matrix UR , appearing in Eq. 4, is determined by the
−2 †
UR .
diagonalisation of the Hermitian operator M −1 (M −1 )† ≡ UR DM
As a consequence we can re-parameterise the model adopting the following inputs: 3 Dirac
masses in DmD , 6 parameters in the PMNS matrix U , 6 in the unitary matrix VL and 3 light
neutrino masses in Dm . Then, beside the available experimental information which partially
constrain the light neutrino mass spectrum in Dm and the mixing angles in the PMNS matrix,
we impose further theoretical conditions that characterise the model. To this purpose we adopt
the SO(10)-inspired relations 5 6 , which set a similarity between the up-type quarks and neutrinos
quantified by the following conditions:

1. the mixing angles in VL are limited according to the ranges of the CKM counterpartsb
2. each neutrino Dirac mass λi is proportional to the corresponding up-type quark mass,
λ1 = α1 mu , λ2 = α2 mc and λ3 = α3 mt . We also expect αi ∼ O(1).
These assumptions completely specify the SO(10)-inspired model. In the next Section we describe the leptogenesis process within this framework and review the strong thermal leptogenesis
conditions.
3

Leptogenesis in the SO(10)-inspired scenario

Through the seesaw formula in Eq. 2, the Dirac mass hierarchy induced by the SO(10)-inspired
conditions is transferred to the RH neutrinos. Then, excluding particular choices of parameters
which result in a degenerate mass spectrum 7 , the RH neutrino masses obey the hierarchical
relation
M1 ≪ 109 GeV < M2 < 1012 GeV ≪ M3 .
(5)
Notice that for the above conditions the CP asymmetries 8 of N1 and N3 are negligible, therefore
the emerging leptogenesis scenario is purely N2 -dominated. As a result the B-L asymmetry
generation proceeds according to the following steps:
• for T ∼ M2 the B-L asymmetry is generated by the N2 decays in a two flavour (τ, τ̃2 )
regime 9 10 11
• for T ∼ M1 the N1 processes are active and the asymmetry created by N2 is partially
washed out in a three flavour (e, µ, τ ) regime.
b

This is because VL would play here the same role as the CKM matrix does in the quark sector, if we had no
seesaw mechanism.

In this way the generated B-L asymmetry is independent of α1 and α3 and at the end of the
leptogenesis process it is
lept,f
≃
NB−L

0
0
P2µ
3π
3π
P2e
− 3π
K1e
8
ε
κ(K
,
K
)e
ετ̃2 κ(K2 , Kτ̃2 )e− 8 K1µ + ε2τ κ(K2 , K2τ )e− 8 K1τ . (6)
+
τ̃2
2
τ̃2
0
0
Pτ̃2
Pτ̃2

where we adopted the same conventions as in 6 .
3.1

Strong thermal leptogenesis

The N2 -dominated scenario is particularly relevant when considering the problem of initial conditions in leptogenesis. Due to the high re-heating temperature usually required by leptogenesis
models and disregarding ad hoc inflation scenarios, it is natural to expect a certain amount
preex
of B-L asymmetries, NB−L
, to be generated before the onset of leptogenesis by other mechalept,f
nisms. This preexistent contribution would sum to the leptogenesis one, NB−L
, and be in part
responsible for the generation of the baryon asymmetry of the Universe through the sphaleron
preex
processes. Unfortunately a detailed calculation of NB−L
is not viable at the moment, as it relies
on an accurate description of the state of the Universe after the inflation era. On top of that,
a priori there is no reason to exclude preexistent contributions large enough to dominate the
final B-L asymmetry and even to impose a baryon asymmetry of the Universe much larger than
cmbr ∼ 10−9 actually measured. In this sense N preex represents an unknown and problematic
ηB
B−L
initial condition for leptogenesis models.
A possible solution to the above problem is given by strong thermal leptogenesis 2 . In these
scenarios the same leptogenesis processes wash out any possible preexistent contribution, so
lept,f
that after the leptogenesis era the B-L asymmetry is dominated by NB−L
. In other words,
strong thermal leptogenesis ensures the independence from possible preexistent asymmetries
and the initial conditions therein encoded. Hence the baryon asymmetry of the Universe is
necessarily a leptogenesis product, and models can recover their predictability. In this way
strong thermal leptogenesis also provides a motivation for the coincidence that, given the low
energy neutrino parameters in the ranges actually measured, leptogenesis naturally produces an
amount of baryon asymmetry compatible with the one measured in our Universe.
Strong thermal leptogenesis within flavoured models with hierarchical RH neutrinos is realised under non-trivial constraints, fulfilled only by the tauon N2 -dominated scenario 2 . Specifically, beside the mass spectrum of Eq. 5, the tauon N2 -dominated scenario requires the following
conditions on the flavoured decay efficiency parameter Kiα : K2τ ≫ 1, Kτ̃2 ≫ 1, K1e ≫ 1 K1µ ,
but K1τ ≤ 1. These constraints ensure the washout of any preexistent contribution through the
projection effect 12 . Hence the amount of preexistent asymmetry at the end of the leptogenesis
preex,f
process, NB−L
, is necessarily negligible. Nevertheless, for the same conditions, a τ -lepton
asymmetry is generated by the N2 decays, resulting in the amount of B-L asymmetry required
for leptogenesis to be successful.
4

Strong SO(10)-inspired leptogenesis and its predictions

From the discussion in Section 2 it should be clear that the SO(10)-inspired model of leptogenesis
represents a natural embedding for N2 -dominated scenarios. Attracted by the features of strong
thermal leptogenesis we therefore aim to verify the compatibility of the model with the conditions
reported in Section 3. To this purpose we performed a scan of its parameter space, seeking
preex,f
lept,f
the region where the strong leptogenesis condition NB−L
≪ NB−L
is satisfied and a right
amount of B-L asymmetry is produced. Restricting ourselves to the experimental 2σ-ranges 13 ,
preex,0
. It
we repeated the analyses for different values of the initial pre-existent asymmetry NB−L
should be stressed that the results presented in Figure 1 refer exclusively to normal-ordered light

neutrinos: no strong thermal solutions have been found for inverted order within the current
framework.

Figure 1: Predictions on the low energy neutrino parameters, α2 = 5. The colour code indicates the magnitude of
the preexistent B − L asymmetry washed out in the corresponding point of the parameter space. Yellow dots are
for O(0), blue dots for O(10−3 ), green dots for O(10−2 ) and red pentagons are for O(10−1 ). The model correctly
reproduces ηB ∼ 10−9 in all the coloured regions.

To conclude we highlight the main results emerging from our analyses, considering for sake
of definiteness the green regions of Figure 1 which denote the washout of an initial pre-existent
preex,0
asymmetry as big as NB−L
∼ O(10−2 ). A more exhaustive investigation involving the red
regions is in preparation 1 . Focusing on the first panel, we can see how strong thermal leptogenesis
constrains the lightest neutrino mass m1 and the neutrinoless double beta decay mass scale mee
to the range around 10−2 eV. This is our strongest prediction, which nicely falls within the
declared sensitivities of next-generation experiments. The middle panel shows the agreement
between the model and current observations, requiring a non-zero value for the lepton mixing
angle θ13 and presenting the bulk of solutions for large values of the parameter. Finally the
last panel is reserved for the signature of the model, encoded in θ23 . In fact the strong thermal
solutions of the SO(10)-inspired model predict non-maximal values for the mixing angle, with
o
max ≃ 44o and the majority of solution falling for θ
an upper bound at θ23
23 ≤ 42 .
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MEASUREMENT OF THE Z + b-JETS CROSS SECTION
√
IN pp COLLISIONS AT s = 7 TeV WITH THE CMS DETECTOR

T.A. DU PREE
(on behalf of the CMS collaboration)
CP3 - Centre for Cosmology, Particle Physics and Phenomenology,
2, Chemin du Cyclotron, 1348, Louvain-la-Neuve, Belgium
The production of a Z boson in association with b jets is of interest to tests of theoretical
predictions from QCD as well as in the context of searches for yet undiscovered particles. In
these proceedings the measurement of the production cross sections of Z bosons in association
with one or two b jets is described, as produced in proton-proton collisions at the LHC at
a center-of-mass energy of 7 TeV and reconstructed at the CMS experiment, with a dataset
corresponding to an integrated luminosity of 2.1 fb−1 . The estimated cross sections and the
distributions of kinematic variables of the jets and leptons in the final state are compared to
the theoretical predictions.

1

Introduction

The dominant contribution for the production of Z bosons in association with one or more b
jets, or ‘Z+b-jets’ production, originates, for proton-proton collisions at the LHC centre-of-mass
energy of 7 TeV, from interactions of splitting gluons. Using a dataset corresponding to an
integrated luminosity of 2.1 fb−1 , the cross section of the production of Z bosons in association
with one b jet1 or two b jets2 have recently been measured at CMS3 . The comparison of these
measurements with theoretical predictions are of interest to precision tests of the Standard
Model, as well as in the context of searches for yet undiscovered particles.
The production of a Z boson in association with a single b-jet, or ‘Z+1b-jet’ production, is of
interest to tests of predictions from QCD. The cross-section calculations, driven by perturbative
QCD predictions, are currently derived in two ways: fixed-flavour and variable-flavour schemes.
The fixed-flavour scheme 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; recently
calculations have been performed with massive b quarks at NLO4 . The variable-flavour scheme
allows also the b quark to participate directly in the hard scattering, by integrating the gluon
splitting process into the PDF; NLO calculations have been performed using massless b quarks5 .
The production of a Z boson in association with two b-jets, or ‘Z+2b-jets’ production, is of
interest to various searches for yet undiscovered particles: it serves both as a benchmark channel
and is the main background for different channels containing b jets and muons in the final state.
An example of such a measurement is the search for production of the Standard Model Higgs
boson in association with a Z boson, in the Z+H(bb) final state.

2

Event selection, backgrounds, and efficiencies

Candidates for a Z boson decaying into two leptons are selected by reconstructing two oppositely
charged electrons (muons) with a transverse momentum plT > 25 (20) GeV and a pseudorapidity
|η l | < 2.5 (2.1). In order to reject background, muon and electron isolation criteria are applied.
To suppress leptons originating from tt̄ production, the invariant mass of the dilepton pair is
required to be in the range 76 GeV < M (ll) < 106 GeV.
Jets are reconstructed using the particle-flow algorithm6 : individual particles are reconstructed considering information from different subdetectors, which are subsequently clustered
into jets, using the anti-kT jet clustering algorithm7 with a distance parameter of 0.5. The jets
are required to have a transverse momentum pjT > 25 GeV, a pseudorapidity |η j | < 2.1, and
they have to be separated from each of the leptons originating from the Z candidate by at least
∆R(j, l) = 0.5. In order to further suppress background originating from tt̄ production, the
missing transverse energy, estimated using particle flow reconstruction, is required to be less
than 50 GeV.
Jets originating from b quarks are identified by taking advantage of the long b-hadron
lifetime. The selection is performed based on the presence of a secondary vertex and on the
significance of its impact parameter with respect to the primary vertex, considering all secondary
vertices built from two tracks or more. The discriminant value to define b jets is chosen such
that the rate of tagging a light quark is below 1%8 .
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
production of tt̄, ZZ, and Z bosons in association with lighter jets. After reducing these backgrounds, their contributions are estimated, using methods that are partly data-driven. The
background contamination originating from tt̄ production is estimated using the dilepton invariant mass spectrum: template shapes to describe the distributions of both the Drell-Yan and the
tt̄ contribution are estimated from MC, and are used in maximum likelihood fits to extract the tt̄
contamination from the data. The background due to mistagging light jets is estimated from the
distribution of the invariant mass of the secondary vertex of the b-tagged jets: template shapes
are estimated from MC to model the distributions for the different jet flavors, and are used in
maximum likelihood fits to extract the b-jet purity from the data. The expected Z(ll)Z(bb) yield
is estimated from MC, using the cross section and uncertainty from the CMS measurement9 for
the normalization. Using the estimated background contaminations, the reconstructed signal
sig
sig
yield is estimated to be NZ(µµ)+bb
= 133 ± 21 and NZ(ee)+bb
= 95 ± 15.
In order to extract the cross section, these yields are corrected for the efficiencies of both
the dilepton selection and the b-jet selection, as well as the detector resolution effects, and the
acceptance of the leptons. Therefore, the efficiency of the selection is factorized in two parts: the
b-tagging efficiency and the lepton selection efficiency. The efficiency of the dilepton selection
is estimated in data and MC using tag-and-probe method in events with at least two leptons
and a jet passing the requirements detailed above. For data-MC comparisons, MC events are
reweighted according to the data/MC scaling factors per lepton, as a function of their pT and
η. Similarly, the b-tagging efficiency is estimated from data, and the expectations from MC are
corrected accordingly. Furthermore, corrections for the effect of the resolution of the detector,
dominated by the jet energy resolutions, are taken into account, which allows to interpret the
results at the particle level rather than at the reconstructed level.
3

Results

The cross sections for the production of Z+b-jets, after unfolding the reconstructed sample to the
particle level, taking into account the b-jet multiplicites, are shown in table 1. These results are
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Figure 1: The pT distribution of the bb̄ pair after the baseline selection. The grey band in the upper plot represents
the systematic effect due to varying the jet energies according to their uncertainty and adding in quadrature the
uncertainty due to varying the systematic uncertainty on the b-tag efficiency. The yellow band in the lower plot
represents the statistical uncertainty on the MC yield.

Table 1: Estimated cross sections for the production of Z(ll)+b-jets, categorized according to b-jet multiplicity.
The cross sections are defined at hadron level, for lepton selection 76 < M (ll) < 106 GeV, plT > 20 GeV, |η l | < 2.5,
and jet selection pjT > 25 GeV and |η j | < 2.1, and a separation between the leptons and the jets of ∆R(j, l) > 0.5.

Process
Z(ll)+2b-jets
Z(ll)+1b-jet
Z(ll)+b-jets

Measured cross section
0.37 ± 0.02 (stat.) ± 0.07 (syst.) ± 0.02 (theory) pb
3.41 ± 0.05 (stat.) ± 0.27 (syst.) ± 0.09 (theory) pb
3.78 ± 0.05 (stat.) ± 0.31 (syst.) ± 0.11 (theory) pb

in agreement with the predictions by the Madgraph10 event generator interfaced with Pythia11
for the parton shower.
Besides an estimate of the cross-section, crucial kinematic variables are studied, comparing
kinematical properties of the events with the predictions by the Madgraph event generator
interfaced with Pythia for the parton shower. The pT distribution of the dijet pair is shown in
figure 1. The tensions observed in the comparisons between data and MC possibly originate from
the modelling of the spectra, which needs to be further studied with more statistics, possibly
with NLO simulations. Understanding the details of the kinematics is a key for the precise
understanding of QCD and in the search for yet undiscovered particles in similar topologies.
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b-TAGGING CALIBRATION USING tt̄ EVENTS WITH THE ATLAS
EXPERIMENT
A. LEYKO
on behalf of the ATLAS Collaboration
Physikalisches Institut, Rheinische Friedrich-Wilhelms-Universität Bonn,
Nussallee 12, 53115 Bonn, Germany
Results of b-tagging calibrations measured in 35 pb−1 of data collected by the ATLAS detector
√
from the Large Hadron Collider pp collisions at s = 7 TeV in 2010 are presented. Two
different approaches, using jets containing muons and jets originating from top quark pair
event candidates are discussed. The measurement on the dijet sample was performed using the
pTrel and system8 methods, while in the sample of top quark pairs a kinematic selection and
a tag counting method were used. The results are provided in the form of data-to-simulation
scale factors.

1

Introduction

Many physics analyses at the LHC expect to have jets originating from b-quarks and the algorithms that allow to identify those jets are of great importance1 . It is thus crucial to understand
their performance. In the final state of top quark pair decays at least two b-jets are present.
This b-enriched sample provides a perfect environment for calibration of b-tagging algorithms
for analyses with large multiplicity of high pT jets, for example Higgs or SUSY searches. This
approach takes advantage of the large cross-section of the top quark pair production at the
LHC and a good understanding of this process after the initial phase of data taking with the
ATLAS detector. To measure the b-tagging efficiency in the single-lepton channel a modified
tag-and-probe method is applied to top quark pair events selected from data. Alternatively, in
both single-lepton and dilepton channels, the number of b-tagged jets per event can be counted.
The latter also provides an estimation of the top quark pairs production cross-section.
2

b-tagging algorithms

b-tagging algorithms are designed to identify reconstructed jets originating from b-quarks. A
b-quark hadronizes to a B-hadron, which decays and forms a secondary vertex that can be
reconstructed in the tracker of the ATLAS detector. The SV0 b-tagging algorithm2 , which
uses the presence of an inclusively reconstructed secondary vertex to separate b-jets from lightflavour jets, will be used to demonstrate the performance of various calibration methods in these
proceedings. However, there is a variety of algorithms calibrated in the ATLAS experiment, such
as IP3D3 which relies on the impact parameter of the tracks associated to jets. There are also
more advanced taggers that are combination of other tagging algorithms, IP3D+JetFitter3 and
IP3D+SV13 .
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Figure 1: Expected rejection rate as a function of the b-jet tagging efficiency for various b-tagging algorithms3 .
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The performance of a b-tagging algorithm can be assessed by studying the rate with which
the algorithm rejects light-flavour jets for a given efficiency to tag a jet originating from a bquark. The rejection rate is defined as the ratio of all light-flavour jets to those tagged by
the b-tagging algorithm. Figure 1 shows rejections rate as a function of b-tagging efficiency for
various b-tagging algorithms.
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Figure 2: Left: Example of a template fit to the prel
T distribution in data before b-tagging. All jets with pT >
20 GeV are considered in the fit and uncertainties shown are for data statistics only4 . Right: Data-to-simulation
b-jet tagging efficiency scale factors as a function of jet pT , obtained with system8 and pTrel methods, for the
SV0 tagging algorithm, measured in 35 pb−1 of data collected in 2010 5 .

3

Calibration with jets containing muons

In approximately 20% of B-hadron decays there will be a muon present. As shown in Figure 2
rel
(left) muons originating from b-quarks have in average higher prel
T , where pT denotes the muon
transverse momentum pT with respect to the µ+jet direction. In the pTrel method4 the b-tagging
efficiency is extracted by fitting templates of prel
T for b-, c- and light-flavour jets to data before
and after tagging with the algorithm under test. The templates are obtained from Monte-Carlo
simulations.
The system8 method5 uses the same sample of jets with reconstructed muons, however is applying
additional selection criteria, which divide it into three subsamples with different b-purity. This

allows for a construction of a system of eight equations from which the efficiency to tag a b-jet
can be extracted.
The results of both calibration methods in form of data-to-simulation scale factors are presented
in Figure 2 (right). Both approaches rely on low pT jet triggers to enable the measurement for
the low pT jets, which has some statistical limitation. Moreover for high pT jets the prel
T variable
is not anymore a good discriminant between b-, c- and light-jets. And thus the methods using
jets containing muons cannot be applied to jets with very high pT .
4

Calibration with tt̄ events
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The signature of a top quark pair decay is characterized by at least two b-jets and at least one
lepton (e or µ). These events are easy to select and the production rate of tt̄ events at LHC is
sufficiently large due to the high center-of-mass energy of the pp collisions. These factors make
this sample a perfect environment for b-tagging efficiency studies.
The measurement was performed in dilepton channel where both W -bosons from t → W b decay
leptonically (exactly two high pT isolated leptons required) and single-lepton channel where one
of the W -bosons decays hadronically (exactly one high pT isolated lepton required). These two
samples are statistically uncorrelated.
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Figure 3: Left: Number of observed and expected events in the single-lepton channel with n jets tagged by the
SV0 tagger in the tag counting measurement4 . The tt̄ signal is normalized to the NNLO cross-section. Right: The
measured data-to-simulation b-tagging efficiency scale factors for the pTrel and tt̄ methods for the SV0 algorithm4 .
The data points are placed in the middle of the jet pT bin, except for the tag counting methods that do not provide
the measurement as a function of pT . For these the scale factor points are instead placed at the average jet pT in
the tt̄ sample.

With the tag counting method the cross-section of top quark pair production and b-tagging
efficiency can be simultaneously measured. It relies on the fractions Fijk of events with i bjets, j c-jets and k light-jets which are derived from Monte-Carlo simulations separately for all
contributing processes1 . After combining those factors the expected number of events with n
tagged jets can be estimated and compared with the value measured in data which allows to
calculate the tagging efficiency4 . The number n of tagged jets for the single lepton channel is
shown in Figure 3.
The kinematic selection method directly uses the knowledge about the jet flavour composition
in the tt̄ signal and the background sample. This information is used to calculate the jet flavour
fractions and tagging efficiencies of non-b-jets in the analyzed sample. The b-tag efficiency can
then be extracted from the number of jets before and after tagging in data4 . The kinematic
selection method is applied in the single-lepton channel only. Here, additionally to the standard
tt̄ selection4 , at least one jet is required to be tagged with the SV0 algorithm. This is done in

Table 1: Total relative systematic and statistical uncertainties on the b-jet tagging efficiency for the pTrel, system8,
kinematic selection, tag counting method in the single-lepton and dilepton channels.

method

pTrel

system8

kin. sel.

tag count.
single-lepton

tag count.
dilepton

Stat.
Syst.

3-10%
4-11%

1-5%
4-12%

10-12%
11-12%

7%
5-9%

9%
4%

order to increase the signal-to-background ratio and thus increase the b-purity of the sample.
However the information about which jet was tagged in this preselection is not used in the
further analysis. In the measurement of b-tagging efficiency only four jets with the highest pT
are taken into account, assuming they are coming from the top quark pair decay4 .
The results of both tt̄ based methods are presented in Figure 3 (right) in the form of data-tosimulation scale factors. For the kinematic selection, the scale factors are obtained as a function
of jet pT , whereas for the tag counting method only a global value for all jets from selected
events is obtained.
5

Conclusions and outlook

The biggest difficulty to properly estimate the b-tagging efficiency with both approaches is that
it strongly depends on the flavor composition of the analyzed sample. The flavor fractions
are measured in the simulated events, which introduces a systematical uncertainty related to
modeling of physics processes in the Monte-Carlo simulations.
The relative statistical and total systematic uncertainties for all calibration methods discussed
in this study are listed in Table 1. The dominant uncertainties in the tt̄-based methods are
the choice of simulation generator and modeling of initial and final state radiation. Another
important contribution is the uncertainty on the background estimation, which is often obtained
directly from data. Finally, there is an uncertainty on the simulation of the detector response,
where the leading one is the jet energy scale and the resolution. More details about systematic
uncertainties can be found in references4,5 .
With more data collected with the ATLAS detector and better understanding of the tt̄ sample,
the tt̄ based b-tagging calibration methods are expected to achieve much lower statistical and
systematic uncertainties as well as to reach much higher jet pT range than is possible with the
conventional methods based on jets containing muons.
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SEARCH FOR THE STANDARD MODEL HIGGS BOSON IN ZH → ν ν̄bb̄
CHANNEL AT D0
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We present a search for a low mass Standard Model Brout-Englert-Higgs (BEH) boson produced in association with a Z boson decaying invisibly into a pair of neutrinos at a center-of√
mass energy of s ==1.96 TeV with the D0 detector at the Fermilab Tevatron collider. The
final state is characterized by the presence of two b-tagged jets from the BEH boson decay
and a large imbalance in the transverse energy of the event. This channel is very powerful
because of the large Z → ν ν̄ branching ratio, but is experimentally very challenging because
of the large QCD backgrounds and absence of visible leptons in the final state. The result
with a data set up to 9.5 fb−1 and recent improvements to the sensitivity will be presented.

1

Introduction

Higgs boson is the only fundamental element of the standard model (SM) which is yet to be
discovered. The associated ZH production in pp̄ collisions, with H → bb̄ and Z → ν ν̄, is one
of the most sensitive channels for the low mass Higgs production at the Fermilab Tevatron 1 . A
lower limit of 114 GeV on Higgs boson mass was set by the LEP experiments 2 , while an upper
limit of 127 GeV has been established by LHC experiments 3 . Here and in the following, all
limits quoted are at the 95% confidence level.
The final state considered in this analysis is a pair of acoplanar b jets from the Higgs decay,
with missing transverse energy (E
/ T ) due to the neutrinos from the Z decay. The search is therefore also sensitive to the W H channel (W → `ν) when the charged lepton is not identified. The
main backgrounds arise from (W/Z)+ heavy-flavor jets (jets originating from b and c quarks),
from (W/Z)+ light jets due to flavor misidentification (mistagging), from top quark production
e.g., tt̄ → `νbq q̄ 0 b̄ and t(q)b̄ → `νb(q)b̄, from diboson production such as (W → q q̄ 0 )(Z → ν ν̄) or
(Z → bb̄)(Z → ν ν̄), and from multijet events produced via the strong interaction, with real-b or
mistagged light parton jets and E
/ T resulting from fluctuations in measurement of jet energies.

A kinematic selection is first applied to reject the bulk of multijet events which is further
suppressed by using a boosted decision tree (BDT) technique. The two jets expected from the
Higgs boson decay are next required to be tagged as b jets, using a multivariate technique based
b-tagging algorithm. Finally, discrimination between the signal and the remaining backgrounds
is achieved by another BDT analysis.
2

Data And Simulated Samples

The analysis presented here is based on an integrated luminosity of 9.5 fb−1 collected with the
DØ detector 4 using triggers designed to select events with jets and E
/ T . The physics objects
used for this analysis are charged particle tracks, calorimeter jets reconstructed in a cone of
radius R=0.5 by the iterative midpoint cone algorithm 5 and electrons or muons identified by
the association of tracks with electromagnetic calorimeter clusters or with hits in the muon
detector, respectively. The E
/ T is reconstructed as the opposite of the vectorial sum of the
transverse energies deposited in the calorimeter and is corrected for reconstructed muons. Jet
energies are calibrated by requiring transverse energy balance in photon+jet and Z + jets events,
and these calibrations are propagated to the E
/T .
The multijet background is estimated from the data, all other standard model (SM) background processes are determined by Monte Carlo simulation. The (W/Z)+jets processes are
generated with alpgen 6 interfaced with pythia 7 . For tt̄ and for electroweak single top production, the alpgen and comphep 8 generators are used, respectively, while vector-boson pair
production processes is generated with pythia. The signal processes (ZH and W H) are generated with pythia for Higgs masses from 100 to 150 GeV in 5 GeV steps.
3

Events Selection

Events with exactly two jets with transverse momentum pT > 20 GeV and |ηjet | < 2.5 are
selected, of which one must be the leading (highest pT ) jet in the event. The two leading jets
must not be back-to-back in the plane transverse to the beam direction (∆φ(jet1 , jet2 ) < 165◦ ),
and must be accompanied by charged particle tracks so that the b-tagging algorithm can operate
efficiently. Scalar sum of two leading jets pT must be greater than 80 GeV and E
/ T in event should
be greater than 40 GeV. To suppress multijet background we apply a cut on “E
/ T significance”
S, which takes into account the resolution of jet energies to separate real E
/ T from expected
fluctuations in measured jet energies. A value of S > 5 ensures the observed E
/ T is not due to
such fluctuations.
Dominant signal topology is pair of b jets recoiling against the E
/ T due to the neutrinos
from Z → ν ν̄, therefore with the direction of the E
/ T at large angles to both jet directions. In
contrast, in events from multijet background with fluctuations in jet energy measurement, the
E
/ T tends to be aligned with a mismeasured jet. An alternative estimate of missing transverse
energy can be obtained from p/T , missing pT calculated from reconstructed charge particle tracks
which is less sensitive to jet energy measurement fluctuations. In signal events, pT is also
expected to point away from both jets, while in multijet background its angular distribution
is expected to be more isotropic. Advantage is taken of this feature by requiring a variable
D = (∆φ(/pT , JetL ) + ∆φ(/pT , JetNL ))/2, where L refers to the leading taggable jet and NL
refers to the next-to-leading taggable jet. Signal events and other non-multijet backgrounds
are selected using D > π/2, whereas multijet background events are selected using D < π/2,
after subtracting small contributions from all simulated SM processes. To reject backgrounds
from W +jets, top, and diboson production, events containing an isolated electron or muon are
rejected. Monte Carlo simulation of the SM backgrounds is verified in a control sample mainly

Events

composed of W +jets events, by requiring the presence of a muon instead of vetoing it. Multijet
modelling is verified in a separate control sample by lowering the cut on E
/ T without a cut on S.
9
A multivariate b-tagging discriminant , using several boosted decision trees as inputs, is
used to select events with one or more b quark candidates. It provides an output between 0 and
1 for each jet, with a value closer to one indicating a higher probability that the jet originated
from a b quark. From this continuous output, twelve operating points (Lb ) are defined, with
untagged jets having Lb = 0 and b purity increasing with Lb from 1 to 12.
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Figure 1: b-tagging discriminating variable Lbb .

To improve the sensitivity of the analysis, two high signal purity samples are defined using
the variable Lbb = Lb,L +Lb,N L as seen in Figure 1. A tight b-tag sample is defined with Lbb ≥ 18
and a medium b-tag sample with 17 ≥ Lbb ≥ 11. The medium b-tag sample contains events with
two loosely b-tagged jets, as well as events with one tightly b-tagged jet and one untagged jet.
A BDT technique 10 is used to take advantage of the differences in signal and background
processes to improve their separation. First, for each Higgs mass value (mH ) a decision tree
is trained to discriminate signal against multijet background, using 17 kinematic variables,
before applying any b-tagging and is optimized to remove most of the multijet background while
retaining most of the signal. To avoid any possible Higgs-mass dependence at this stage of the
analysis, signal events are not used but the multijet decision trees is trained instead on a sample
of (W/Z)+ heavy-flavor jets events. At a later stage in the analysis, additional training is done
to discriminate the signal from other SM backgrounds.
Systematic uncertainties are assigned and their impact is assessed in overall normalization
and shape of final discriminants. Agreement between data and expectation from SM and multijet background is observed both for number of selected events and for distributions of final
discriminants. A modified frequentist approach 11 is used to set limits on cross section for the SM
Higgs production. The test statistic is a joint log-likelihood ratio (LLR) of the background only
and of signal+background hypothesis, obtained by summing LLR values over the bins of final
discriminant. The impact of systematic uncertainties on the sensitivity of analysis is reduced
by maximizing a profile likelihood function 12 in which these uncertainties are given Gaussian
constraints associated with their priors.

4

Results

Table 1 and Figure 2 shows the observed and expected limit 13 , in terms of the ratio of the
excluded cross section to the SM expected production cross section multiplied by branching
fraction for H → bb̄. For a Higgs boson of mass 115 GeV, the observed and expected limits on
the combined cross section of ZH and W H production multiplied by the branching fraction for
H → bb̄ are factors of 2.5 and 3.0 times the SM value, respectively.

Table 1: Observed and expected ratios of excluded to SM production cross section multiplied by the branching
fraction for H → bb̄, as a function of mH .
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Figure 2: Expected and observed limits on the cross section ratios and log-likelihood ratios for combined ZH and
W H production using the boosted decision tree method.
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A study of forward energy flow in leptonically decaying W bosons using data of an integrated
luminosity corresponding to 36 pb−1 of pp collisions at a center-of-mass energy of 7 TeV is
presented. This data was recorded with the CMS detector during the 2010 running of the
LHC. In this sample of W events, about 300 events with no significant energy deposits in one
of the forward calorimeters are observed. This corresponds to a large pseudorapidity gap of
at least 1.9 units. The majority of the charged leptons from these W decays are found in
the hemisphere opposite to the gap. This gives a strong indication of a diffractive component
in the W production, which can be explained in terms of diffractive PDFs which have, on
average, a smaller x than the conventional parton PDFs.

1

Introduction

In proton-proton (pp) collisions a significant fraction of the interactions is expected to arise
from single-diffractive (SD) reactions, where one of the colliding protons emerges intact from
the interaction, having lost only a few percent of its energy. Such SD events may be ascribed to
the exchange of vacuum quantum numbers (often called Pomeron exchange), interrupting the
color flow and, as a consequence leads to the absence of hadron production over a wide range
of rapidity adjacent to the outgoing proton direction. Experimentally, these large rapidity gaps
will appear as regions of pseudorapidity, devoid of detectable particles (further called Large
Rapidity Gap: LRG). See Figure 1 for an illustration of diffractive W production.
Besides soft-diffractive interactions, hard-diffractive events, where the LRG signature is
found in association with jets, heavy flavors or W/Z bosons, have been observed at previous
colliders like SPS, HERA and the Tevatron 1,2,3,4,5,6 . The diffractive parton distribution functions (PDF) have been introduced and measured in electron-proton collisions. In hadron-hadron
diffractive interactions, soft multi-parton interactions occur between the proton remnants, filling the large rapidity gap and reduce the observed yields of hard-diffractive events by some
factor; the so-called gap survival probability. A recent study by CDF 7 indicates that the fractions of diffractively produced W and Z bosons are (1.00±0.11)% and (0.88±0.22)% respectively.
This paper, which focuses on the observation of diffractively produced W bosons, follows
closely the more extensive analysis presented in Ref. 8 , where the forward energy flow and central
charged-particle multiplicity and their correlations in leptonically decaying W and Z boson events
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Figure 1: (left): Diffractive W production with the exchange of vacuum quantum numbers (P). LRG denotes
the large pseudorapidity gap. (right): Diffractive (solid red line) and conventional (dashed blue line) parton
distribution functions. The cut off for very low x is artificial.

are studied in details. It is found that the currently available Monte Carlo simulations of the
underlying event structure, using non-diffractive soft-hadron production models, do not describe
simultaneously these different observables.
2

Event Selection

A detailed description of the CMS detector can be found elsewhere 9 . The selection of W events
is based on the presence of exactly one central (i.e. |η| < 1.4) and isolated lepton (electron or
muon) with high transverse momentum, pT > 25 GeV. In addition, a large missing transverse
momentum of more than 30 GeV, from the escaping neutrino, and a transverse mass of more
than 60 GeV are required. This selection results in an essentially background free (less than
1%) W sample.
At the LHC, several simultaneous pp interactions can happen in the same bunch crossing
in addition to the selected W event; the so called pileup. As the LHC instantaneous luminosity
was increasing during 2010 operation, the number of such pileup events per bunch crossing was
increasing with time. While the selection efficiency of W events is independent of the instantaneous luminosity, the charged-particle multiplicity and the forward energy flow are not, and
thus the LRG signature is strongly affected by pileup; i.e. the gap is “filled”. In order to limit
effects from pileup, events with more than one vertex are rejected.
Pileup can be categorized as hard and soft events. Hard pileup, producing detectable central
charged particles and thus a vertex, are rejected by the multi vertex veto. The soft component,
presumably from diffractive proton dissociation, has no detectable transverse activity in the
central region, especially no reconstructed vertices.
This selection results in about 32 000 single vertex W events.

3

Forward Energy Flow in W Events

Figure 2 (left) shows the minimum of the forward energy deposits in the two hadronic forward
calorimeters (HF+ and HF-, depending on the z-coordinate), which have a pseudorapidity coverage of approximately 3 < |η| < 5. As already mentioned in the introduction, the simulation
of the forward energy flow in W events is not describing the data very well. More details can be
found in Ref. 8 .
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Figure 2: (left): minimum of the forward energy deposits in the two hadronic forward calorimeters in W → eνe
events. LRG events, having no measurable energy in one side of the detector, cluster in the first bin. (right):
signed lepton pseudorapidity η. A negative signed ηlepton means that the lepton is in the opposite hemisphere
as the gap. The yellow band corresponds to the main systematic uncertainty coming from the jet energy scale,
which is assumed to be 10%.

A LRG event is defined by the requirement that none of the calorimeter towers, in at least
one side of the HF, has a measurable energy deposit, giving no total energy deposit in one side
of the detector. This results in LRG events with a minimal gap size of 1.9 units in η. This
subset is expected to be enhanced by a diffractive component of W production.
Table 1 summarizes the observed LRG event yields and their fractions to all selected single
vertex W events. The dataset has been split into three periods with different instantaneous
luminosities, and thus different average numbers of pileup events. The fraction of LRG events
decreases with increasing luminosity. As already mentioned, this can be explained by HF energy
deposits from soft pileup events, filling the gap.
The inefficiency to detect a vertex in events with forward energy from soft pileup depends
on the instantaneous luminosity and is estimated from zero-bias events. After correcting the
observed numbers from Table 1 for these pileup effects, a constant fraction of LRG events of
(1.46 ± 0.09(stat.) ± 0.38(syst.))%, for electrons and muons combined, is found.
4

Hemisphere Correlation between LRGs and W bosons

Figure 2 (right) shows the distribution of the signed charged lepton pseudorapidity ηlepton in W
events with a LRG (electrons and muons combined). The sign is defined to be positive when the

Table 1: Number of LRG events with a single vertex and their relative fraction to all selected single vertex
W events (in brackets), for the total dataset and divided into three different periods of different instantaneous
luminosities, resulting in a different number of average pileup (PU) events.

avg. number PU events
total dataset
<1
1−2
>2

W → eνe
100 (0.71%)
17 (1.13%)
57 (0.72%)
26 (0.57%)

W → µνµ
145 (0.81%)
31 (1.61%)
91 (0.86%)
23 (0.42%)

gap and the lepton are in the same hemisphere and negative otherwise. The data shows that
the charged leptons from the W decays are found more often in the hemisphere opposite to the
gap. Defining an asymmetry as the ratio of the difference between the number of events in each
hemisphere and the sum, the corresponding asymmetry is (−21.0 ± 6.4%).
In comparison, the various non-diffractive MC simulations (i.e. PYTHIA with different tunes)
predict a flat signed ηlepton . On the other hand, events generated with a purely diffractive production model (i.e. POMPYT), exhibit a strong asymmetry. This can be explained in terms of
diffractive PDFs, which have on average a smaller momentum fraction x than the conventional
proton PDFs; see Figure 1 (right) for an illustration of this fact. The produced W boson is thus
boosted in the direction of the parton with the larger x, which is typically the direction of the
dissociated proton, i.e. opposite to the gap.
The signed ηlepton from non-diffractive and purely diffractive Monte Carlo is fitted to the distribution from data, resulting in a fraction of diffractive events of (50.0±9.3(stat.)±5.2(syst.))%,
assuming the PYTHIA6 Pro-Q20 tune as the non-diffractive component. The other tunes yield
similar results. Figure 2 (right) shows this combined simulation and the purely non-diffractive
components for the other tunes.
The asymmetry in the signed ηlepton distribution for non-LRG events decreases with increasing forward energy deposits; e.g. for HF energy deposits of 20 − 100 GeV, 200 − 400 GeV and
> 500 GeV, the asymmetries are (−3.5 ± 1.1)%, (−2.7 ± 1.0)%, and (0.9 ± 2.3)% respectively.
The small residual asymmetry in low HF energy events is insignificant in comparison to the one
for LRG events. However it could be explained by the presence of a diffractive component in
which the LRG signature is destroyed by multi-parton interactions or undetected pileup events.
For higher HF energy deposits, the asymmetry vanishes completely.
5

Summary

Out of approximately 32 000 W events ca. 300 are found with a LRG. The fraction of events
with LRG, as predicted by the non-diffractive Monte Carlo simulation (PYTHIA) is strongly
tune dependent. An asymmetry between the number of events with the charged lepton in the
opposite and the same hemisphere as the gap is observed. Such an asymmetry is predicted by the
purely diffractive simulation (POMPYT). Using an admixture of diffractive and non-diffractive
Monte Carlo, describes the data. The fraction of the diffractive component is determined from
a binned maximum likelihood fit and is of about (50.0 ± 9.3(stat.) ± 5.2(syst.))%, thus providing
strong evidence for diffractive W production at the LHC.
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The search for the Standard Model Higgs boson decaying to a pair of W bosons in
the fully leptonic final state by ATLAS
J. M. Kunkle on behalf of the ATLAS collaboration
Department of Physics and Astronomy, University of Pennsylvania, 209 S. 33rd St.,
Philadelphia PA, 19104 USA
A search for the Higgs boson decaying to a pair of W bosons is performed in the fully leptonic
final state with the ATLAS experiment at the LHC. The full 2011 dataset comprising 4.7
fb−1 of data is used. Backgrounds are determined from data-driven estimates as well as from
simulation where applicable. The large branching fraction to W pairs makes this a viable
search channel over a large range of possible Higgs masses. The expected exclusion range at
95% confidence level is between 127 GeV and 234 GeV while observed limits are between 130
GeV and 260 GeV.

1

The Higgs Boson

The Higgs Mechanism was posited by Higgs, Englert, Brout, Guralnik, Kibble, and Hagen 1, 2, 3
to provide mass to the weak gauge bosons predicted by the theory of weak interactions. The
discovery of the Higgs boson will complete the description of the electroweak theory and will
provide insights into physics beyond the standard model. Searches for the Higgs boson have
been carried out at LEP, the Tevatron, and now at the LHC. Experiments at LEP placed an
upper limit on the Higgs mass of 114 GeV and the CDF and D0 experiments at the Tevatron
have ruled out masses between 147 GeV and 179 GeV. This note will describe the search for the
Higgs in the WW channel with the ATLAS experiment using the full 2011 data set of 4.7 fb−1
√
taken with a center of mass energy of s = 7 TeV 4 .
The theory of electroweak interactions predicts the existence of a charged W bosons and a
neutral Z boson. To preserve gauge invariance in the theory, these particles must be massless,
which is contravened by experimental observations. The Higgs theory predicts the existence of
a scalar field that has a non-zero vacuum expectation value. The observed mass of the weak
boson arises from interactions with the Higgs field and so the coupling to the Higgs particle is
proportional to its mass. This scenario is generally extended so that the Higgs contributes to
the masses of the quarks and leptons as well.
The spectrum of possible Higgs decay particles depends on the mass of the Higgs. A Higgs
boson having a mass above 140 GeV decays primarily to a pair of W or Z bosons. For masses
between 100 GeV and 140 GeV the decays to weak bosons become suppressed and decays to
gluons, bottom quarks, and tau leptons are favored. Although the WW channel is most sensitive
above 140 GeV and up to 230 GeV, the exclusion sensitivity extends down to approximately
125 GeV with the full 2011 dataset. This large range of exclusion sensitivity makes the WW
channel a valuable search mode.
There are a number of possible decay modes in which to search for the decay of a Higgs boson
to WW. The fully leptonic final state has the lowest branching fraction, but the presence of two

electrons, muons, or taus and two neutrinos provides a clean event signature. This analysis
focuses on events having two electrons (ee), two muons (µµ), or one electron and one muon (eµ)
miss ) from the escaping neutrinos. At the LHC the
and large transverse missing momentum (ET
Higgs boson is produced predominantly via gluon-gluon fusion. Higgs boson production also
occurs via vector boson fusion (VBF) which results in a unique detector signature. Therefore
the presence of zero or one hadronic jet is required to select gluon-gluon fusion production and
for VBF production, two jets having a topology consistent with VBF production are required.
2

The ATLAS Experiment

The ATLAS detector is a general purpose particle detector situated at one collision point of the
LHC. ATLAS is comprised of a fine granularity tracking system, an electromagnetic and hadronic
calorimeter, and a muon system. The combined performance of these detectors allows for good
miss is calculated by summing the p
identification of electrons, photons, muons, and jets. The ET
T
vectors of all identified objects and all calorimeter energy deposits. The detector is described in
more detail elsewhere 5 .
3

Event Selection

This section outlines the basic event selection for this analysis. A complete description can be
found in 4 . Events are selected with at least one triggered electron or muon having pT > 25
GeV. The second lepton pT requirement is lowered to 15 GeV to improve sensitivity to lower
mass Higgs bosons. The requirement of two well identified leptons reduces the di-jet and W+jet
miss called relative E miss (E miss,Rel ) is used
backgrounds significantly. A variable derived from ET
T
T
miss while reducing the sensitivity to mis-measured leptons or
to identify events having real ET
miss,Rel
variable is defined as
jets. The ET
miss,Rel
ET

=

(

miss sin ∆φ if ∆φ ≤ π/2
ET
miss
ET
if ∆φ > π/2

miss and the nearest
where ∆φ is the angular separation, in the transverse plane, between the ET
miss,Rel
is required to be greater than 45 GeV in the ee and µµ channels to
lepton or jet. ET
suppress Drell-Yan events and to further suppress the di-jet background. These backgrounds
are smaller in eµ events, so the cut is applied at 25 GeV. For events having no jets a cut is
applied on the pT of the dilepton system (pℓℓ
T ) to further reject Drell-Yan events. This cut
requires events to have pℓℓ
>
45
GeV
for
the
ee and µµ channels and pℓℓ
T
T > 25 GeV for the
eµ channel. Jet requirements are made to suppress the background from top events. Jets are
required to have pT > 25 GeV and must pass a cut that limits the fraction of momentum from
tracks associated to the jet that originate from pileup collisions. To reduce the contamination
of background from top events the analysis is separated into three jet categories – no jets, one
jet, and two jets having a VBF topology. Events having no jets have little top background, and
so these events contribute most of the sensitivity to the Higgs signal. Events having one jet
are included to improve the combined sensitivity, but this category of events contributes less
than the no jet category because of the larger top background. Events having two jets are only
selected with a VBF topology to reduce the top background in two jet events. The two jets
must be on opposite sides of the detector in pseudorapidity (η) and also have Mjj > 500 GeV
and |η(j1 ) − η(j2 )| > 3.8.
miss,Rel
After the basic lepton, ET
, and jet requirements are applied, continuum WW production is the dominant background. Differences in the topology of continuum WW and the decay
from a Higgs boson are exploited to reduce this background. The spins of the two W bosons

must be anti-aligned because they decay from a scalar particle. The V-A coupling of the weak
interaction correlates the direction of the decay products to the spin of the W boson. Depending
on the charge of the W the decaying neutrinos are preferentially emitted either along or opposite
to the direction of the W spin with the charged leptons emitted in the opposite direction of the
neutrinos. The two W particles must have opposite charge and opposite spin, so the charged
leptons tend to be emitted in the same direction. Therefore the initial state spin of the Higgs
Boson is transmitted to the topology of the final state leptons. The most discriminating effect
of the spin correlation is that the two leptons tend to be close in φ whereas the leptons are preferentially back-to-back for continuum WW production. A cut requiring ∆φℓℓ < 1.8 suppresses
approximately half of the continuum WW background while keeping most of the Higgs signal.
The invariant mass of the dilepton system (Mℓℓ ) is required to be greater than 12 GeV in the ee
and µµ channels to avoid Υ production. This requirement is lowered to 10 GeV for eµ events.
The Mℓℓ must also be smaller than 50 GeV for a Higgs mass hypothesis below 200 GeV. This
cut is correlated with ∆φℓℓ , but provides additional rejection.

4

Background estimation

Events originating from a number of Standard Model processes can enter the signal region and
constitute a non-negligible background. The most notable backgrounds are from the production of W bosons, Z/γ* , top quark pairs as well as single top, and continuum WW. These
backgrounds must be well understood to be confident in a possible Higgs signal. To this end, a
dedicated background estimate is performed for each of these backgrounds which use the data
to constrain the background when feasible.

4.1

Method of estimating the W background

Events where a W boson is produced are kept as signal if the W decays leptonically and a jet
produced with the W fakes an electron or muon. Although the rate at which jets fake leptons is
small, the relatively large cross section for W production makes this an important background.
The mechanism by which a jet can fake a lepton differs between electrons and muons. Electron
fakes result mainly from fluctuations in jet fragmentation while muons are mostly faked by real
muons produced within heavy flavor jets. The physics that causes fakes to occur may not be
well modeled in Monte Carlo. Therefore this method extracts the W background directly from
data.
The background estimate is separated into two stages. First the fake factor is extracted from
data rich in di-jets. Second the fake factor is applied to a control region defined by reversing
lepton identification variables and isolation. Leptons that fall into the control region are labeled
as denominators while fully identified leptons are labeled as numerators. Denominators are
defined separately for muons and electron because they are faked by different sources. This
definition is the same that is used in extracting the fake factor in the first step.
Di-jet events are selected using a prescaled trigger that accepts lepton-like objects, but is
un-biased towards the lepton shower shapes and isolation. The fake factor is the ratio of the
number of identified denominators to the number of identified numerators. The fake factor
is binned in pT because the probability for a jet to fake a lepton depends on its pT . Small
contributions to these events from electroweak events are subtracted using Monte Carlo.
To apply the fake factor, events are selected to have one fully identified lepton and one
denominator lepton. The fake factor is applied to the denominator object to determine the
background from W events.

4.2

Method of estimating the Z/γ* background

miss . However detector resolution
Events where a single Z or γ* is produced ideally have no ET
miss . These effects are not necessarily well
causes these events to be measured with non-zero ET
modeled in simulation, so a data-driven method is used to extract the background. A control
region is defined with events selected to have a Z boson candidate. The processes that cause
miss in Drell-Yan events passing the signal invariant mass selection are expected to be the
fake ET
miss,Rel
same for Z boson events. An ABCD method is used to extrapolate the ET
modelling in
miss,Rel
the control region to the signal region. The ratio of Z boson events in the ET
tail to events
miss,Rel
miss,Rel
to extract the
is applied to the signal Mℓℓ region at moderate ET
at moderate ET
miss,Rel
distribution is
background contribution to the signal. This method assumes that the ET
uncorrelated to the Mℓℓ . Studies using simulation show that there is a small correlation between
the distributions. A correction factor is derived from the simulation to correct for this effect.

4.3

Method of estimating the Top background

Events that include a pair of top quarks can enter as a background when both W bosons
decay leptonically and the jet kinematics are such that 0 or 1 jets are reconstructed. A similar
background results from single top production with a W boson and is treated together with top
pair production. Top pair events tend to have two jets that originate from b quarks plus any
number of additional jets from initial or final state radiation. In order to be reconstructed as a
0 or 1 jet event the jets must fall below the jet pT threshold of 25 GeV, or be out of the detector
acceptance. Separate methods are used to determine the background in the 0 and 1 jet channels.
In 1 jet events the Monte Carlo prediction is normalized to a control region that requires
an additional b-tagged jet. This control region is fairly pure in top events and the remaining small background from other events is subtracted using the Monte Carlo prediction. This
normalization factor is applied to simulated Top events that pass the signal selection.
The method to estimate the top background reconstructed with no jets is obtained by
scaling the observed number of top events with a jet veto efficiency. The jet veto efficiency
is determined in a control region that requires at least one b-tagged jet. A Monte Carlo scale
factor is determined from the ratio of events between Data and Monte Carlo in the control region
having no additional jet. This scale factor is applied to the number of top events in Monte Carlo
having 0 jets to estimate the number of these events in data.
4.4

Method of estimating the WW background

The continuum WW background is the largest. These events enter the signal region simply
because of the overlap between the signal kinematics and those of the continuum WW. These
kinematic distributions are expected to be well modeled in Monte Carlo. A scale factor is determined from data to account for any mis-modellings of the rate of continuum WW production.
The scale factor is determined from the ratio of data events to Monte Carlo events in a control
region of Mℓℓ > 106 GeV – above the Z boson mass. For the eµ channel the Mℓℓ cut is lowered
to 80 GeV. In the two jet channel such a control region does not exist and this background is
estimated from the simulation.
5

Results

No significant excess is observed over the background prediction. Therefore a maximum likelihood estimator is used to extract limits on the Higgs boson mass. The presence of two neutrinos
in the final state prevents a full reconstruction of the mass of the initial state particle. Instead
the transverse mass (mT ), which calculates the mass using the transverse lepton vector and the

miss , is used as the final discriminator between signal and background. To take advantage of
ET
the different mT shape between signal and background, this distribution is fit in five bins. The
three lepton channels together with three jet channels are fit simultaneously. Systematic uncertainties determined for each background contribution and the expected signal are propagated
through the fitting procedure to the final limit results.
With all channels combined a Standard Model Higgs boson having a mass between 130
GeV and 260 GeV is excluded at 95% confidence. The expected 95% confidence level exclusion
is between 127 GeV and 234 GeV. This result enters into the full ATLAS combination which
reports the combined Higgs sensitivity for all search channels 6 .
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Measurement of the tt̄ Production Cross Section at (s) = 7 TeV in Lepton +
Jets Events using b-quark Jet Identification Techniques
Sadia. Khalil
Department of Physics, 116 Cardwell Hall, Kansas State University,
Manhattan, Kansas, USA
An updated measurement of the production cross section for pp → tt̄ at a center-of-mass
energy of 7 TeV using data collected by the CMS detector at the Large Hadron Collider is
presented. Top quark pair production candidate events are selected based on the presence of
an isolated muon or electron of high transverse momentum, large missing transverse energy
and hadronic jets. At least one jet is required to be consistent with originating from a b-quark.
The analyzed dataset corresponds to an integrated luminosity of 0.8 (1.1) fb−1 for the electron
(muon) sample. The cross section is extracted with a profile likelihood method using a fit to
the number of reconstructed jets, the number of b-tagged jets, and the secondary vertex mass
distribution. The measured cross section is 164.4 ± 2.8 (stat.) ± 11.9 (syst.) ± 7.4 (lum.)
pb, consistent with higher order QCD calculations.

1

Introduction

The top quark discovered at Tevatron 1,2 has a great importance not only as a standard Model
(SM) process but also as an important background to many new physics (NP) searches. In SM,
the top quark decays almost 100% by the week process t → W b. This article describes the tt̄
decays where one of the two W bosons decays hadronically and other decays leptonically. The
final state we consider contains one lepton(an electron or a muon), a neutrino and at least one
jet. Further we require at least one jet to be identified as originating from a b-decay. This
presentation is the update of the earlier analysis 3 based on 36 pb−1 .
2

Datasets and Event Selection

The data used in this analysis corresponds to an integrated luminosity of 804 (1087) pb−1 for
electrons (muons), recorded by the CMS experiment 4 between March and July 2011. Various
generators are used to simulate the tt̄ signal and standard model (SM) backgrounds. Table 1
summarizes the NNLO cross-sections and generators used to normalize signal and various SM
backgrounds. The decay of these generated particles is performed using Pythia 6 . Events are
then simulated using a GEANT4-based model 7 of the CMS detector, and finally reconstructed
and analyzed with the same software used to process collision data. For the electron+jets
channel, the QCD multi-jets background shape is taken from the simulation using only Pythia,
however normalization is obtained using the fit to the missing transverse energy distribution in
data. The QCD multi-jets background for the muon+jets channel is purely data driven.
The triggers used to collect the data requires at least one charged lepton with transverse
momentum (pT ) threshold of 27-42 GeV for electrons (to cope with the high trigger rates) and

Table 1: The NLO cross-sections used to normalize the tt̄ and SM backgrounds computed with MCFM.

process
tt̄
single t
W +jets
Z+jets

cross section
157 pb
85 pb
31 nb
3.1 nb

Generator
MadGraph 5
POWHEG
MadGraph
MadGraph

30 GeV for muons. To retain the maximum efficiency, we select the offline isolated electron
(muon) with pT >45 (35) GeV and pseudo-rapidity (η) < 2.5(2.1) and relative isolation w.r.t
lepton pT , Irel < 0.1(0.125) respectively. The detector transition region of barrel and forward
calorimeters, 1.4442 < |ηC | < 1.5666, where ηC is pseudo-rapidity of electromagnetic cluster,
has been also excluded for the electron channel.
The observable particles: muons, electrons, photons, charged and neutral hadrons are reconstructed using CMS particle flow algorithm 8 . The electron candidate is reconstructed by
matching the energy clusters deposits in the electromagnetic calorimeter to a track in the pixel
and strip tracker. The muon candidate is reconstructed by a fit to hits in the tracker and in the
muon system. After these particles are reconstructed, jets are clustered using the anti-kT jet
clustering algorithm [13], with a cone size parameter ∆R = 0.5, as implemented in the Fastjet
software package version 2.4 9 . Small residual jet energy corrections 10 are applied as a function
of jet η and pT . The b-quark jets are identified by a technique using the information about
impact parameter significance of the displaced tracks to reconstruct the secondary vertex 11 .
The missing transverse momentum (MET) in an event is defined as the negative vector sum of
the transverse momenta of all objects from the particle-flow algorithm.
3

Cross Section Measurements

To measure the tt̄ cross section a binned Poisson maximum likelihood fit is performed to the
number of reconstructed jets (j = 1, 2, 3, 4, ≥5), the number of b-tagged jets (i = 1, ≥ 2), and
the secondary vertex mass distribution in the data. The secondary vertex mass, defined as the
mass of the sum of the four-vectors of the tracks associated to the secondary vertex, is found to
be a good discriminator between the contributions from heavy flavor (HF) and light flavor (LF)
quark production 3 .
The signal and backgrounds templates for the fit are normalized to the expected event yields
for 0.8 (1.1) fb−1 for the electron (muon)+jets events. The W +HF (Wbx , Wcx ), W +LF, and
Z+jets backgrounds are all floated independently in the fit. During a simultaneous likelihood
maximization, the normalization of each of these components are extracted in-situ along with
the tt̄ cross section. The QCD multi-jet kinematic distribution of the secondary vertex mass are
obtained using events in the sideband data regions (Irel > 0.2, MET < 20 GeV) for muon+jets
channel and from simulation with a relatively looser electron identification and isolation of for the
electron+jets channel. The initial normalization is estimated from a fit to the MET spectrum.
The fit is then constrained to ± 100% of this normalization.
The jet multiplicity distribution (Nj ) is sensitive to the jet energy scale (JES), since Nj
depends on the choice of the jet pT threshold. In addition, Nj is affected by variation of Q2
scale. A larger b-tag efficiency will result in events moving from 1-tag to 2-tag samples, where as,
an overall increase in all tag bins together would indicate an increase in the tt̄ cross section. JES,
W +jets Q2 -scales, and the b-tag efficiency are expected to be the sources of our largest systematic
uncertainties. Therefore, we treat them as nuisance parameters in the profile likelihood fit, to
take account the correlations between them in order to minimize the total uncertainty.
The Eqs. 1, describes the number of predicted events, for the tt̄ signal and two of the W +jets

backgrounds (W +b-jets and W +LF). Similarly, there are other W +jets, the single top, and the
QCD backgrounds terms.
Ntpred
(i, j) = σtt̄ · NtMC
t̄ (i, j)·
t̄
P b tag (i, j, Rb tag ) · P mistag (i, j, Rmistag ) · P JES (i, j, RJES )
pred
MC (i, j)·
NW
(i, j) = KW bb̄ · NW
bb̄
bb̄
2
P b tag (i, j, Rb tag ) · P mistag (i, j, Rmistag ) · P JES (i, j, RJES ) · P Q (i, j, RQ2 )
pred
MC
NW
q q̄ (i, j) = KW q q̄ · NW q q̄ (i, j)·
2
P mistag (i, j, Rmistag ) · P JES (i, j, RJES ) · P Q (i, j, RQ2 )
(1)
where σtt̄ is the fitted cross section of tt̄ ; i and j run over tags and jets, respectively; KW bb̄
is the fitted scale factor for the NNLO prediction for W bb̄ (etc); NxMC (i, j) is the number of
events expected for sample X, derived from MC. The P X (i, j, RX ) factors are multiplicative
functions accounting for the relative differences with respect to the input expected yield, as a
function of the assumed value RX of nuisance parameter X. These are interpolated from various
configurations in the simulation with polynomials. The convention chosen is that the nominal
event yield is at RX = 0 (i.e., no variation in parameter X), and therefore P (i, j, RX ) = 1.0.
The “+1σ” variation is at RX = 1, and the “−1σ” variation is at RX = −1.
The fit minimizes the negative log likelihood, summing over the histogram bins (k) of the
secondary vertex mass, the number of jets (j), and the number of tags (i). The various Gaussian
constraints (described above) are included, and are represented by CX . The full profile likelihood
expression is


−2 ln L = −2

Ptag,jet Pbins
i,j

k

(ln P(Nkobs (i, j), Nkexp (i, j)))

−

1
2

Pconstraints (CX −ĈX )2
l

2
σC



(2)

X

where P is a Poisson probability that the predicted yield in each tag/jet bin i, j, given by
ln P(x, y) = x ln y − y − ln Γ(x + 1)

(3)

where Γ(x) is the Gamma function.
Table 2 shows a summary of all of the inputs to the profile likelihood, as well as the constraints.
Table 2: Inputs to the profile likelihood, along with constraints. All values are in percent.

Quantity
b-tag Efficiency Scale Factor
b-tag Mistag Scale Factor
Jet energy scale relative to nominal
W +jets renormalization/factorization scales
W +jets background normalization
QCD background normalization
Single-top background normalization
Z+jets background normalization

4

Constraint (%)
100 ± 10
100 ± 10
100 ± 3 (η,pT dependent)
100+100
−50
unconstrained
100 ± 100
100 ± 30
100 ± 30

Systematic Uncertainties

Table 3 summarizes the systematic uncertainties. The upper portion of which details the uncertainties that are not included in the profile likelihood and are assessed by the differences in the

acceptance. The lower half portion describes the relative uncertainty due to nuisance parameters. It is determined by fixing all of the other parameters of the likelihood and only allowing
the chosen term to vary source that is accounted into fit. The combined number is not the sum
of the squares of the contributions, since the fit takes care of all the correlations between them.
Table 3: List of systematic uncertainties for the muon+jet, electron+jet, and combined analyses. Due to the
correlation between parameters in the fit, the combined number is not the sum of the squares of the contributions.

Source
Quantity
Lepton ID/reco/trigger
MET resolution due to unclustered energy
tt̄+jets Q2 scale
ISR/FSR
ME to PS matching
Pile-up
PDF
Profile Likelihood Parameter
Jet energy scale and resolution
b-tag efficiency
W +jets Q2 scale
Combined

5

Muon
Electron Combined
Analysis Analysis Analysis
Uncertainty (%)
3.4
3
3.4
<1
<1
<1
2
2
2
2
2
2
2
2
2
2.5
2.6
2.6
3.4
3.4
3.4
Uncertainty (%)
4.2
4.2
3.1
3.3
3.4
2.4
0.9
0.8
0.7
7.8
7.8
7.3
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Both channels are fitted simultaneously to the data to extract the cross section. Fig 1 shows
the fitted vertex mass distributions.
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Figure 1: Results of the combined muon and electron channel fit. The top and bottom plots are for the muon and
electron channels, respectively. The plots of the left are for single b-tags and those on the right are for ≥ 2b-tags.
The histograms within each panel correspond to events with 1-, 2-, 3-, 4- and ≥5-jets,respectively.

Internal cross check with electron only and muon only fits were also performed. The resulted

cross section measurement is summarized in Eq. 4.
σtt̄ (µ + jets) = 163.2 ± 3.4(stat.) ± 12.7(syst.) ± 7.3(lum.) pb
σtt̄ (e + jets) = 163.0 ± 4.4(stat.) ± 12.7(syst.) ± 7.3(lum.) pb
σtt̄ (l + jets) = 164.4 ± 2.8(stat.) ± 11.9(syst.) ± 7.4(lum.) pb

(4)

+11
12 13
This result is in good agreement with the QCD predictions of 164+6
−10 pb , , 163−10 pb
14 and 149±11 pb 15 that are based on the full NLO matrix elements and the resummation of
the leading and next-to-leading soft logarithms. The fit provides in-situ measurements of the
scale factors for both b-tagging and the jet energy scale. We obtain a result of 97 ± 1% for the
b-tagging scale factor which agrees well with the result obtained by the CMS b-tagging group 11 .
For the jet energy scale we obtain a result of 99 ± 2% in agreement with 1. The scale factors
for the W+b-jets and W+c-jets components indicate that the contributions to the data may be
larger than what is predicted. For the W+b-jets contribution we find cross section scale-factors
of 1.2 ± 0.3 and for the W+c-jets contribution of 1.7 ± 0.1. These results are consistent with the
scale factors obtained by the individual lepton flavor analyses.
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Single Top Quark Production at DØ
Jyoti Joshi (for the DØ collaboration)
University of California, Riverside, CA 92521-0413, USA

We present new measurements of the single top quark production cross section in pp̄ collisions
√
at s = 1.96 T eV using data corresponding to 5.4 fb−1 of integrated luminosity collected by
the DØ detector at the Fermilab Tevatron collider. The large mass of the top quark, close
to the electroweak symmetry-breaking scale, makes it a good candidate for probing physics
beyond the Standard Model, including possible anomalous couplings. We examine the data to
study the Lorentz structure of the W tb coupling, and find that the data prefer the left-handed
vector coupling, and set upper limits on the anomalous couplings.

1

Introduction

At hadron colliders, top quarks are produced as tt̄ pairs via the strong interaction or singly via
the electroweak interaction 1,2 . Electroweak single top quark production was observed by the
DØ and CDF collaborations 3 in 2009. Electroweak production of top quarks at the Tevatron
proceeds mainly via the decay of a time-like virtual W boson accompanied by a bottom quark
in the s-channel (tb = tb̄ + t̄b) 4 , or via the exchange of a space-like virtual W boson between
a light quark and a bottom quark in the t-channel (tqb = tq b̄ + t̄qb, where q refers to the
light quark) 5 . A third process, usually called “associated production,” in which the top quark
is produced together with a W boson, has a negligible cross section at the Tevatron 2 and
is therefore not considered in this analysis. For a top quark mass of 172.5 GeV, the Standard
Model (SM) prediction of the single top production rates at next-to-leading order with soft-gluon
contributions at next-to-next-to-leading order are 1.04 ± 0.04 pb (s-channel) and 2.26 ± 0.12 pb
(t-channel) 2 . Single top quark production is distinct from tt̄ pair production since it comes from
an electroweak W tb vertex instead of a strong gtt vertex and hence it provides a unique probe
to study the interactions of the top quark with the W boson.

2

Event Selection

The results presented here uses 5.4 fb−1 of data collected with DØ detector between 2002 to 2009.
The single top quark events are expected to contain at least one b quark jet from the decay of
the top quark and a second b quark jet in the s-channel, or a light quark jet and a spectator b
quark jet for the t-channel. In both cases, gluon radiation can give rise to additional jets. Events
are selected that contain one jet with transverse momentum pT > 25 GeV and at least a second
jet with pT > 15 GeV, both within pseudorapidity |η| < 3.4. Events are also required to contain
exactly one isolated high-pT electron or muon that originates from the pp̄ interaction vertex and
satisfies the following acceptance criteria: for the electron |η| < 1.1 and pT > 15(20) GeV for
events with 2 (3 or 4) jets; for the muon |η| < 2.0 and pT > 15 GeV. The E
6 T is required to be in
the range of (20, 200) GeV for events with 2 jets and (25, 200) GeV for events with 3 or 4 jets.
The SM predicts a purely left-handed vector coupling (fLV ) at the W tb vertex, while the most
general, lowest dimension Lagrangian 6 allows right-handed vector (fRV ) and left-handed tensor
(fLT ) or right-handed tensor (fRT ) couplings as well. Single top quark signal events with the
SM and anomalous W tb couplings are modeled using the comphep-based MC event generator
singletop 7 . The anomalous W tb couplings are taken into account in both production and
decay in the generated samples. The theoretical cross sections for anomalous single top quark
production (s+t-channel) with |Vtb | ≃ 1 are 3.1 ± 0.3 pb if fRV = 1, 9.4 ± 1.4 pb if fLT = 1
or fRT = 1, and 10.6 ± 0.8 pb if fLT = fLV = 1 8 , all other couplings are set to zero when
calculating these cross sections. The tt̄, W +jets, and Z+jets backgrounds are simulated using
the alpgen leading-log MC event generator 9 , with pythia 10 used to model hadronization.
The main contributions to the systematic uncertainty on the predicted number of events arise
from the signal modeling, the jet energy scale (JES), jet energy resolution (JER), corrections to
b-tagging efficiency and the correction for jet-flavor composition in W +jets events. The total
systematic uncertainty on the background is 11%. Table 1 lists the numbers of events expected
and observed for each process as a function of jet multiplicity.
Table 1: Numbers of expected and observed events in 5.4 fb−1 of integrated luminosity, with
uncertainties including both statistical and systematic components. The single top quark contributions are normalized to their theoretical predictions.
Source
tb (fLT = 1)
tqb (fLT = 1)
tb (fLV = fLT = 1)
tqb (fLV = fLT = 1)
tb (fRV = 1)
tqb (fRV = 1)
tb (fRT = 1)
tqb (fRT = 1)
tb (SM, fLV = 1)
tqb (SM, fLV = 1)
tt̄
W +jets
Z+jets and dibosons
Multijets
Total SM prediction
Data

2 jets
730 ±
117 ±
607 ±
268 ±
105 ±
122 ±
756 ±
103 ±
104 ±
140 ±
433 ±
3,560 ±
400 ±
277 ±
4,914 ±
4,881

38
6.2
31
15
6.0
7.2
42
5.8
16
13
87
354
55
34
558

3 jets
316 ±
86 ±
284 ±
167 ±
43 ±
61 ±
344 ±
67 ±
44 ±
72 ±
830 ±
1,099 ±
142 ±
130 ±
2,317 ±
2,307

25
8.6
21
16
3.8
5.3
27
6.3
7.8
9.4
133
169
41
17
377

4 jets
92 ±
40 ±
86 ±
67 ±
12 ±
22 ±
103 ±
28 ±
13 ±
26 ±
860 ±
284 ±
35 ±
43 ±
1,261 ±
1,283

14
5.8
13
10
1.9
3.7
15
4.4
3.5
6.4
163
76
18
5.2
272
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Single Top Quark Production Cross Section Measurement
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Since the expected single top quark contribution is smaller than the uncertainty on the background count prediction, multivariate analysis (MVA) methods are used to improve the discrimination between signal and background events. Three different MVA techniques are used for
the cross section extraction: (i) boosted decision trees (BDT) 11 , (ii) bayesian neural networks
(BNN) 12 , and (iii) neuroevolution of augmented topologies (NEAT) 13 . All the three methods
use the same data and background model considering the same sources of systematic uncertainties. Each MVA method is trained separately for the two single top quark production channels:
for the tb (tqb) discriminants, with tb (tqb) considered signal and tqb (tb) treated as a part of the
background. To achieve the maximum sensitivity, the three methods are combined to construct
a new discriminant using a seccond BNN for each channel, for tb, tqb, and tb + tqb events. The
combined tb + tqb discriminant is constructed by taking input from the six discriminant outputs of BDT, BNN and NEAT that are trained separately for the tb and tqb signal. The single
top quark production cross section is measured using a Bayesian inference approach 14,15 . To
measure the individual tb (tqb) production cross section, a one-dimensional (1D) posterior probability density function is constructed with the tqb (tb) contribution normalized with Gaussian
priors centered in the predicted SM cross section for each individual MVA method and also for
their combination. To measure the total single top quark production cross section of tb+tqb,
a 1D posterior probability density function is constructed assuming the production ratio of tb
and tqb predicted by the SM. Fig. 1 shows the resulting expected and observed posterior density
distributions for tb, tqb and tb + tqb for the combined discriminants.
DØ, 5.4 fb -1
0.6 (c)
σexpected
0.5
= 3.49 +0.77
-0.71 pb
0.4
σobserved
0.3
= 3.43 +0.73
-0.74 pb
0.2
0.1
0
0 1 2 3 4 5 6 7 8
tb+tqb cross section [pb]

Figure 1: The expected (grey) and observed (black) posterior probability densities for (a) tb, (b)
tqb, and (c) tb+tqb production. The shaded bands indicate the 68% C.L.s from the peak values.

4

Anomalous W tb Couplings

As discussed earlier, by studying single top quark production, we can test whether the W tb
coupling is pure left-handed vector in form, or whether there are right-handed vector, or leftor right-handed tensor components present. Assuming single top quarks are produced only via
W boson exchange, the single top quark cross section is directly proportional to the square of
the effective W tb coupling. Moreover, the event kinematics and angular distributions are also
sensitive to the existence of anomalous top quark couplings 8 . Therefore, direct constraints on
anomalous couplings can be obtained by measuring single top quark production. An analysis
has been performed using the same dataset, event selection and background as the cross section
measurement analysis, between SM background (including SM single top quark) and anomalous
single top quark production as a signal, to set limits on the W tb coupling for other than a pure
left-handed vector form 16 . A BNN is used to discriminate between signal and background.
A Bayesian statistical approach is followed to compare data to the signal predictions given by
different anomalous couplings. A two-dimensional (2D) posterior probability density is computed
as a function of |Vtb · fLV |2 and |Vtb · fX |2 , where fX is any of the three nonstandard couplings

0.3

DØ 5.4 fb -1
SM
68% C.L.
90% C.L.
95% C.L.

(b)
3

tb

0.4

4

|V f RT|2

DØ 5.4 fb -1
SM
68% C.L.
90% C.L.
95% C.L.

(a)

tb

0.5

|V f RV|2

tb

|V fLT|2

and Vtb is the Cabibbo-Kobayashi-Maskawa matrix element 17 . The two dimensional (2D) limit
contours are shown in Fig. 2. We measure upper limits |Vtb · fLT |2 < 0.06, |Vtb · fRV |2 < 0.93
and |Vtb · fRT |2 < 0.13 at 95% C.L. after integrating the 2D posterior over |Vtb · fLV |2 .
0.5
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Figure 2: Two-dimensional posterior probability density distributions for the anomalous couplings. (a) (LV ,LT ) scenario, (b) (LV ,RV ) scenario, and (c) (LV ,RT ) scenario.
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Summary

In summary, we have measured the single top quark production cross section using 5.4 fb−1 of
data collected by the DØ experiment at the Fermilab Tevatron Collider. For mt = 172.5 GeV,
+0.69
we measure the cross sections for tb and tqb production to be 0.68+0.38
−0.35 pb and 2.86−0.63 pb
assuming, respectively, tqb and tb production rates as predicted by the SM. The total tb + tqb
cross section, assuming the SM ratio between tb and tqb production is 3.43+0.73
−0.74 pb. Also, we
searched for the anomalous W tb couplings in single top quark production and found no evidence
for them and set 95% C.L. limits on these couplings. This result represents the most stringent
direct constraints on anomalous W tb interactions.
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MORIOND EW 2012 – EXPERIMENTAL HIGHLIGHTS AND OUTLOOK
Alain BLONDEL
DPNC, University of Geneva, Quai Ansermet 24, CH1205 Geneva, Switzerland

This was an exceptional edition of the Rencontres de Moriond. The experimental progress in
the last year has been intense, and only the highlights are given here. Several new results on
rare decays were given by the LHC experiments with a special mention for the powerful new
limits on the Bs,d → µ+ µ− , and the new µ+ → e+ γ limit from the MEG experiment. A class
of New Physics characterized by Standard Model couplings and masses commensurate with
the weak scale, typically Supersymmetry, is thus becoming very constrained. This is seen also
in the search for Dark Matter candidates at LHC which are becoming competitive with the
direct Dark Matter search experiments. The exciting news was of course the search for the
Standard Model scalar in which a tantalizing indication at around 125 GeV /c2 was reported by
ATLAS and CMS with consistency found by the Tevatron experiments. A pressing question
for the strategy of particle physics will be whether we need a new accelerator (ILC/CLIC,
LEP3, Muon Collider?) to study this unprecedented elementary spin 0 particle or if the
LHC will be ”enough”. The particle physics breakthrough in the last year has been the
determination of the last unknown neutrino mixing angle θ13 , with a new, 5σ result reported
during the meeting by the nuclear reactor Daya Bay collaboration from ν¯e disappearance.
Combined with the indications seen in νµ → νe appearance in 2011 by T2K and MINOS, this
opens the door to measurements of the neutrino mass hierarchy and CP violation – massive
neutrinos are the New-Physics-There-Is and could well bring solutions to several cosmological
and astrophysical puzzles. These exciting results bear promises of a significant shift in our
understanding of particle physics in the coming years, and, more pragmatically, of an exciting
session at MORIOND EW 2013.

1

Pushing New Physics in the Corners

New Physics... is an expression that has been used mainly for Supersymmetry and more generally
any new physics beyond the Standard Model with couplings of the same order of magnitude as
those of the electroweak or strong interaction and with masses of the same order of magnitude
as the weak scale or up to a few tens of TeV. Such new particles and phenomena can be seen in
indirect way, through electroweak radiative corrections (subsection 1.1), through their effect on
rare decays(subsection 1.2) or, directly, through new particle searches at the high energy frontier
or in dark matter or axion search experiments (subsection 1.3). Although it could be (or not)
the Standard Model particle known as ’Higgs Boson’, the LHC candidate X(125) would, if

confirmed, definitely constitute a novelty (section 2). The New-Physics-There-Is, however, that
of massive and possibly sterile neutrinos, is essentially inaccessible to this type of searches – yet
it is what was found; it will be described in section 3.
1.1

Precision measurements

Moriond EW2012 EXP Summary -- Alain Blondel

Figure 1: Left: W → µν transverse mass distribution from CDF runII; middle: systematic errors on the W mass
measurement from CDFII; right: world average of the W mass.

Figure 2: Left: Top quark mass from Lepton + jets at CDF (top) and CMS (Bottom); right: Top quark mass
values from ATLAS and the tevatron (top) and from CDF (bottom). The world average of Tevatron and LHC
has not been established yet

New results on the W mass, figure 1, were presented both from the Tevatron and from the
LHC experiments. The statistical error on the W mass from CDF alone is now 12 MeV/c2 to
be compared with the systematic error of 15 MeV/c2 . The systematic error is dominated by
modeling of the transverse momentum distribution of the Ws and from the understanding of
the parton distribution functions, and at this point have some level of arbitrariness. However,
the same experiment proceeds to a measurement of the Z mass with a precision of 16 M eV /c2
which gives confidence in the purely experimental uncertainties. In fine, the Tevatron mass

measurement is now consistent with, but more precise than, that of LEPII, with very different
experimental conditions.

Figure 3: Electroweak precision test: the mt , mW plane.

The top mass measurements from Tevatron and LHC, figure 2, have now reached a precision
of 1GeV/c2 making the top quark mass the best measured (in relative terms) of all quarks; LHC
is a phenomenal top-factory and both ATLAS and CMS have already matched or surpassed the
Tevatron as far as the statistical precision is concerned. Here again, the systematic errors will
become an issue, and in particular the physical meaning of the top quark mass. It should be
stressed that the precise agreement between measurements at the Tevatron and at the LHC will
not be as trivial as it may seem. The top quark is not produced as a color singlet and comes with
’strings attached’. Color connection between the top quark (and its b decay product) and the
rest of the event may change the measured mass significantly. Because the dominant production
mechanisms are not identical at Tevatron and LHC, some difference could be detectable.
Many results were given on the top quark, confirming that it has the properties and couplings
expected from the Standard Model (spin, width, weak isospin and coupling to the b-quark). The
agreement between the measured top mass and that predicted from precision measurements is
a great success of the Standard Model and limits strongly any Weakly Interacting New Physics
(WINP).
The precision tests of Electroweak Radiative Corrections are, now traditionally, represented
in the mt , mW plane figure 3. Assumed and invisible behind the plots are the really high precision
ones: the QED coupling, α(mZ ), the Fermi constant derived from the muon lifetime, GF , and
the Z mass. The allowed ellipse has moved slightly with the new mW measurement, and shows
the impressive agreement (now at the level of 210−4 on mW ) with the Standard Model.
A revolution is coming: once the SM scalar mass mH is known – and perhaps we know it
now – the SM prediction will be reduced to a small area. The role of precision measurements
will shift from that of ’Higgsometers’ to being decisive tests of the existence of WINP.

1.2

Heavy Flavor Physics and Rare Decays

Figure 4: New physics in rare decays... Left: example of diagrams for µ → eγ; right: constraints imposed on
Supersymmetrric models by the MEG experiment’s upper limit.

The search for flavour changing neutral current processes was certainly one of the highlights
of the meeting.
The search for µ → eγ in the MEG experiment continues to improve steadily having reached
now a new upper limit of B(µ → eγ) < 2.410−12 (90%C.L.). This result already constraints a
number of Supersymmetric models 1 . The sensitivity to new physics occurs because this decay
is already a loop-level process, with which other loops ivolving weakly coupled particles can
cause havoc.
An impressive set of Heavy flavour physics measurements were presented, showing in particular the power of the hadron machines as Heavy flavour factories, especially once the detectors
are designed to tag separated vertices as is the case in CDF and LHCb. ATLAS and CMS
have nonetheless produced impressive results, although these experiments are more dedicated
to direct searches. Perhaps the most significant result, for its sensitivity to WINP, is the search
for B → µµ decays. New results were shown by CMS 2 , and LHCb 3 illustrated in Figure 5. The
decay Bs → µ+ µ− is almost observed and it is only a matter of time for both Bs and Bd decays
to be measured. These decays constraint new physics in a very significant way, often expressed
in parametrized generic form 4 , 5 , but more dramatic if expressed in a specific model as shown
in Figure 6 6 7 .
The prospects to improve the sensitivity in this domain are very hopeful, both for the heavy
flavours (we are only on year into the LHC era!) and for muon decays, with the planned upgrades
of MEG, the new experiments looking for µ → e conversion and for the new project µ → eee at
PSI 8 and the new rare Kaon decay program at CERN (NA62 experiment).

Figure 5: Rare B decays in LHCb: on the left the B + and Bs mass peaks, on the right, search for the signal in
the Bs → µ+ µ− and Bd → µ+ µ− channels

Figure 6: Impact on specific Supersymmetric models from Bs → µ+ µ− and Bd → µ+ µ− decay search

1.3

Direct Searches

Figure 7: Connection between direct dark matter searches with the collider searches

Many direct searches concentrate generically on Supersymmetry and particles with similar
properties. Much ingenuity (and continuous progress) is spent on direct detection of the interactions of dark matter particles with various sensitive detectors, so far without clear evidence,
and progressiverly more stringent limits are set 9 . This of course assumes that the dark matter
particles exist and interact in a way that can be detected, so there is no guarantee that this
approach will be successful. As the LHC begins its investigation of the existence of new particles signed with missing energy, it is clear that, to a large extent, the astroparticle physics
experiments and the LHC are looking for closely related objects, as shown in Figure 7. This was
well illustrated in the CMS presentation by S. Worm 10 with the interesting result that for some
classes of models, the LHC has already covered a larger region of phase space than the direct
experiments ( Figure 8).
2

The discovery of a Higgs Boson Candidate

A priori, the Standard Model Higgs Boson is not New Physics, the concept having been introduced in 1964. However, the Brout-Englert-Higgs mechanism 11 is one of the least understood
sector of the Standard Model, the existence of a single, real, particle being rather the result of
a ”minimality’ principle than, like almost all other features of the standard model, a postulate
based on experimental observation. From a more ’naive experimentalist’ viewpoint, nobody
so far has ever seen a spin 0 elementary particle. Thus a possible discovery in this channel is

Figure 8: Coverage in dark matter search by CMS

certainly a very ’new’ event! The theoretical guidance on the mass of the Higgs boson is very
limited. Before LHC started, the overall set of electroweak measurements 12 showed impressive
consistency with the minimal model, best consistency being achieved for a Higgs Boson mass
less than 152 GeV/c2 , this assuming of course that only the known particles of the minimal
Standard Model contribute to the radiative corrections. Direct searches at LEP 13 and Tevatron 14 ruled out a SM Higgs boson with a mass less than 114.4 GeV/c2 and between 156 and
177 GeV/c2 .
Certainly the big news of Moriond 2012 was the observation of a new boson at a mass of 125
GeV with the ATLAS and CMS experiments at the LHC 15 , 16 , while a consistent but weaker
observation was made by the Tevatron experiments 14 . The results shown at Moriond 2012 by
ATLAS and CMS were essentially the same as those shown on 13 December 2011 at CERN,
with a significance of 2.5-3 standard deviations each. Since then, the signal has been confirmed
by ATLAS and CMS, each with a significance of ≥ 5σ each 17 , 18 .
At a mass of 125 GeV/c2 , the SM Higgs boson offers a great variety of decay modes as can
be seen in Figure 9. This is a blessing for the Higgs hunter, as experiments will be able to access
many channels and test their relative abundance in Higgs decays. (The absolute rate remains
more difficult at LHC, fault of a ’tagged’ production mode, such as ZH in the electron-positron
colliders.
The data were taken in 2011 in proton-proton collisions at sqrt(s)=7 TeV (and 8 TeV in
2012) in the ATLAS and CMS experiments, using data samples corresponding to integrated
luminosities of up to 5 inverse femtobarns at 7 TeV (another 5 inverse femtobarns at 8 TeV for
the more recent results). The search is performed in five decay modes: gamma gamma, ZZ,
WW, tau tau, and b b-bar. The excess of events around 125 GeV is observed mainly in the
gamma-gamma and ZZ decay modes which have the best resolution in the LHC experiments,
while the the WW, tau tau, and b b-bar channels contribnute more for the broader excess
observed in the Tevatron experiments. The decay to two photons indicates that the X(125)is a
boson with spin different from one.

Figure 9: Synopsis of the Higgs boson searches; on the left, the combination of the most sensitive channels in
ATLAS (top), CMS (middle), the Tevatron experiments(Bottom); the horizontal scales have been stretched to
match. The ’brazilian flag’ colors are 68 and 95% C.L. bands respectively. On the top right, the SM boson decay
fractions, showing that 125 GeV/c2 is indeed an interesting place.

2.1

Higgs is found – What is next?

The discovery of a candidate in the SM Higgs Boson search does not imply that this is the SM
Higgs boson. A number of tests and measurements must be performed – and no other particle
must be found that could play the same role. Certainly, the existence of a Higgs boson at 125
GeV already constraints in a considerable way the supersymmetric models 19 , see Figure 10;
however it is not able to falsify Supersymmetry. Further measurements of the X(125) will be
needed:
– precise comparisons of branching fractions into known fermion pairs, to check the proportionality to mf 2 .
– precise measurements of the mass and total width to check the overall coupling.
– determination of the spin-parity
– search for unconventional decay modes, and in particular determination of the invisible width
– finally search for the HH self couplings, a key cahracteristic of the Higgs mechanism.
The multi-billion question is of course ’Will the LHC be able to study X(125) and answer
enough of these questions or do we need a complementary machine?’ – and if yes, which one.
These questions have begun to be addressed in view of the discussions associated with the

Figure 10: Consequences of a 1225 GeV/c2 Scalar onn constrained Supersymmetric models. The plot shows the
variation of the Higgs boson mass as function of the parameter tanβ. The highest possible values in a number of
models are shown in the table at the bottom part of the figure

European Strategy workshop of fall 2012.
The expected performance of ATLAS and CMS have been discussed in 20 21 . The main result
is that couplings of the Higgs boson to b-bbar, tau-tau WW, ZZ, and gamma gamma should
be determined with precision of order 10% (5%) pour an integrated luminosity of 300f b−1 (resp
3000f b−1 ). At the high luminosity, the µ+ µ− channel should even be visible (in spite of its
1.810−4 branching ratio). The LHC will be able to look at the ttH production, allowing a
determination of the ttH coupling with a precision of about 10%; also, ATLAS shows that
they should be able with the high luminosity to observe double Higgs production, in which
the diagram involving the through triple Higgs coupling intervenes. In fine ATLAS claims to
be able to achieve a precision of around 30% on the trilinear Higgs self coupling. CMS, when
comparable, gives similar estimates. The Higgs boson mass, which is already determined to
±0.5%, should be known eventually to a precision of 10−3 (100 MeV/c2 ).
What the LHC cannot do is a direct determination of the Higgs boson total width, and
an investigation of rare, non-conventional or even invisible decays – an invisible decay would
probably constitute discovery of a dark matter particle. The best means of investigation is to
sit in e+ e− collisions just above the ZH threshold, (around 240 GeV centre-of-mass) where the
cross-section is about 200fb. The Z provides a tag that allows an inclusive investigation of the
Higgs branching ratios including the invisible ones. Such studies have been carried out for the
linear collider22 with the conclusion of an improvement with respect to the LHC by sometimes
up to an order of magnitude. The triple higgs coupling or the ttH coupling, however, do not
appear to be easier at the linear collider. This seems to imply that, as far as the Higgs studies

are concerned, an e+ e− collider sitting at the ZH maximum is essentially all that is needed.

Figure 11: Sketch of the LEP3 double ring: a first ring accelerates electrons and positrons up to the operating
energy (120 GeV) and injects them at few-minute intervals into a low-emittance collider ring, which features two
to four high-luminosity interaction points.

Another possibility was presented recently: a high luminosity e+ e− storage ring collider,
sketched in Figure 11. This possibility has received a first, preliminary design investigation 23 ,
with the conclusion that a luminosity of 1034 /cm2 /s (in each of 2 to 4 interaction points) can be
reached for a machine that can fit in the LHC tunnel and presumably more economical. Study of
the performance with one of the LHC experiments was carried out 24 with performances similar
(or better) to those advertised for the ILC, for the channels that can be accessed at that energy.
The difference arises for the ttH and WWH channels for which a larger energy is required,
although these, as well as the HHH coupling, are also accessible at the LHC 25 ,26 .
This discussion will certainly be central to the ESPP strategy process!
3

Neutrinos

Moriond EW 2012 was the witness of a small revolution on Thursday 8 March, the originally
foreseen time of the neutrino session (it had been moved to an earlier date because of the
constraints related to the presentation of the Higgs candidate findings at LHC). The Daya Bay
collaboration announced the precise measurement of anti-electron-neutrino disappearance at the
5σ level, at a wavelength corresponding to the ”atmospheric” oscillation: L/E=500 km/GeV i.e.
L=1500m for E=3 MeV. This measurement implies a large value of the third mixing angle θ13 ,
Figure 12. This confirmed the indication given previously by T2K 28 , MINOS 29 (both in the
νµ → νe appearance mode) and Double Chooz 30 , and was to be confirmed a few weeks later by
the RENO reactor experiment 31 . This angle governs the design of experiments aiming at the
determination of the mass hierarchy and CP violating phase of active neutrinos, and this ’event’
is of particular importance. From 8 March 2012 onwards, θ13 is no longer the ’so far unknown
mixing angle’; it is known and its value is now sin2 2θ13 ' 0.090 ± 0.012.
That neutrinos have mass has been demonstrated beyond any doubt by the fact that neutrinos transform from one flavour to another when traveling through space. The natural theoretical
interpretation is that they undergo quantum oscillations, although it should be said that the
data, while consistent with this interpretation, are far from having demonstrated it beyond the
observation of a little wiggle at the first oscillation maximum.

Daya Bay

Figure 12: News from the neutrino front, θ13 is known! Left, the 5.2 σ observation of ν̄e disappearance from the
Daya Bay experiment; right, the 3.2σ evidence of νµ → νe appearance in the T2K experiment (recent update
from the original 2.5σ ) .

That neutrinos have mass constitutes a clear signal of physics beyond the standard model.
Thus θ13 IS a New Physics mixing angle, not just another mixing angle. Since many of my colleagues working at the high energy frontier voice some contempt at this ’new physics’ at which
they have little access, let me explain it some more with the help of the table in Figure 13. This
is my ’naive experimentalist’s’ description of the neutrino spectrum. The Standard Model has
a simple prescription with massless neutrinos. We know this is wrong. To give neutrino masses
there are three main possibilities: i) give them Dirac masses (like to all other Standard Model
fermions, but with unexplicably small Yukawa couplings); ii) give them Majorana masses (since
they have no charge this is OK); or iii) give neutrinos both types of mass terms – this is OK,
too, and if the Majorana mass is heavy enough this even explains reasonably easily that the
active neutrinos have such small masses. The fact that there are three perfectly valid options
to describe neutrino masses tells us that this problem is beyond the otherwise unambiguous
predictions of the Standard Model.
The fascinating part is that the case where neutrinos have both Dirac and Majorana mass
terms (which was introduced in the ’see-saw’ mechanism) leads to the existence of massive sterile
neutrinos as the right-handed degrees of freedom that naturally partner the massive left-handed
neutrinos that we know and love. This is where it becomes really interesting: these sterile neutrinos potentially establish a natural bridge with the two other known pieces of physics beyond

Figure 13: Spectrum of neutrino mass eigenstates and counting of quantum states, and list of some experimental
consequences in several cases: in the Standard Model (which we know is excluded); in the case where neutrinos
have Dirac mass terms only; Majorana mass terms only; and in the theoretically favored case where they have
both. All mass hierarchies are unknown except that m1 < m2 . The states are indicated together with their weak
isospin I, which is 1/2 for active neutrinos and 0 for sterile neutrinos.

the Standard Model: i) the existence of Dark Matter and ii) the observed baryon-antibaryon
asymmetry of the Universe. Sterile neutrinos constitute perfectly valid Dark Matter candidates
– except that, annoyingly, having only gravitational interactions, they would never be observed
in a WIMP search. The observed baryon-antibaryon asymmetry of the universe may stem from
a phenomenon called Leptogenesis, which invokes massive sterile neutrinos decaying into leptons
with a CP asymmetry that propagates to the baryons through the tortuous Sphalerons. This in
turn constitutes a very valid subject of discussion on the chairlift with a theorist friend, if you
chose them well.
Figure 13 sets the scene for an experimental neutrino program for decades or centuries to
come. Anyone of the following would be a great discovery:
1. determination of the absolute mass scale of neutrinos
2. observation of an inverted mass hierarchy of the active neutrinos
3. CP violation in neutrino oscillations
4. violation of unitarity of the neutrino mixing matrix
5. observation of neutrinoless double beta decay demonstrating fermion number violation
6. discovery of effects implying unambiguously the existence of sterile neutrino(s).
This is a long march and a long march begins with small steps. Now that θ13 is known the

Figure 14: Left: CERN to Pyhsalmi baseline, 2300 km. Right: preliminary layout of a 10 GeV Neutrino Factory
on the CERN site, with neutrino beams pointing at Pyhsalmi.

big question is ’what will be the best set of experiments to measure the mass hierarchy, discover
CP violation, etc...’. This discussion is now very active and has led to a number of proposals.
In a first step we will see improvements in T2K (a factor 50 times more beam is expected from
the full exposure in about 5 years); the start of the NOvA experiment 32 and its completion that
may lead, if the value of δ is favorable, to a 3 σ determination of the mass hierarchy. There
is next a great variety of projects aiming at better determination of the mass hierarchy 33 as
well as more systematic approaches to begin addressing the CP violation and the unitarity of
the mixing matrix. As an exemple of a next step with a longer term vision, Fig. 14 shows the
proposal by the European neutrino community for a long baseline experiment beginning with a
conventional beam 34 from CERN to the Pyhasalmi mine in Finland, which is chosen to also
match the optimal distance for a neutrino factory 35 .
Meanwhile, the sterile neutrino search is in full swing 36 , as was so clearly explaind by Boris
Kayser 37 .

Finally, Moriond witnessed the coming to maturity of several experiments in search for
neutrinoless double beta-decay, with first measurements of double beta decay rates (with two
neutrinos) by, in particular, EXO 38 and Kamland-zen collaboration 39 . There is nothing yet....
but from one of these experiments or from their competitors such as GERDA 40 , may come, one
of these days, a great discovery.

Figure 15: Measurements of normal double beta decay (with two neutrinos) by KAMLAND-Zen (Left) and EXO
(right).

4

Conclusions

This has been an extraordinary Moriond EW session! Thanks to the very beautiful start of the
LHC, we have been spoiled this year with new results, many of which, as usual, were shown
at Moriond for the first time. The near future is exciting. I imagine that the X(125) will be
confirmed, and great ingenuity will go into the study of its properties, the search for possible
partners and new weakly interacting particles. It is timely to ask oneself which is the best
machine to build for precise studies of this discovery. Will High Luminosity LHC be sufficient?
or is a lepton collider necessary, and if yes, which one?
The community will continue to look for effects of new particles in rare phenomena and
precise measurements (dont forget sterile neutrinos!) including 0νββ decay, the discovery of
which would put neutrinos definitely beyond the SM. Neutrino physics will continue developing
and broadening, the sterile neutrinos will be searched in the suspicious corners and everywhere
else. Now that θ13 is known, we can make a decision on the next neutrino facility, making sure
that the incremental path does not lead to a dead end!
I cant wait to see what Moriond 2013 will bring us!
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