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2014 RENCONTRES DE MORIOND

The 49th Rencontres de Moriond were held in La Thuile, Valle d’Aosta, Italy.

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

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

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

The 49th Rencontres de Moriond in 2014 comprised three physics sessions:

• March 15 - 22: “Electroweak Interactions and Unified Theories”

• March 22 - 29: “QCD and High Energy Hadronic Interactions”

• March 22 - 29: “Cosmology”
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Heavy Flavours





CP VIOLATION IN THE B0
(s) SYSTEM AT LHCb

F. DORDEI
on behalf of the LHCb Collaboration

Physikalisches Institut, Im Neuenheimer Feld 226,
69120 Heidelberg, Germany

The study of CP violation in decays of neutral B mesons provides an important test of the
Standard Model (SM) predictions and it is a sensitive probe to search for non-SM physics. In
these proceedings I present measurements of CP violation in the neutral B meson system. The
discussed analyses are based on pp-collision data corresponding to an integrated luminosity of
1 fb−1 or 3 fb−1 recorded by the LHCb experiment.

1 Introduction

The Standard Model description of CP violation has been very successful in describing exist-
ing data. 1 However, the source of CP violation in the SM is not sufficient 2 to explain the
matter-antimatter asymmetry that results in the matter dominated universe we observe today.
Therefore, precision measurements of CP violation are mandatory in order to confirm SM pre-
dictions and to check whether non-SM contributions are also present.

LHCb 3 is one of the four large particle experiments located at the LHC. It is specialised for
precision measurements of b- and c- hadron decays, searching for indirect effects of new virtual
particles in quantum loops, predicted in New Physics models. In particular decays of neutral
B-mesons provide an ideal laboratory to study CP violation originating from a non-trivial com-
plex phase in the CKM quark mixing matrix 4. Since the weak interaction eigenstates are not
the same as the mass eigenstates, the flavour content of neutral mesons changes as a function
of time, giving rise to the phenomenon known as neutral meson mixing. Thanks to this effect,
neutral B mesons allow to test all the three different kinds of CP violation: CP violation in
the decay, CP violation in the mixing and CP violation in the interference between mixing and
decay. The former is possible in both neutral and charged meson decays and it consists in a
difference between absolute value of the amplitude of the decay of a meson to a certain final
state and the amplitude of the CP conjugated decay. The latter two are instead only possible
for neutral mesons.

The phenomenological aspects linked to neutral B meson mixing are described in many ar-

ticles 5; only the main parameters involved are briefly introduced here. B0
(s) and B

0
(s) are flavour



eigenstates with the quark content bd(s) and bd(s), respectively. Any arbitrary combination of

flavour eigenstates, B0
(s) and B

0
(s), has a time evolution described by an effective Schrödinger

equation (we adopt units such that h̄ = c = 1)

i
d

dt

(
B0

(s)

B
0
(s)

)
=

(
M11 − iΓ11/2 M12 − iΓ12/2
M21 − iΓ21/2 M22 − iΓ22/2

)(
B0

(s)

B
0
(s)

)
, (1)

where M and Γ are 2× 2 hermitian matrices. The heavy (H) and light (L) mass eigenstates of
the Schrödinger equation are obtained diagonalizing the matrix in Eq.1

|BH/L〉 = p|B0
(s)〉 ± q|B

0
(s)〉 , (2)

where the complex coefficients p and q obey the normalization condition |p|2 + |q|2 = 1. The
system can be defined in terms of five different experimental observables. They are the mass
difference ∆m(s) and the decay width difference ∆Γ(s) between the mass eigenstates, defined by

∆m(s) ≡ mH −mL ' 2|M12|, ∆Γ(s) ≡ ΓL − ΓH ' 2|Γ12| cos(φ12), (3)

the average mass and width, defined by

m(s) =
mH +mL

2
, Γ(s) =

ΓL + ΓH
2

, (4)

and the so-called flavour-specific or semileptonic asymmetry, which is a dimensionless quantity
that parametrizes CP violation in the mixing and is approximately given by

asl '
∆Γ

∆M
tanφ12 . (5)

In the SM model the phase φ12 is very small, and in particular for B0
s mixing, assl is predicted 6

to be (+1.9± 0.3) · 10−5.
The interference between B0

s -mesons decaying to a J/ψhh (h= K or π) final state either

directly or via B0
s−B

0
s mixing gives rise to a CP -violating phase called φs. In the SM, neglecting

sub-leading penguin contributions, this phase is predicted 7 to be −2 arg(−VtsV ∗tb/VcsV ∗cb) =
(3.40+1.32

−0.77)× 10−3, where Vij are elements of the CKM matrix.
In the following a selection of recent LHCb measurements of CP violation in the neutral B

meson system are presented. They are based on 2011 only or 2011+2012 data sets, corresponding
to 1 fb−1 or 3 fb−1 of integrated luminosity of pp collisions, respectively.

2 Measurement of CP asymmetries, and direct CP violation in B0 → φK∗(892)0

An angular analysis of the decay B0 → φK∗(892)0 has been performed 8 using a data set which
corresponds to 1.0 fb−1 of integrated luminosity. It is a pseudoscalar to vector-vector transition.
For a P-wave state angular momentum conservation allows three possible helicity configurations
of the vector meson pair, parametrised by a longitudinal polarisation A0, and two tansverse
polarisations, A⊥ and A‖. Moreover for the first time also the contributions where either the

KK or Kπ are produced in an S-wave state are taken into account, with the amplitudes AKKs
and AKπs , respectively.

The polarisation amplitudes are extracted by means of an untagged time-independent angu-
lar analysis. An almost equal mixture of longitudinal and transverse polarisations is found with
greater precision than by previous measurements. The fraction of the longitudinal polarisation
is measured to be fL = 0.497 ± 0.019 (stat.) ± 0.015 (syst.). Moreover, a significant S-wave
contributions is found in both the Kπ and the KK system. Using the information that the B
meson flavour at decay can be identified by the charge of the kaon from the K∗, the sample is



splitted in two sub-samples and the difference in polarisation amplitudes and phases between
the two samples is calculated. All differences are found to be consistent with zero within the
uncertainties.

The polarisation amplitudes and phases are also used to calculate triple product asymmetries.
Non-zero triple product asymmetries arise either due to a T -violating phase or a CP -violating
phase and final-state interactions (so-called fake asymmetry). The former case (so-called true
asymmetry) implies that CP is violated, assuming CPT is conserved. The true asymmetries are
found consistent with zero, showing no evidence for CP violation. In contrast, all but one of
the fake asymmetries are significantly different from zero, indicating the presence of final-state
interactions introducing strong phases.

After splitting the sample according to the flavour of the B meson at decay, the following
raw asymmetry is measured

A =
N(B

0 → φK
∗
(892)0)−N(B0 → φK∗(892)0)

N(B
0 → φK

∗
(892)0) +N(B0 → φK∗(892)0)

. (6)

Correcting for particle-antiparticle production and detection asymmetries, calculated using the
control channel B0 → J/ψK∗(892)0, the direct CP asymmetry is determined to be

ACP (φK∗(892)0) = (+1.5± 3.2 (stat.)± 0.5 (syst.))%. (7)

This is consistent with zero and a factor of two more precise than the values reported by
Babar and Belle 9.

3 Measurement of time-dependent CP violation in B0
s → K+K− and B0 → π+π−

The study of CP violation in charmless charged two-body decays of neutral B mesons is a good
probe of the SM predictions. Moreover, precise measurements in this sector are important to
constrain hadronic factors that cannot be accurately calculated from quantum chromodynamics
at present. In these proceedings the first measurement of time-dependent CP -violating asymme-
tries in B0

s → K+K− decays 10 is discussed. Furthermore, a measurement of the corresponding
quantities for B0 → π+π− has been performed. The analysis is based on a data sample corre-
sponding to 1 fb−1 of integrated luminosity.

Assuming CPT invariance, the CP asymmetry as a function of time for neutral B mesons
decaying to a CP eigenstate f is given by

ACP(t) =
Γ
B

0
(s)→f

(t)− ΓB0
(s)
→f (t)

Γ
B

0
(s)→f

(t) + ΓB0
(s)
→f (t)

=
−Cf cos(∆m(s)t) + Sf sin(∆m(s)t)

cosh
(

∆Γ(s)

2 t
)
−A∆Γ(s)

f sinh
(

∆Γ(s)

2 t
) . (8)

The quantities Cf , Sf , and A∆Γ(s)

f are

Cf =
1− |λf |2

1 + |λf |2
, Sf =

2Imλf
1 + |λf |2

, and A∆Γ(s)

f = −
2Reλf

1 + |λf |2
, (9)

where the parameter λf = (q Af )/(pAf ) is related to the B0
(s) meson mixing (via q/p) and to

the decay amplitudes of the B0
(s) → f decay (Af ) and of the B

0
(s) → f decay (Af ).

The parameter A∆Γ(s)

f can be expressed as A∆Γ
f = ±

√
1− C2

f − S2
f . For B0

s decays the positive

solution is taken, which is consistent with measurement of the B0
s → K+K− effective lifetime,

while for B0 decays, due to the fact that the width difference of the B0 meson is negligible, the
ambiguity is not relevant. By means of a time-dependent analysis, where the initial B0

(s) flavour



is identified through a flavour-tagging algorithm calibrated using flavour-specific B0 → K+π−

events, the parameters for B0
s → K+K− decay are found to be

CKK = 0.14± 0.11 (stat.)± 0.03 (syst.), (10)

SKK = 0.30± 0.12 (stat.)± 0.04 (syst.),

with a statistical correlation coefficient of 0.02. The results for the B0 → π+π− decay are

Cππ = −0.38± 0.15 (stat.)± 0.02 (syst.), (11)

Sππ = −0.71± 0.13 (stat.)± 0.02 (syst.),

with a statistical correlation coefficient of 0.38. The significances for (CKK , SKK) to differ from
(0, 0) are determined to be 2.7σ and 5.6σ, respectively. These results are compatible with SM
predictions and are important inputs in the determination of the unitarity triangle angle γ using
decays affected by penguin processes.

4 Measurement of the semileptonic asymmetry assl

The LHCb collaboration has performed a measurement 11 of the semileptonic asymmetry assl
in decays of B0

s → D+
s µ
−X, using a data sample corresponding to an integrated luminosity of

1 fb−1. The time integrated asymmetry in the untagged yields of D−s µ
+ and D+

s µ
− events is

related to assl by

ACP
measured =

Γ[D−s µ
+]− Γ[D+

s µ
−]

Γ[D−s µ+] + Γ[D+
s µ−]

=
assl
2

+ aD +

[
ap −

assl
2

]
·
∫
e−Γst cos(∆mst)ε(t)dt∫
e−Γst cosh(∆Γs/2t)ε(t)dt

, (12)

where ε(t) is the decay time acceptance function and ap is the particle-antiparticle production
asymmetry. The latter is expected to be at most a few percent at the LHC. However, thanks to
the large value of the oscillation frequency 12, ∆ms = 17.768 ± 0.024 ps−1, the integral on the
right-hand side is small and the third term on the right-hand side of Eq.12 can be neglected.

Using data-driven methods to measure efficiency ratios, the measured CP asymmetry is cor-
rected for tracking efficiency asymmetries and background asymmetries (aD) and the semilep-
tonic asymmetry assl = (−0.06 ± 0.50 ± 0.36)% is derived. This result is the most precise
measurement to date and is consistent with the SM.

5 Measurement of the CP-violating phase φs

The decays B0
s → J/ψφ and B0

s → J/ψπ+π− are used to measure the CP violating phase,
φs. The decay B0

s → J/ψφ is a pseudo-scalar to vector-vector decay, so angular momen-
tum conservation implies that the final state is an admixture of CP -even and CP -odd com-
ponents. By performing a tagged time-dependent angular analysis, it is possible to statistically

disentangle the different CP eigenstates by the differential decay rate for B0
s and B

0
s mesons,

produced as flavour eigenstates at t = 0. Using 1 fb−1 of data collected in pp collisions at√
s = 7 TeV with the LHCb detector, the CP violating phase φs as well as ∆Γs and Γs

are extracted 13 by performing an unbinned maximum log-likelihood fit to the B0
s mass, de-

cay time t, angular distributions and initial flavour tag of the selected B0
s → J/ψφ events.

The B0
s → J/ψπ+π− final state is predominantly CP -odd. Thus there is no need for an an-

gular analysis. The results of a simultaneous fit to both B0
s → J/ψφ and B0

s → J/ψπ+π−

are: φs = 0.01 ± 0.07 (stat.) ± 0.01 (syst.), Γs = (0.661 ± 0.004 (stat.) ± 0.006 (syst.)) ps−1 and
∆Γs = (0.106± 0.011 (stat.)± 0.007 (syst.)) ps−1.

These results are in good agreement with the SM prediction. The systematic uncertainty
on φs is dominated by the size of the Monte Carlo sample used to determine the angular ac-
ceptance, the one on ∆Γs is dominated by the background subtraction method and the decay
time acceptance, the one on Γs by the decay time acceptance determination. All of them are
expected to decrease in the near future.



6 Measurement of resonant and CP components in B
0
s → J/ψ π+π− decays

Using the dataset corresponding to 3 fb−1 of integrated luminosity, the resonant structure of the

decay B
0
s → J/ψ π+π− has been studied 14. The π+π− invariant mass and all three decay angu-

lar distributions are used to determine the resonant and non-resonant components. The decay

B
0
s → J/ψ π+π− can be described by the interfering sum of five resonant components: f0(980),

f0(1500), f0(1790), f2(1270) and f ′2(1525). An alternative model including these states and a
non-resonant J/ψπ+π− component has been checked and it also provides a good description of
data. In both models the largest component of the decay is f0(980), while the f0(500) and the
ρ(770) components are found to be not signficant. An upper limit for the fit fractions of these
two component is derived, corresponding to 3.4% and 1.7% at 90% confidence level (from the
solution where also the non-resonant component is included), respectively.

The final state is found to be compatible with being entirely CP -odd; the CP -even part
is measured to be less than 2.3% at 95% CL. This upper limit is the same as of a previous
measurement 15 performed with 1 fb−1 of integrated luminosity, while the current measurement
also adds a possible f ′2(1525) contribution.

Also of importance is the limit on the absolute value of the mixing angle, φm, between the
f0(500) and the f0(980) resonances. The limit is found to be

|φm| < 7.7◦ at 90% CL, (13)

and it is the most constraining ever placed. It is consistent with the tetraquark model, which
predicts zero within a few degrees.

7 Measurement of the B
0
s → D+

s D
−
s effective lifetime

Measurements of the B0
s effective lifetime in decays to CP -odd and CP -even flavour specific final

states, f , allow to probe the decay width difference, ∆Γs, and the CP -violating phase, φs, of

B0
s −B

0
s mixing box-diagram. We define the effective lifetime of the decay B0

s → f as the time
expectation value of the untagged rate

τf ≡
∫∞

0 t 〈Γ(B0
s (B

0
s)(t)→ f)〉dt∫∞

0 〈Γ(B0
s (B

0
s)(t)→ f)〉dt

, (14)

which is equivalent to the lifetime that results from fitting the untagged decay time distribution
with a single exponential. By making use of the usual definition ys = ∆Γs/2Γs and using
τB0

s
= Γ−1

s , one can express the effective lifetime as

τf = τB0
s

+ τB0
s
A∆Γs
f ys + τB0

s
[2− (A∆Γs

f )2] y2
s +O(y3

s) . (15)

The parameter A∆Γs
f is defined in Eq. 9, and is a function of φs

16. So the corresponding lifetime
measurements can be used to constrain ys (or ∆Γs) with respect to φs, with the advantage that
only an untagged analysis is needed.

Here the first measurement of the effective lifetime of theB
0
s meson in the decayB

0
s → D+

s D
−
s

is reported 17, using a dataset corresponding to 3 fb−1 of integrated luminosity. The lifetime of

B
0
s → D+

s D
−
s meson is measured relative to the well known B− lifetime, using the normalisation

decay channel B− → D0D−s , which has a similar topology and kinematic properties. As a
result, many of the systematic uncertainties cancel in the ratio. The measured value of the

B
0
s → D+

s D
−
s effective lifetime is τ = (1.379± 0.026 (stat.)± 0.017 (syst.)) ps. The D+

s D
−
s final

state is CP -even hence the effective lifetime is approximately equal to Γ−1
L . Using this fact a

value of ΓL = (1.52± 0.15 (stat.)± 0.001 (syst.)) ps−1 is derived.



8 Conclusions

Recent LHCb results of CP violation in the neutral B meson system have been presented.
All measurements are in good agreement with SM predictions. The selection of CP violation
presented here is not a complete list of the analyses performed by the LHCb collaration. Updated
results based on the full 3 fb−1 of data are expected soon and will allow to constrain even stronger
contributions of beyond the SM physics.
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CONSTRAINING THE CKM ANGLE γ AT LHCb
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The LHCb experiment is a general purpose forward spectrometer operating at the Large
Hadron Collider, optimised for the study of B and D hadrons. LHCb has collected 3 fb−1

of integrated luminosity, which provides an unprecedentedly large sample of B hadron decays
to final states involving charmed hadrons. These decays offer many complementary ways to
measure the angle γ of the CKM triangle. The latest combination of LHCb measurements
to provide a value of γ is presented, along with the first measurements of CP -violating ob-
servables in B+ → DK+ and B+ → Dπ+ decays with D → K0

SK
±π∓ final states. The

first observations of a number of b-baryon decays that have the potential to contribute to
measurements of γ are also reported.

1 Introduction

The CKM parameter γ is currently the least well-constrained angle of the CKM triangle. Combi-
nations made in summer 2012 by the CKMFitter1 and UTFit2 collaborations, before the inclusion
of measurements from LHCb, gave γ = (66±12)◦ and γ = (76±10)◦ respectively. Measurements
of γ can be made using B decays that are mediated only by tree-level transitions, for example B
decays to open charm mesons. Since these transitions are unlikely to be affected by New Physics,
they provide a “standard candle” to measure the Standard Model (SM) value of γ. The value of
γ measured in this way can then be compared to values measured using B decays mediated by
loop-level transitions, for example B decays to light charmless hadrons. A significant difference
between these values would indicate a New Physics contribution to the loop processes.

This document presents the latest results from the LHCb experiment3 measuring CP -violating
observables in hadronic B decays to open charm. Results from time-independent analyses of
B+ → DK+ and B+ → Dπ+ decays, with various final states of the D meson, are combined to
give a first LHCb value for γ. The first analysis of B+ → DK+ and B+ → Dπ+ decays with
D → K0

SK
±π∓ final states is also described. Finally, studies of b-baryon decays to D0ph and

Λch final states (where h represents a charged pion or kaon) are reported.

Most of the results reported here are based on data corresponding to 1 fb−1 of integrated
luminosity, collected in 2011 at a centre-of-mass energy of 7 TeV, while some results also include
the 2 fb−1 of data collected in 2012 at a centre-of-mass energy of 8 TeV.

2 Gamma combination from time-independent analyses of B+ → DK+ and B+ →
Dπ+

In general, time-independent methods of measuring γ from hadronic B decays to open charm
take advantage of the interference between b → c and b → u transitions at tree-level, where



the D final state is accessible to both D0 and D
0
. The most commonly used B decays are

B+ → DK+ and B+ → Dπ+. Aside from the weak phase γ, these analyses also measure the
hadronic parameters rB(D) and δB(D), where the ratio of the favoured to suppressed B(D) decay

amplitudes is rB(D)e
i(δB(D)). The method to extract these hadronic parameters and γ depends

on the D final state. The three methods discussed in this document are usually referred to by
the initials of the authors of the paper(s) that first proposed the method. There is the “GLW”
method 4, where the D decays to a CP eigenstate, the “ADS” method 5 where the D decays to
a quasi-flavour-specific state, and the “GGSZ” method 6 where the D decays to a self-conjugate
three-body final state.

LHCb has published measurements, all based on 1 fb−1 of data, using D → π+π−, K+K−

and K±π∓ in a two-body ADS and GLW analysis 7, D → K±π∓π+π− in a four-body ADS
analysis 8, and D → K0

Sπ
+π− and D → K0

SK
+K− in a GGSZ analysis 9. These measurements

have been combined, using a frequentist approach, to obtain a combined LHCb value for γ 10. In
addition to the LHCb measurements, CLEO-c measurements are also used to constrain some of
the parameters of the relevant D systems 11. The experimental likelihoods are combined as

L(~α) = fi( ~A
obs
i | ~Ai(~αi)),

where ~A are the experimental observables (such as, RCP+, x+, etc), and ~α are the physics
parameters (such as γ, rB, etc). Confidence intervals are then obtained from this likelihood in a
frequentist way. The confidence intervals are rescaled to account for undercoverage and neglected

correlations between systematics. The effects of D0−D0
mixing, and of possible CP violation in

the D decays, are taken into account. The confidence intervals for γ and rB from a combination
of the DK and Dπ measurements are shown in Fig. 1. The 68% confidence interval for γ is
[55.4, 82.3]◦.

Following the publication of Ref. 10, LHCb performed a preliminary update of the GGSZ
analysis with D → K0

Sπ
+π− and D → K0

SK
+K− final states, using 3 fb−1 of data 12. This result

has been used to make a preliminary combination13 with the 1 fb−1 LHCb analyses that were used
for the published combination described above. The preliminary combination uses measurements
from B+ → DK+ decays only. The resulting confidence interval for γ is shown in Fig. 2. Also
shown is a comparison of the confidence interval for γ from the preliminary combination with
that from a combination of B+ → DK+ measurements based only on the 1 fb−1 dataset. The
preliminary LHCb measurement of γ from this combination is γ = (67±12)◦. The measurements
used for this combination were included in the global CKM fits for the first time in results
presented at the summer conferences in 2013. The fitted values for γ were γ = (68.0+8.0

−8.5)◦ from
CKMFitter, and γ = (70.1± 7.1)◦ from UTFit.

]° [γ

1
C

L

3
10

210

110

1

0 20 40 60 80 100 120 140 160 180

15.9−
+9.1

72.6

68.3%

95.5%

99.7%
LHCb

K
B

r
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

1
C

L

3
10

210

110

1

0.009−
+0.008

0.089

68.3%

95.5%

99.7%
LHCb

Figure 1 – Confidence intervals, resulting from the combination of the DK and Dπ measurements, for γ (left), and
rB (right).



3 Time-independent analyses of B+ → DK+ and B+ → Dπ+ with D → K0
SK
±π∓ final

states

LHCb has made the first study of CP violation in B+ → DK+ and B+ → Dπ+ decays with
D → K0

SK
±π∓ final states, using 3 fb−1 of data 14. This is the first time an “ADS-like” analysis

has been performed with a Singly-Cabibbo-Suppressed (SCS) final state 15. The final states are
labelled Opposite-Sign (OS) or Same-Sign (SS) by comparing the charge of the kaon from the D
decay with the charge of the initial B meson. The analysis of the three-body D final state requires
knowledge of how the average interference amplitude (κKSKπ) and strong phase difference (δKSKπ)
vary across the D Dalitz plot. This information is taken from measurements by the CLEO-
c collaboration 16. The LHCb analysis measures the yield ratios (R) and charge asymmetries
(A) between OS and SS final states, and between DK and Dπ final states. Combining this
information with the CLEO-c measurements allows γ, rB, rD and δB to be extracted. The
analysis is performed across the whole D Dalitz plane, and also in a restricted region around the
K∗± resonance, to take advantage of the higher coherence factor (κKSKπ) in that region.

Examples of the fits to the invariant mass of the B candidates are shown in Fig. 3. The
measured values of the observables are shown in Table 1. The scans of the χ2 probability over
the γ − rB parameter space are shown in Fig. 4, for the fit to the whole D Dalitz region and the
fit to the region around the K∗± resonance. It can be seen that the constraints from this analysis
are consistent with those obtained by LHCb from other final states. With a larger dataset, this
analysis will provide valuable constraints on γ.
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Figure 3 – Distributions of the invariant mass of the B candidates for two subsamples of the data — the SS
B− → DK− (left), and the OS B+ → Dπ+ (right). The fit PDFs are superimposed.



Table 1: Results for B+ → DK+ and B+ → Dπ+ observables measured in the whole Dalitz region, and in the
region around the K∗± resonance. The first uncertainty is statistical and the second is systematic.

Observable Whole Dalitz plot K∗± window

RSS/OS,Dπ 1.528±0.058±0.025 2.57±0.13 ±0.06

RDK/Dπ,SS 0.092±0.009±0.004 0.084±0.011±0.003

RDK/Dπ,OS 0.066±0.009±0.002 0.056±0.013±0.002

ASS,DK 0.040±0.091±0.018 0.026±0.109±0.029
AOS,DK 0.233±0.129±0.024 0.336±0.208±0.026
ASS,Dπ −0.025±0.024±0.010 −0.012±0.028±0.010
AOS,Dπ −0.052±0.029±0.017 −0.054±0.043±0.017

4 Studies of b-baryon decays to D0ph and Λch final states

Compared to the b-meson sector, the b-baryon sector remains largely unexplored. Decays such
as Λ0

b → D0Λ and Λ0
b → D0pK− can be used to measure γ 17. The first step towards this

goal is to observe such decays. Using 1 fb−1 of data, LHCb has made the first observation of
the Λ0

b → D0pK− decay 18, where the D0 meson is reconstructed using the Cabibbo-favoured
D0 → K−π+ decay mode. Decay modes having a similar final state to Λ0

b → D0pK− are
also studied, namely Λ0

b → D0pπ−, Λ0
b → Λ+

c π
− and Λ0

b → Λ+
c K

−, where the Λ+
c baryon is

reconstructed using the Cabibbo-favoured Λ+
c → pK−π+ decay mode.

A loose selection, based on rectangular cuts, is applied to measure the ratio of branching
fractions of the favoured decays Λ0

b → Λ+
c π
− and Λ0

b → D0pπ−. The invariant mass distributions
of candidates passing this loose selection are shown in Fig. 5 for the Λ+

c π
− (left) and D0pπ−

(right) final states. The ratio of branching fractions is measured to be

RΛ0
b
→D0pπ− ≡ B(Λ0

b → D0pπ−)× B(D0 → K−π+)

B(Λ0
b → Λ+

c π−)× B(Λ+
c → pK−π+)

= 0.0806± 0.0023± 0.0035,

where the first error is statistical and the second systematic. The largest systematic uncertainty is
due to knowledge of the efficiency of the PID cuts used to separate protons from kaons and pions.
The charm hadron branching fractions are included in the quoted ratio to avoid dependence on
the poorly-known Λ+

c → pK−π+ branching fraction.
A tighter selection, based on a Boosted Decision Tree, is used to search for the previously

unobserved modes where the “bachelor” particle from the b-baryon decay is a kaon rather than
a pion. The invariant mass distributions of candidates passing this tighter selection are shown
in Fig. 6 for the D0pK− (left) and Λ+

c K
− (right) final states. In the D0pK− final state, peaks

°
 γ

50 100 150

Br

0.05

0.1

0.15

0.2

0.25

0.3

0.35

(a)LHCb

°
 γ

0 50 100 150

Br

0.05

0.1

0.15

0.2

0.25

0.3

0.35

(b)LHCb

Figure 4 – Scans of the χ2 probability over the γ − rB parameter space for (a) the whole Dalitz fit and (b) the fit
inside the K∗± region. The confidence regions for 1, 2 and 3 standard deviations are shown in dark, medium and
light blue respectively. The current LHCb measurement of γ and rB is indicated by the black data point.



are observed at both the Λ0
b and Ξ0

b masses. The significances of these peaks are 9.0σ for the
Λ0
b → D0pK− signal, and 5.9σ for the Ξ0

b → D0pK− signal. Both decays are therefore observed
for the first time, with ratios of branching fractions measured to be

RΛ0
b
→D0pK− ≡ B(Λ0

b → D0pK−)

B(Λ0
b → D0pπ−)

= 0.073± 0.008+0.005
−0.006,

RΞ0
b
→D0pK− ≡

fΞ0
b
× B(Ξ0

b → D0pK−)

fΛ0
b
× B(Λ0

b → D0pK−)
= 0.44± 0.09± 0.06,

where the first error is statistical and the second systematic. The ratio of fragmentation functions
fΞ0

b
/fΛ0

b
is included in the quoted ratio, as its value is currently unmeasured. The D0pK− mass

spectrum is also used to precisely measure the difference between the masses of the Ξ0
b and Λ0

b

baryons:

mΞ0
b
−mΛ0

b
= 174.8± 2.4± 0.5 MeV/c2,
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where the first error is statistical and the second systematic. For both the ratios of branching
fractions and the mass difference, the largest systematic uncertainty is due to the modelling of
the background contributions to the D0pK− mass fit. The measurement of the mass difference
can be combined with the LHCb measurement of mΛ0

b
in the Λ0

b → J/ψΛ decay mode 19 to give

mΞ0
b

= 5794.3± 2.4± 0.7 MeV/c2,

where the first error is statistical and the second is systematic and includes the error on mΛ0
b
.

This is the most precise measurement of mΞ0
b

to date.

In the Λ+
c K

− final state, a prominent peak is observed at the Λ0
b mass. There is also evidence

for a peak at the Ξ0
b mass, with a significance of 3.3σ. The ratios of branching fractions are

measured to be

RΛ0
b
→Λ+

c K− ≡ B(Λ0
b → Λ+

c K
−)

B(Λ0
b → Λ+

c π−)
= 0.0731± 0.0016± 0.0016,

RΞ0
b
→Λ+

c K− ≡ B(Ξ0
b → Λ+

c K
−)× B(Λ+

c → pK−π+)

B(Ξ0
b → D0pK−)× B(D0 → K−π+)

= 0.57± 0.22± 0.21,

where the first error is statistical and the second systematic. For both ratios of branching fractions,
the largest systematic uncertainty is due to the modelling of the background contributions to the
Λ+
c K

− mass fit. The ratios of branching fractions measured in this analysis are consistent with
expectations based on consideration of the CKM matrix elements involved in the dominant decay
processes.
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Charm mixing and CP violation at LHCb
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An overview of the latest LHCb’s measurements of mixing and CP violation in the charm
sector is presented. This includes the world’s most precise determination of mixing parameters
using “wrong-sign” D0 → K+π− decays, world’s best bounds on indirect CP violation using
two-body D0 decays and searches for direct CP violation in multi-body D0 and D+ decays.

1 Introduction

Processes involving K and B mesons have always been regarded as the most interesting probe of
flavor and CP violation. Indeed, within the Standard Model the largest flavor and CP violating
effects reside in systems involving down-type quarks, where charged-current loops dominated by
the heavy top quark communicate the symmetry violation. However, while these properties hold
in the Standard Model, there is no good reason for them to be true if new physics is present at
the electroweak scale. In particular, it is quite plausible that new-physics contributions affect
mostly the up-type sector, possibly in association with the mechanism responsible for the large
top mass 1. Hence, decays of D mesons represent a unique probe of new-physics flavor effects,
quite complementary to tests in K and B systems.

LHCb has a broad programme of charm physics, which, besides studies of mixing and CP
violation, includes searches for rare decays, spectroscopy and measurements of production cross-
sections. In the following an overview of the most recent LHCb’s measurements of mixing and
CP violation in charm decays is presented.

2 Direct CP violation

Direct CP violation occurs when the magnitudes of a given decay amplitude is different than the
magnitude of the amplitude for the corresponding CP conjugated decay. Direct CP violation
has not yet been observed in the up-type sector. The early evidence for large direct CP violation
in singly-Cabibbo-suppressed D0 decays to two charged hadrons 2 has not been confirmed by
the most recent LHCb results 3, but it has stimulated an intense and fruitful discussion between
the theoretical heavy-flavor physics community, which demands additional and more precise
searches for direct CP violation in charm decays. Of particular interest are decays to multi-
body final states as they offer the opportunity to study CP -violating effects localized in phase
space, providing sensitivity to phenomena that might get “washed out” in global decay rate
asymmetries.

Recently LHCb performed searches for local CP asymmetries in Cabibbo-suppressed three-
body D+ → π+π−π+ 4 and four-body D0 → π+π−π+π− and D0 → K+K−π+π− decays 5.a

aThe inclusion of charge-conjugate processes is implicit unless stated otherwise.



These measurements use the data sample corresponding to 1 fb−1 of integrated luminosity,
collected by LHCb during 2011. Neutral D mesons are reconstructed from the decay chains
D∗+ → D0π+

s where the charge of the “soft” (low-momentum) pion, πs, identifies the fla-
vor of the neutral meson at production. In all cases, local CP violation is searched using a
model-independent binned method, while for the D+ case also an unbinned technique has been
developed, providing consistent results4. The binned method divides the multi-body phase space
into n independent volumes (“bins”) and defines an asymmetry significance for each as

SiCP =
N i(D)− αN i(D)√
N i(D) + α2N i(D)

,

where N i is the number of reconstructed candidates in the bin i and α =
∑

iN
i(D)/

∑
iN

i(D)
is used to remove any global asymmetry. This procedure makes the search insensitive to global
CP asymmetries, but also to any unwanted production and/or detection asymmetry that does
not vary across the phase space. In absence of local CP violation, SiCP would be distributed
as a normal distribution. The no-CP violation hypothesis is tested by computing a p-value
from χ2 =

∑
i

(
SiCP

)2
with n− 1 degrees of freedom. Different binning schemes are tested and

p-values are found to exceed 50%, 40% and 9% in the D+ → π+π−π+, D0 → π+π−π+π− and
D0 → K+K−π+π− cases, respectively. Figure 1 shows, as an example, the SiCP distribution from
the 3 × 106 reconstructed D+ → π+π−π+ candidates. The signal yields in D0 → π−π+π−π+

and D0 → K−K+π−π+ decays are 330× 103 and 57× 103, respectively.
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Figure 1 – (Left) Variation over the binned Dalitz plot and (right) integrated distribution of the SCP variable
for D+ → π+π−π+ decays. The variable shigh (slow) is the highest (lowest) squared invariant mass of the two
possible π+π− combinations.

3 Mixing and indirect CP violation

Mass eigenstates of neutral neutral charm mesons, |D1,2〉, with masses m1,2 and widths Γ1,2, are
linear combinations of the flavor eigenstates |D1,2〉 = p|D0〉 ± q|D0〉, where p and q are complex
parameters. This results in D0 −D0 oscillation, whose rate is characterized by the size of the
dimensionless mixing parameters x ≡ (m2−m1)/Γ and y ≡ (Γ2−Γ1)/2Γ, where Γ ≡ (Γ1+Γ2)/2.
While it is well established that D0 − D0 oscillation occurs, there is not yet any sign for CP
violation in mixing 6.

Building upon the previous measurement of charm mixing parameters in D0 → K+π+

decays 7, LHCb performed an updated measurement of charm mixing and searched for time-
dependent CP violation using the full data sample consisting of 3 fb−1 of integrated luminosity



collected during Run I 8. CP violation in D0 −D0 mixing is searched by comparing the decay-
time-dependent ratio of “wrong-sign” D∗+ → D0(→ K+π−)π+

s to “right-sign” D∗+ → D0(→
K−π+)π+

s rates with the corresponding ratio for the charge-conjugate processes. In the limit
of |x|, |y| � 1, and assuming negligible CP violation, the decay-time dependence of this ratio is
approximated by

R(t) ≈ RD +
√
RD y′

t

τ
+
x′2 + y′2

4

(
t

τ

)2

,

where τ is the average D0 lifetime. The parameters x′ and y′ depend linearly on the mixing
parameters as x′ ≡ x cos δ + y sin δ and y′ ≡ y cos δ − x sin δ. The parameter RD and the
strong phase δ are related to the decay amplitudes as A(D0 → K+π−)/A(D0 → K+π−) =
−
√
RDe

−iδ. Allowing for CP violation, the rates R+(t) and R−(t) of initially produced D0

and D0 mesons are functions of independent sets of mixing parameters (R±D, x
′2±, y′±), where

x′± = |q/p|±1(x′ cosφ ± y′ sinφ) and y′± = |q/p|±1(y′ cosφ ∓ x′ sinφ) and φ is the relative
week phase between q/p and A(D0 → K+π−)/A(D0 → K+π−). Direct CP violation would
produce a difference between R+

D and R−D, which can be quantified by the direct CP asymmetry
AD = (R+

D −R
−
D)/(R+

D +R−D). Violation of CP symmetry either in mixing (|q/p| 6= 1) or in the
interference between mixing and decay amplitudes (φ 6= 0) are usually referred to as indirect
CP violation and would result in differences between (x′2+, y′+) and (x′2−, y′−).
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Figure 2 – Ratios of wrong-sign to right-sign yields for (a) D0 decays, (b) D0 decays, and (c) their
differences as functions of decay time in units of D0 lifetime. Projections of fits allowing for (dashed line)
no CP violation, (dotted line) no direct CP violation, and (solid line) full CP violation are overlaid. The
abscissa of the data points corresponds to the average decay time over the bin; the error bars indicate
the statistical uncertainties.

About 220 × 103 wrong-sign and 54 × 106 right-sign candidates have been reconstructed.
Their ratio as a function of time is shown in Fig. 2 and is consistent with CP conservation as no



difference between R+(t) and R−(t) is found. This translate in the world’s most precise bounds
on |q/p| and AD from a single experiment:

0.75 < |q/p| < 1.24 at 68.3% CL, AD = (−0.7± 1.9)%.

Assuming CP conservation, the mixing parameters are measured to be x′2 = (5.5± 4.9)× 10−5,
y′ = (4.8±1.0)×10−3, and RD = (3.568±0.066)×10−3. The reported interval and uncertainties
include both statistical and systematic components.

Indirect CP violation is also searched by measuring the asymmetry between the effective
lifetimes of D0 and D0 mesons decaying into CP eigenstates 9, such as D0 → h+h− decays with
h = K or π:

AΓ =
τ̂(D0 → h+h−)− τ̂(D0 → h+h−)

τ̂(D0 → h+h−) + τ̂(D0 → h+h−)
≈ y

2

(∣∣∣∣qp
∣∣∣∣− ∣∣∣∣pq

∣∣∣∣) cosφ− x

2

(∣∣∣∣qp
∣∣∣∣+

∣∣∣∣pq
∣∣∣∣) sinφ.

In a sample of 1 fb−1 of integrated luminosity collected during 2011, LHCb reconstructs approx-
imately 3× 106 D0 → K+K− and 1× 106 D0 → π+π− decays, where the D0 meson is required
to originate from a D∗+ → D0π+

s decay to be able to identify its flavor at production time. A
multi-dimensional unbinned maximum likelihood fit is used to separate the signal from the rel-
evant backgrounds and determine the value of AΓ. As an example, Fig. 3 shows the decay-time
distribution of D0 → K+K− candidates with fit projection overlaid. In case of indirect CP
violation, AΓ would be different than zero and the ratio between the number of D0 → K+K−

and D0 → K+K− candidates (also shown in Fig. 3) would have a slope as a function of decay
time.
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The measured values of AΓ separately for the two final state are:

AΓ(D0 → K+K−) = [−0.35± 0.62(stat.)± 0.12(syst.)]× 10−3,

AΓ(D0 → π+π−) = [+0.33± 1.06(stat.)± 0.14(syst.)]× 10−3.

These are the world’s most precise measurement of this quantity to date. They are consistent
with CP conservation and no difference between the two final states is observed, as expected
from Standard Model predictions.

4 Conclusions

Thanks to the world’s largest, high purity samples of charm decays collected during Run I, LHCb
has already shown its potential to substantially improve the precision on all the key observables
of the charm physics sector in the next years. Major advances will be made in the coming months
as the full Run I data sample has not yet been fully analyzed and additional data will soon be
collected in the forthcoming LHC runs, allowing to put bounds on CP -violating observables at
better than 10−3 level in many decay channels.
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GLOBAL FITS TO RADIATIVE b→ s TRANSITIONS
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I review the status of the model-independent analyses of b → s transitions. I discuss first
the effective Hamiltonian approach, before focusing on the impact of B → K∗`` and B →
K`` observables. I consider several global fits performed recently, discussing some of their
differences. Finally, I give a brief overview of some limitations and prospects for theoretical
and experimental improvement.

1 Radiative b→ s transitions in a model-independent approach

Radiative b → sγ and b → s`` transitions are particularly interesting flavour processes. These
Flavour-Changing Neutral Currents are suppressed in the Standard Model (SM) and dominated
by loop processes involving only heavy particles (top, W , Z). As such, they are expected to be
particularly sensitive probes of New Physics (NP) occurring at higher energies. This explains the
experimental interest in measuring these processes, at Babar, Belle, CDF, DØ, and currently
at LHCb and CMS. If these measurements can be analysed in particular scenarios of New
Physics (Z ′ boson, composite models, supersymmetry, extra-dimensions. . . ), the presence of
very different scales for the external states (at most O(mb)) and the internal degrees of freedom
(O(MW ) or above) allows for model-independent analyses relying on the effective Hamiltonian
approach. The latter is obtained by focusing on b→ s transitions and integrating out all heavy
degrees of freedom, leading to the following Hamiltonian (in the case of the SM):

HSM∆F=1 = −4GF√
2

{
VtbV

∗
ts

[
C1Q

c
1 + C2Q

c
2 +

∑
i=3...10

CiQi] + VtuV
∗
us[C1(Qc1 −Qu1) + C2(Qc2 −Qu2)

]}
(1)

up to contributions suppressed by additional powers of mb/MW . The Wilson coefficients Ci
describe the short-distance physics (function of mt,mW . . . in the SM) whereas the local opera-
tors Qi correspond to long-distance physics involving only light/soft degrees of freedom. In this
framework, b→ s transitions are mainly described by Q7 = e/(4π)2s̄σµν(1 +γ5)Fµν b, related to
the emission of a real or soft photon, Q9 = e2/(4π)2s̄γµ(1 − γ5)b ¯̀γµ` involved in b → sµµ via
the emission of a Z boson or a hard photon, and Q10 = e2/(4π)2s̄γµ(1 − γ5)b ¯̀γµγ5` involved
in b→ sµµ via the emission of a Z boson. The value of the Wilson coefficients can be obtained
by matching the SM at a high-energy scale µ0 = O(mt) and evolving down at µref = O(mb)
[typically 4.8 GeV, with typical values CSM7 = −0.29, CSM9 = 4.1, CSM10 = −4.3 (the matching
and running formulae are known up to NNLO, including electromagnetic corrections). In the
SM, there are additional contributions to the decay coming from 4-quark operators, in particular
from the effective operator Qc1 = [s̄γµ(1− γ5)c][c̄γµ(1− γ5)b] (corresponding to a W exchange)
where the cc̄ loop closes to emit a virtual photon yielding a di-lepton pair. The leading effect
coming from such four-quark operators can be absorbed in Ceff

9 = C9 + Y (q2).



Figure 1 – Predictions for the form-factor sensitive observable S3 and form-factor independent observable P1:
binned predictions in the SM (yellow) and predictions for a NP benchmark point (affecting C7,7′,9,10), with two
different types of hadronic inputs (green 6 and grey 7) 8.

The presence of New Physics can modify this picture by modifying the value of the Wilson
coefficients C7,9,10, but also by allowing new long-distance operators Qi, which would be very
suppressed or absent in the Standard Model. This yields the chirally-flipped operators Q7′,9′,10′

(obtained for instance by the presence of a W ′ coupling to right-handed fermions), scalar and
pseudoscalar operators QS,S′,P,P ′ (induced e.g., by the exchange of charged scalar or pseudoscalar
Higgs-like bosons) or tensor operators QT,T ′ (allowed in principle, but difficult to generate in
viable models). These NP contributions are expressed as Ci = CSMi + CNP

i at µref .

Combining measurements on inclusive and exclusive b→ sγ(∗) processes allows one to con-
strain the values of the different Wilson coefficients, as long as one has experimental measure-
ments and theoretical input for long-distance (hadronic) physics. Several groups have performed
such analyses within different approaches, in some cases providing also NP interpretations of
their results 1,2,3,4. One should emphasise that several modes have been of particular interest
recently, namely the inclusive B → Xsγ branching ratio predicted with a high accuracy in the
SM, the exclusive Bs → µµ measured with increased accuracy at LHCb and CMS, with recent
theoretical progress on higher-order QCD and electroweak corrections, the inclusive B → Xs``
branching ratio recently measured by Babar in several bins, the exclusive B → K`` measured
with very fine binning by LHCb, and the exclusive B → K∗`` decays measured by LHCb, show-
ing interesting departures from the SM. Since most of the modes have been covered by other
presentations of this conference 5, I will focus on the last item, which has a deep impact on the
outcome of global fits to radiative b→ s Wilson coefficients.

2 B → K∗``

The B → K∗`` decay with a subsequent decay of K∗ → Kπ has a complicated kinematic
structure 9. The differential branching decay ratio can be described in terms of 12 angular
coefficients Ij , which correspond to interferences between 8 transversity amplitudes, indexed
according to the polarisation (⊥, ||, 0, t) of the (real) K∗ meson and the (virtual) intermediate
boson V ∗ = γ∗, Z∗ (or scalar) as well as the chirality (L,R) of µ+µ− pair. In a first approxi-
mation, these amplitudes A⊥,L/R, A||,L/R, A0,L/R, At (together with the scalar amplitude As)
depend on the dilepton invariant mass square q2 = s, the Wilson coefficients C7, C9, C10, CS , CP
(and their flipped-chirality counterparts) as well as B → K∗ form factors A0,1,2, V , T1,2,3 from
the matrix elements 〈K∗|Qi|B〉 of the effective Hamiltonian.

There are four different regions for the analysis of the decay. At very large K∗-recoil (4m2
` <

q2 < 1 GeV2), the photon is almost real, and one is sensitive to its pole via a C7/q
2 divergence,

together with the presence of light resonances (ρ, φ). At large K∗-recoil (q2 < 9 GeV2), the K∗ is
energetic (EK∗ � ΛQCD) and B → K∗ form factors can be estimated using light-cone sum rules
(LCSR). In the charmonium region (q2 = m2

ψ,ψ′... between 9 and 14 GeV2), predictions are very



0 5 10 15 20
-1.0

-0.5

0.0

0.5

1.0

q2 HGeV2L

XP 1
\

0 5 10 15 20

-0.4

-0.2

0.0

0.2

0.4

q2 HGeV2L

XP 2
\

0 5 10 15 20
-1.0

-0.5

0.0

0.5

1.0

1.5

q2 HGeV2L

XP 4
¢

\

0 5 10 15 20

-1.0

-0.5

0.0

0.5

1.0

q2 HGeV2L

XP 5
¢

\

0 5 10 15 20

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

q2 HGeV2L

XP 6
¢

\

0 5 10 15 20
-1.0

-0.5

0.0

0.5

1.0

q2 HGeV2L

XP 8
¢

\

Figure 2 – Form-factor independent observables for B → K∗` (at low-recoil). Crosses indicate LHCb results, blue
curves are the SM predictions, purple boxes their binned counterparts.)

difficult due to the lack of precise description of the cc̄ resonances which interfere significantly
in this region. At low K∗-recoil (q2 > 14 GeV2), the K∗ meson is soft (EK∗ ' ΛQCD), and
the form factors can be derived using lattice QCD simulations. In this region, there are further
charmonium resonances, but it is expected that the quark-hadron duality holds for sufficiently
inclusive quantities, at an accuracy still under discussion. On the other hand, in the large
K∗ region, one may expect the region q2 ≥ 6 GeV2 to be already affected by the tail of the
J/ψ resonance. The presence of two regions of large- and low-K∗ recoils where EK∗ is of
order MB or ΛQCD is particularly interesting from the theoretical point of view, as effective
theories can be built in both cases, respectively Soft-Collinear Effective Theory (boiling down
to QCD factorisation in this particular setting) and Heavy-Quark Effective Theory. These
effective theories disentangle soft [O(ΛQCD] from hard physics [O(mB)] in particular quantities.
In the limit mb → ∞, the soft physics embedded in the 7 B → K∗ form factors boil down
to 2 soft form factors ξ⊥(q2) and ξ||(q

2) in the large K∗-recoil limit 9, and 3 soft form factors
f⊥(q2), f||(q

2), f0(q2) in the low K∗-recoil limit 10. In both cases, the relationships between full
form factors and soft form factors get corrected by O(αs) corrections from hard gluons (which
can be computed within perturbation theory) and O(Λ/mB) non-perturbative corrections (which
can only be estimated).

These simplifications have triggered the development of observables which are expected to
exhibit little sensitivity to form factors at low- and/or large-K∗ recoils. In the massless lepton
limit and in the absence of scalar contributions, one can show that 8 independent observables
can be built in the large-recoil region: 6 can be chosen to be form factor-independent (P1,2,3

and P ′4,5,6), and 2 other must be form-factor dependent (for instance the decay rate Γ or the
longitudinal fraction FL)11. A similar analysis can be made at low recoil12. Such observables are
independent of hadronic form factors at leading order in the 1/mb expansion for the kinematic
range of interest, but keep a residual form-factor dependence once the corrections to the heavy-
quark limit are included. This dependence is however much smaller than in the case of ordinary
observables, and makes these observables particularly well suited to pin down NP contributions,
as the results will affected only marginally by hadronic effects. This is illustrated in Fig. 1 for the
two observables S3 (CP-averaged version of the angular coefficient I3) and P1 = 2S3/(1− FL),
in the Standard Model and in a particular scenario of NP affecting C7,7′,9,10. Two different sets
hadronic form factors are used in the latter case, obtained from the LCSR 6,7. As some of these
determination have substantial uncertainties, it is not really surprising that the form-factor



observable S3 exhibit so large errors that they prevent from discriminating between the SM
case and the NP point considered. On the other hand, both sets of form factors yield the same
result for the form-factor independent P1, which remain a good probe of NP for both choices of
hadronic inputs.

LHCb has recently presented 13 binned results for B → K∗`` form-factor independent ob-
servables at large recoil, for q2 ∈ [0.1, 2], [2, 4.3], [4.3, 8.68] GeV2, as well as a wide bin [1,6] GeV2,
and at low recoil for q2 ∈ [14.18, 16], [16, 19] GeV2. The results show an interesting pattern of
deviations with respect to the Standard Model in P2 [with 2.9σ (1.7σ) deviation in the second
(third) bin] and P ′5 [4.3σ (1.6σ) deviation on the third (second) bin]. P2 has the same zero as
AFB, related to C9/C7, whereas P ′5 → −1 as q2 grows, due to the smallness of AR⊥,|| compared

to AL⊥,|| for the SM values CSM9 ' −CSM10 , so that both deviations could be accommodated by
taking C9 smaller than its SM value.

3 A first global analysis

3.1 General framework

This result can be confirmed through a global analysis of b → s transitions. A first analysis of
radiative decays was presented 1, considering the following observables:

• Optimised observables in B → K∗µ+µ−: P1, P2, P ′4, P ′5, P ′6 and P ′8, within the 3 large-
recoil bins [0.1,2], [2,4.3] and [4.3,8.68] GeV2, and the 2 low-recoil bins [14.18,16] and
[16,19] GeV2.

• Forward-Backward Asymmetry in B → K∗µ+µ−: Once one has chosen a maximal set
of optimised observables, one has still to choose two independent observables sensitive
to form-factor uncertainties. The differential branching ratio dBr/dq2 is one of them,
necessary to fix the overall normalization. AFB was chosen because of its expected higher
sensitivity to CNP

9 and its complementarity with P2
9.

• Radiative and dileptonic B decays: Other important b → s penguin modes sensitive to
magnetic and dileptonic operator were considered:the branching ratios B(B → Xsγ)Eγ>1.6GeV,
B(B → Xsµ

+µ−)[1,6] and B(Bs → µ+µ−), the isospin asymmetry AI(B → K∗γ) and the
B → K∗γ time-dependent CP asymmetry SK∗γ . Other similar observables were disre-
garded, either because their theoretical description is not ascertained, such as ACP (B →
Xsγ), or because of experimental issues, as is the case with B → Kµ+µ− at the time of
the analysis.

For B → K∗µµ, only the LHCb measurements have been considered. QCD factorisation
was used to compute large-recoil observables, with soft form factors determined from the LCSR
estimates of full form factors 7. The considerations of the pulls for the various NP hypotheses
shows that the full set of large- and low-recoil data for B → K∗µ+µ− obtain the larger pulls
(around ∼ 4σ) when adding CNP

9 , independently of which other Wilson coefficients are left free to
receive NP contributions. The next-to-larger pulls are obtained by adding CNP

7 (around ∼ 3σ),
in all cases except when CNP

9 has been added beforehand; in such a case, the pull is ∼ 1.3σ (still
the largest after CNP

9 ). The rest of the pulls are always around or below 1σ. These results are
consistent with the fact that C9 plays a prominent role in explaining the B → K∗µ+µ− anomaly;
besides that, a NP contribution to C7 is also favoured due to B → Xsγ though less strongly. If
only the large-recoil bins are considered, the main picture remains the same, although in some
cases some other coefficients may play a (more modest) role in the discussion. Finally, using
both low- and large-recoil data for B → K∗µ+µ−, one can compute the pull corresponding
to the CNP

10,7′,9′,10′ = 0 hypothesis in the scenario where all 6 Wilson coefficients are allowed to
receive NP contributions. The resulting pull is below the ∼ 0.1σ level, indicating that no other
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7 , CNP

9 ) (left) and (CNP
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9′ ) (right) hypotheses, using the three large-recoil bins for B →
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+µ−, B → K∗γ and Bs → µ+µ−. The dashed contours
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observables. The SM star CNP
7,9 = (0, 0) point corresponds to CSM7,9 = (−0.29, 4.07) at µb = 4.8 GeV. Experimental

correlations are included 1.
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Figure 4 – Comparison between the SM predictions (gray boxes), the experimental measurements (blue data
points) and the predictions for the scenario with CNP

9 = −1.5 and other CNP
i = 0 (red squares) 1.

NP contribution is required by the data apart from CNP
9 and CNP

7 . The same results occur when
only large-recoil data is used.

3.2 2D scenarios

Let us focus now on the implications for New Physics in C7 and C9. A standard χ2 fit to CNP
7 ,

CNP
9 was performed14,1, taking only the first three large-recoil bins for B → K∗µ+µ−. The result

is shown in the left-hand panel of Fig. 3, where 68.3% (red), 95.5% (green), and 99.7% (yellow)
C.L. regions are shown. The best fit point is obtained for CNP

9 ∼ −1.5 and CNP
7 ∼ −0.03. In

this scenario, the SM hypothesis CNP
7 = 0, CNP

9 = 0 has a pull of 4.2σ. Including the low-recoil
bins decreases slightly the significance of the effect, since these observables are less constraining
and compatible with the SM currently. The corresponding regions are indicated by the dashed
curves in Fig. 3. The inclusion of the low-recoil data reduces the discrepancy with respect to
the SM to 3.5σ. In both cases, P2 and P ′5 drive the fits away from the SM point.

One can repeat the analysis taking the input for the B → K∗µ+µ− observables to [1, 6]
GeV2 bins, exploiting several theoretical and experimental advantages. Such wider bins collect
more events with larger statistics. Furthermore, some theoretical issues are less acute, such as
the effect of low-mass resonances at very low q2 � 1 GeV2 18, or the impact of charm loops
above ∼ 6 GeV2 7. On the other hand, integrating over such a large bin washes out some effects
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related to the q2 dependence of the observables, so that this analysis should have less sensitivity
to NP 8. This can be seen in Fig. 3, where the regions in this case are indicated by the orange
curves, and, as expected, the constraints get slightly weaker. In addition, due to the fact that
theoretical uncertainties happen to increase moderately for large negative NP contributions to
C9, the constraints are more relaxed in the lower region of the CNP

7 − CNP
9 plane. Even in this

rather conservative situation the main conclusion (a NP contribution CNP
9 ∼ −1.5) still prevails,

whereas the SM hypothesis has still a pull of 3.3σ.

A comment is in order concerning alternative scenarios with different sets of coefficients
receiving NP contributions. In all scenarios considered 1 the best fit corresponds to CNP

9 ∼ −1.2
with a significant preference for negative values. In addition, a slight preference of negative values
of CNP

9′ or CNP
7 occurs (with much less significance). It arises for CNP

9′ only when only large-recoil
data is considered: CNP

9′ < 0 is favoured to raise the value of 〈P ′5〉[4.3,8.48] without spoiling the
agreement between theory and experiment in the first bin. This possibility is however weakened
by the low-recoil data. This is illustrated in the right-hand panel of Fig. 3.

4 Subsequent analyses

Another frequentist analysis has been performed 2, along similar lines. As far as the inputs
are concerned, the main differences concern the use of only the wide [1,6] bin, the inclusion of
Br(B → K``), the average over all experiments (and not only LHCb), a choice of non-optimised
B → K∗`` observables, and a different approach for the computation of B → K∗`` amplitudes
(complementing full form factors with non-factorisable corrections, rather than relying on QCD
factorisation). There is a preference for CNP

9 ' −0.9, however with a lesser significance due
to the use of non-optimised observables and wide bins for B → K∗`` observables. At the time
of the analysis, the value of Br(B → Kµµ) at low-recoil was in good agreement with the SM
expectations, requiring a contribution CNP

9′ > 0 to cancel that of CNP
9 to this observable, as

illustrated on the left-hand panel of Fig. 5.

A Bayesian analysis has also been performed 3. Once again, only wide [1-6] bins are used for
B → K∗``. The Bayesian approach requires to impose priors on nuisance parameters (values
of the form factors, power-suppressed corrections). The analysis seems to yield reasonable
agreement with the SM if Λ/mb corrections are allowed to shift by 10 to 20% (even though
the interpretation of the goodness-of-fit from χ2

min is rather delicate far from the asymptotic
limit and would require a dedicated study of the appropriate Ndof ). On the other hand, the



consideration of the Bayes factor favour NP in both SM operators and chirally flipped operators,
whether in the generic case or restricted to C9 and C9′ .

Lattice simulations are now focusing on these decays in the low-K∗ recoil region 4. The
B → K∗`` and Bs → φ`` form factors have been computed using NRQCD and staggered
quarks, with the interesting result that there is a disagreement between the SM predictions and
the measurement of both branching ratios at low recoil. A frequentist fit on only low-recoil
data on B → K∗µµ and Bs → φµµ favours CNP

9 < 0 (and CNP
9′ > 0 if both low-recoil bins are

considered), as illustrated on the right-hand panel of Fig. 5.

It is interesting to notice that all analyses agree with an NP contribution CNP
9 < 0, but

disagree on the need for CNP
9′ 6= 0, mainly due to two choices. First, the choice of narrow or wide

bins for large-recoil B → K∗µµ has an impact to the sensitivity to CNP
9′ : P ′5 has a sensitivity to

CNP
9′ through its q2-dependence at large recoil, which is probed if one chooses three narrow bins,

but not if only one wide bin is considered. Taking narrow bins for B → K∗µµ induced thus a
tension between P ′5(B → K∗µµ), which favours CNP

9′ < 0, and Br(B → Kµµ) at low-recoil, which
favoured CNP

9′ > 0. Second, the need for CNP
9′ > 0 stemmed from the inclusion of Br(B → Kµµ).

The presence of a significant resonant structure ψ(4160) in the first low-recoil bin requires one
to understand better the range of validity of Operator Product Expansion and quark-hadron
duality to deal with resonant structures and predict observables at low recoil. Moreover, it turns
out that new results presented by LHCb at this conference with very fine binning 5 indicate a
branching ratio lower than SM expectations. Such low branching ratio agrees with a scenario
where CNP

9 < 0 and CNP
9′ = 0. In other words, the constraint from Br(B → Kµµ) shown on the

left panel of fig. 5 should go down with the new result from LHCb, pushing the global fit results
much closer to the axis CNP

9′ = 0, in better agreement with the analysis presented above 1.

5 Limitations and prospects

If all the analyses point towards the need for a value of C9 differing from the Standard Model,
there are several issues to be dealt with before claiming the presence of New Physics. The first
is the possibility of a statistical fluctuation in B → K∗µµ data. This can be tested thanks to a
redundancy in the angular coefficients measured. Indeed, in the absence of new CP-violation in
the Wilson coefficients, and negligible P3,5′,8′ , one can derive a relation between P1,2,4′,5′ , which
provides an interesting consistency relation between the various measurements 15. The above
formula would be fulfilled to a better accuracy if the third bin for P ′5 goes down (closer to SM)
and the third bin for P2 goes up (away from the SM). One thus can expect further changes in
B → K∗µµ data, but it is unlikely that this will bring all observables closer to SM.

On the theoretical side, an important issue comes from cc̄ loops, which contribute to C9.
The first contribution comes from charmonium resonances: at large recoil, the bins for q2 ≤ 6
GeV2 are expected to be little affected by the J/ψ tail, whereas the predictions at low recoil
hinge on the use of quark-hadron duality. The accuracy of the latter is expected to be of a few
percent for the branching ratio, but has still to be assessed for other observables16. Moreover the
model used to estimate the violations has to be updated to include the resonance observed by
LHCb in the B → K`` channel. Another contribution comes from the non-resonant continuum,
already included at leading order through Y (q2). The contribution from hard gluons can be
estimated perturbatively through an effective theory approach. At large recoil, the contribution
from soft gluons is supposed to be included through Operator Product Expansion and quark-
hadron duality at low recoil. First results based on LCSR indicate that the contribution from
soft gluons for B → K∗`` is positive, tending to increase the size of CNP

9 < 0 to reproduce the
data at large recoil. However, a parallel with the B → K`` case suggests that this result could
be modified significantly by additional contributions not considered in this first estimate 7,17.

A different issue on the theoretical side consists in the assessment of power-suppressed cor-
rections for the predictions of exclusive decays. The computation of the transversity amplitudes



in effective approaches does not involve only the translation of full form factors into soft form
factors (factorisable corrections) but also additional contributions at the level of the amplitudes
(non-factorisable corrections). These non-factorisable corrections yield further perturbative and
non-perturbative corrections (from QCD factorisation at large K∗ recoil and from Operator
Product Expansion at low K∗ recoil). Most of the analysis have seen no need for large contri-
butions from these power-suppressed corrections, both at the factorisable and non-factorisable
levels. A comparison of several models of form factors has led to recent claims 18 that such
large factorisable power-corrections would be needed, leading to a significant increase in the
uncertainties on the predictions of B → K(∗)`` observables at large recoil, but this claim has to
be confirmed by further analyses of these power corrections.

It appears thus that more thorough theoretical work is needed to elucidate SM long-distance
contributions to exclusive b→ s transitions, to refine the predictions of form factors and to assess
the limits of quark-hadron duality hypothesis, whereas a considerable experimental improvement
would consist in having narrower bins for B → K∗`` similarly to what has been presented by
LHCb at this conference. The combination of all these elements would yield a more accurate
determination of Wilson coefficients in the effective Hamiltonian approach, providing valuable
inputs for NP models aiming at reproducing the deviations observed in the b → s radiative
transitions 5.
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New Physics Interpretations of the B → K∗µ+µ− Anomaly

Wolfgang Altmannshofer
Perimeter Institute for Theoretical Physics,

31 Caroline Street North, Waterloo, Ontario N2L 2Y5, Canada

This talk discusses possible new physics interpretations of recent experimental results on the
B → K∗µ+µ− decay that show a discrepancy with the Standard Model predictions. A model
independent analysis that takes into account all the relevant observables in B → K∗µ+µ−

and in related b→ s transitions allows to identify a consistent new physics explanation of the
discrepancy. An explicit realization in the context of a Z′ model is presented. The model is
based on the U(1) gauge group associated with the difference between muon- and tau-lepton
number, Lµ − Lτ .

1 Introduction

Recently, the LHCb collaboration presented results from an angular analysis of the B →
K∗µ+µ− decay based on 1/fb of data 1. The results show a discrepancy in angular observables
with respect to the Standard Model (SM) predictions. In particular, the observable P ′5 (that
corresponds to the observable S5 in2) shows a discrepancy with respect to the SM prediction of3

with a local significance of 3.7σ in the bin of di-muon invariant mass 4.3 GeV2 < q2 < 8.68 GeV2.
In the 1 GeV2 < q2 < 6 GeV2 bin, that corresponds to the large recoil region under best theo-
retical control and that is used by default in many theory interpretations of the B → K∗µ+µ−

data, the significance of the discrepancy is 2.5σ. While unexpectedly large power corrections
might be at least in part responsible for the observed discrepancy 4, it is interesting to interpret
the experimental results in terms of new physics (NP) and to investigate what classes of NP
models the current discrepancy favors.

In section 2, based on 5, we discuss a model independent analysis of NP effects in the B →
K∗µ+µ− decay and in all the relevant related b→ s transitions. We identify which modifications
of Wilson coefficients can lead to a consistent description of the available experimental data.
In section 3, based on 6, we present an explicit Z ′ model capable of explaining the observed
discrepancy.

2 Model Independent Implications of the B → K∗µ+µ− Anomaly

The B → K∗µ+µ− decay and the related decays Bs → µ+µ−, B → Kµ+µ− and B → Xsγ are
described by an effective Hamiltonian

Heff = −4GF√
2
VtbV

∗
ts

e2

16π2

∑
i

(CiOi + C ′iO
′
i) + h.c. . (1)

It consists of flavor changing dimension 6 operatorsO
(′)
i and the corresponding Wilson coefficients

C
(′)
i . We consider NP effects in the magnetic dipole operatorO7 and in the semileptonic operators



Figure 1 – Constraints in the Re(C7) − Re(C′7) plane (left), the Re(C10) − Re(C′10) plane (center), and the
Re(C9) − Re(C′9) plane (right). Individual ∆χ2 = 1 constraints are shown for BR(B → Xsγ) (yellow), SK∗γ

(purple), FL (orange), S5 (green), BR(B → Kµ+µ−) (blue), BR(Bs → µ+µ−) (gray), and AFB (cyan). Combined
∆χ2 = 1, 4 contours are shown in red.

O9 and O10 as well as in their chirality flipped counterparts O′7, O′9, and O′10

O
(′)
7 =

mb

e
(s̄σµνPR(L)b)F

µν , (2)

O
(′)
9 = (s̄γµPL(R)b)(µ̄γ

µµ) , (3)

O
(′)
10 = (s̄γµPL(R)b)(µ̄γ

µγ5µ) . (4)

We do not consider NP effects in scalar, pseudo-scalar, or tensor operators, here. The distinct
q2 dependence of the discrepant B → K∗µ+µ− observable S5 originates from the interference of
contributions from the dipole operators and from the semileptonic operators. New Physics in
either of them can bring S5 in agreement with the data.

However, finding a consistent explanation of the discrepancy in terms of NP is non-trivial.
All the observables in B → K∗µ+µ− as well as the in the Bs → µ+µ−, B → Kµ+µ− and
B → Xsγ decays, depend on the same Wilson coefficients. Therefore, a global analysis of
model-independent constraints is required 7. Here, we discuss results from our fit in 5, where
details on the methodology and the used experimental data can be found. We mention that
the latest B → K∗ form factor results from the lattice 8 as well as the latest LHCb results on
the B → Kµ+µ− and B+ → K∗+µ+µ− branching ratios 9 are not yet included in this analysis.
Other recent model independent analyses can be found in 10.

We discuss three scenarios: (i) real NP contributions to C7 and C ′7, (ii) real NP contributions
to C10 and C ′10, and (iii) real NP contributions to C9 and C ′9. We find that NP in C7 and C ′7 only
cannot fully address the observed discrepancy. As shown in the left plot of Fig. 1, the branching
ratio of the B → Xsγ decay as well as the time dependent CP asymmetry in B → K∗γ, SK∗γ ,
strongly constrain NP in C7 and C ′7 and the tension in S5 can only be improved slightly in
scenario (i). Scenario (ii) is strongly constrained by the combination of experimental data on
the B → Kµ+µ− and Bs → µ+µ− branching ratios as shown in the middle plot of Fig. 1. The
tension in S5 cannot be explained by NP in C10 and C ′10. Finally, in scenario (iii), we find that
a consistent explanation of the discrepancy is possible. As shown in the right plot of Fig. 1,
NP in the Wilson coefficient C9 corresponding to CNP

9 ∼ −1.5 (approximately −35% of the
SM contribution) can account for the observed S5. The constraint from BR(B → Kµ+µ−) can
be completely avoided by a NP contribution to C ′9 of the same size but of opposite sign. An
important constraint comes from the forward backward asymmetry in B → K∗µ+µ− (shown in
cyan) that limits the allowed NP effects in C9. The best fit values for the Wilson coefficients
read

CNP
9 = −1.0± 0.3 , C ′9 = +1.0± 0.5 . (5)

Slightly better fits can be obtained by considering NP in all Wilson coefficients simultaneously
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Figure 2 – Example diagrams that lead to flavor-changing couplings of the Lµ − Lτ gauge boson to SM quarks.

and allowing also for CP violation. This however comes at the cost of a large number of free
parameters.

Focusing on the C9 −C ′9 scenario, we can translate the best fit values for the Wilson coeffi-
cients into a NP scale. Defining NP effects to the effective Hamiltonian by ∆Heff = −∑iOi/Λ

2
i ,

the best fit values correspond to a scale

|Λ9| ' |Λ′9| ' 35 TeV . (6)

This is the scale of tree-level NP contributions with O(1) flavor changing b ↔ s couplings and
O(1) couplings to muons. If the NP effect arises at the 1-loop level, the scale is smaller by
a factor of 4π. Assuming minimal flavor violation, the scale is smaller by another factor of√

1/|V ∗tsVtb| ' 5.

3 An Explicit Z ′ Model for the B → K∗µ+µ− Anomaly

The B → K∗µ+µ− anomaly is best explained by NP in the operators O9 and O′9, that have
vector couplings to muons, (µ̄γµµ), see (3). The presence of such operators, together with the
absence of axial-vector and magnetic dipole operators, is intriguing as it cannot be realized in
well-known extensions of the SM, like the minimal supersymmetric standard model (MSSM)
or models with partial compositeness 5. Most NP explanations of the anomaly make use of
Z ′ gauge bosons. In particular, so-called 331 models have been discussed extensively 11. Other
promising candidates are Z ′ models based on the anomaly free U(1) gauge group associated with
the difference between muon- and tau-lepton number, Lµ − Lτ 12, which automatically leads to
muonic vector-currents of the required type. Here we discuss the framework proposed in 6. In
order to give mass to the Z ′ boson, we introduce a scalar boson Φ that has Lµ −Lτ charge and
breaks Lµ − Lτ spontaneously once it develops a vev 〈Φ〉 = vΦ/

√
2. This leads to a Z ′ mass

mZ′ = g′vΦ, where g′ is the Lµ − Lτ gauge coupling.
In order to contribute to the B → K∗µ+µ− decay, the Z ′ has to couple to quarks as well. The

required flavor changing couplings to quarks can be generated using an “effective” approach 13.
We introduce one generation of heavy vector-like fermions Q, U , D, that are copies of the SM
quarks, but carry Lµ − Lτ charge such that they can couple to the SM quarks and the scalar
Φ. Once Φ develops a vev, the SM quarks and the vector-like quarks mix and effective flavor
changing Z ′ quark couplings can be generated as shown in the diagrams of Fig. 2.

Integrating out the Z ′ leads to the following contributions to B → K∗µ+µ−

C9 =
YQbY

∗
Qs

2m2
Q

, C ′9 = −YDbY
∗
Ds

2m2
D

, (7)

where YQb, for example, denotes the Yukawa coupling that mixes the vector-like quark Q and
the left-handed bottom quark bL. Note that the Wilson coefficients C9 and C ′9 are independent
of the Z ′ mass and the U(1)′ gauge couplinga. In the following we assume a flavor structure

aThis is true as long as the Z′ is sufficiently heavy compared to the decaying B meson, such that the effective
operator description in (1) is valid.
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for the mixing Yukawas YQs ∼ YDb ∼ 1 and YQs ∼ YDs ∼ λ2, where λ ' 0.23 is the Cabibbo
angle. With this structure, an explanation of the B → K∗µ+µ− anomaly fixes the mass of the
vector-like quarks to mQ ∼ mD ∼ 5 TeV.

Integrating out the Z ′ also induces corrections to 4 fermion operators that mediate neutral
meson mixing. Additional corrections can come from box diagrams involving the scalar Φ and
the vector-like quarks. However, with the assumed flavor structure of the mixing Yukawas,
the dominant contribution to meson mixing arises from tree-level exchange of the Z ′. The Z ′

contributions are proportional to v2
Φ. Allowing for at most 15% NP in Bs mixing, and assuming

that the Z ′ explains the B → K∗µ+µ− anomaly, we find the upper bound vΦ . 1.8 TeV which
corresponds to a Z ′ mass of mZ′ . g′ · 1.8 TeV. The upper bound on vΦ in the mQ - mD plane
is shown in the left plot of Fig. 3.

Bounds from neutral Kaon and D-meson mixing restrict the couplings of the Z ′ to first
generation quarks to be very small. Consequently, direct production of the Z ′ at hadron col-
liders is strongly suppressed and Z ′ searches at Tevatron and the LHC do not lead to relevant
constraints.

However, the leptonic phenomenology of the Lµ − Lτ gauge symmetry is rich and allows to
probe large parts of parameter space of the considered model. Important probes include the
g − 2 of the muon, the leptonic tau decays τ → µντ ν̄µ and τ → eντ ν̄e, the couplings of the SM
Z boson to taus, muons and neutrinos, as well as the branching ratio of the SM Z boson to four
muons. A particularly powerful constraint on the Lµ − Lτ gauge boson arises form neutrino
trident production, i.e. the production of a muon anti-muon pair in the scattering of muon
neutrinos on a target nucleus. Integrating out the Z ′, which is a valid approximation for Z ′



masses of mZ′ & 10 GeV, we find for the trident cross section

σ

σSM
' 1 +

(
1 + 4s2

W + 2v2/v2
Φ

)2
1 +

(
1 + 4s2

W

)2 . (8)

Using the available experimental data on neutrino tridents 14 we obtain a lower bound on the
Lµ − Lτ breaking vev vΦ & 750 GeV. A summary of all the leptonic constraints of the Z ′ is
shown in the right plot of Fig. 3. It will be very interesting to understand to which extent
future neutrino experiments can probe the region of parameter space that is currently still
unconstrained.

4 Conclusions

Rare B decays play a central role among the indirect probes of new physics. Interestingly enough,
recent LHCb results on the B → K∗µ+µ− decay show a discrepancy with SM predictions. A
consistent explanation of this discrepancy in terms of new physics is possible as confirmed
by various model-independent analyses 5,10. The required new physics operators are readily
accommodated in models that contain massive Z ′ gauge bosons with flavor changing b → s
couplings as well as vector couplings to muons. A promising candidate is a Z ′ boson that
is associated to gauging the difference between muon- and tau-lepton number Lµ − Lτ 6. In
contrast to most of the Z ′ models that have been discussed in the literature in connection with
the B → K∗µ+µ− discrepancy 11, which envision very heavy Z ′’s, above ∼ 3 TeV, the proposed
Lµ−Lτ gauge boson can be much lighter, even well below the electro weak scale. A very distinct
feature of the discussed model is the pattern of lepton-flavor universality violation in B decays.
While the electron modes based on b → se+e− are unaffected by the Z ′, observables in the
muonic and tauonic modes based on the b → sµ+µ− and b → sτ+τ− transitions are modified
by the same amount but with opposite signs.

If the observed discrepancy in the B → K∗µ+µ− decay will be confirmed by an experimental
analysis of the full LHCb data set, future precision measurements of the inclusive B → Xsµ

+µ−

decay and the neutrino modes based on b→ sνν̄, as well as lepton flavor universality tests with
b → se+e− and b → sτ+τ− transitions will be invaluable in identifying a possible underlying
new physics origin.
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Recent Lattice QCD results relevant for heavy quark flavor phenomenology
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Forty years after its introduction lattice Quantum Chromodynamics (LQCD) is nowadays a
reliable method to study the nonperturbative regime of strong interactions, which is of vital
interest for flavor physics phenomenology of the Standard Model (SM) and beyond. After long
and painstaking efforts, thanks to a striking hardware and algorithmical evolution, the LQCD
methods entered an era in which all the main sources of systematic uncertainties affecting
a typical LQCD simulation can be kept under control. The increasing reliability of LQCD
results opens the possibilities for new precision tests in the flavor sector of SM. In that respect,
I illustrate in this talk the impact of recent improvement of LQCD on the phenomenology. A
particular attention is given to leptonic and semileptonic decays of D (and B) mesons, and
to decays of charmonia. We also discuss the impact of LQCD results on the New Physics
searches.

1 Introduction

In the last several years we witnessed a great advancement of LQCD techniques. On one side
the introduction of massively parallelized computing facilities allowed to perform simulations on
very large lattice volumes (e.g. 483 × 96 or 643 × 128 points, corresponding to O(109 ÷ 1010)
degrees of freedom), by splitting computations across thousands of different processors, efficiently
communicating with each other. On the other side the introduction of improved regularizations
of LQCD (such as HISQ, Stout techniques or Domain Wall fermions) allowed to lower the light
dynamical quark mass in the simulations and to formally reproduce the physical pion mass case,
thus overcoming the known limitations of the simulations with the simple Wilson or Staggered
regularizations. Finally, the implementation of modern algorithmic features such as Multiple
time-scale integrators in the Hybrid Monte Carlo, or the Deflation and Domain Decomposition
preconditioning of the linear problem related to solving the Dirac equation on the lattice, in a
globally improved understanding of Monte Carlo simulation behavior as a function of physical
parameters, allowed us to keep the computational cost under control when considering large
volumes simulations at physical pion mass. As a result, several collaborations (such as PACS-
CS, RBC-UKQCD, MILC-Fermilab) have recently presented first results of LQCD simulations in
which the effects of pairs of light quarks corresponding to physical mass u and d quarks are taken
into account in the sea, on large lattices ensuring that the finite volume effects are kept under
the percent level. Having already become used to taking the continuum limit of simulation
results since many years, it goes by itself to say that the three major sources of systematic
uncertainties affecting a typical lattice computation (physical light quark mass, continuum and
infinite volume limit extrapolations) are now well kept under control.

A significant progress has also been made at taking into account the isospin breaking and
electromagnetic effects on the lattice, i.e. without having to rely on effective theories. The
adoption of sophisticated methods to treat heavy quarks on the lattice allowed a better control



of the discretization errors and provided a way to make solid predictions for the heavy quark
physics phenomenology.

In the present talk I report on a selection of results concerning hadronic properties for which,
thanks to all of the aforementioned progress, has been possible to perform the computations in
such a way that all the main systematic uncertainties relative to QCD are kept under control.

2 Charm physics

By comparing the experimentally measured rate of the leptonic decays, Γ
(
D(s) → `ν

)
, and of

the semileptonic ones, Γ (D → π`ν) and Γ
(
D(s) → K`ν

)
, with their theoretical predictions one

can determine the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements |Vcs| and |Vcd|. Using
one of the two estimates for the matrix element |Vcb|incl or |Vcb|excl, one can check the unitarity
of the second row of the CKM matrix in a way similar to what has already been done for the
first row 1,2,3. To this end, a sufficiently accurate estimate of the leptonic decay constants fD(s)

and of the vector form factors fD→π+ (q2), f
D(s)→K
+ (q2) are needed to get a reliable control over

the theoretical uncertainties. During the past several years the improvement of LQCD methods
allowed many LQCD collaborations to carry out a number of unquenched computations of
these quantities, by using various approaches and techniques. Besides one should emphasize an
important progress in studying the radiative decays of charmonia, as that could be used as a
proof of validity of LQCD in studying the non-perturbative properties of QCD related to flavor
physics, independently from the CKM matrix.

2.1 D(s) leptonic decays

The Standard Model expression for the decay width of the process PS → `ν̄`, in which a
pseudoscalar meson PS decays into a lepton-neutrino pair reads:

Γ (PS → `ν̄` (γ)) =
G2
F |VPS |

8π
f2
PSM

2
PSM

2
`

(
1− M2

`

M2
PS

)[
1 +

α

π
CPS

]
, (1)

where GF is the Fermi constant, M` and MPS are the lepton and the pseudo-scalar meson
masses, CPS is a coefficient parameterizing the electromagnetic radiative corrections, with α
being the QED coupling. VPS is the CKM matrix element, i.e. the coupling between the up
(U) and down (D) type quark of the Weak current, and fPS is the meson decay constant which
encodes the non-perturbative QCD effects and it is defined via the hadronic matrix element
〈0|Aµ − Vµ |PS〉 = 〈0|Aµ |PS〉 = fPSPµ where Aµ = Ūγµγ5D. The experimental measurement
of the decay width, together with the knowledge of the decay constant fPS allow one to extract
the corresponding CKM matrix element. In Fig. 2.1 (taken from last FLAG II collaboration
report 4, where a full list of references can be found) we show the comparison of the values for
fD and fDs as obtained by various group using various QCD discretization schemes. The overall
agreement of results is very good, so that one can take their average and compare it with the
experimental measurements to get:

|Vcd| = 0.222(10) , |Vcs| = 1.018(24) , [Nf = 2 + 1] (2)

|Vcd| = 0.219(13) , |Vcs| = 1.021(33) , [Nf = 2] (3)

where we separately show the results based on Nf = 2 + 1 or Nf = 2 dynamical quark
simulations.



Figure 13: Decay constants of the D and Ds mesons [values in Table 20 and Eqs. (91), (92)].
The significance of the colours is explained in section 2. The black squares and grey bands
indicate our averages.

As results from just one collaboration exist in the literature, the Nf = 2 averages are
simply given by the values in ETM 11A, which read

Nf = 2 : fD = (212 ± 8) MeV, fDs = (248 ± 6) MeV,
fDs

fD
= 1.17 ± 0.05 . (91)

Several collaborations have produced results with Nf = 2 + 1 dynamical flavours. The
most precise determinations come from a sequence of publications by HPQCD/UKQCD [157,
315, 318]. In all cases configurations generated by MILC with Asqtad rooted staggered
quarks in the sea and a one-loop tadpole improved Symanzik gauge action have been analyzed
(see [15] and references therein). The main differences are in the ensembles utilized and in
the absolute scale setting. The relative scale is always set through r1 derived from the static
quark-antiquark potential.

In HPQCD/UKQCD 07 [157] three lattice spacings, a ≈ 0.15, 0.12 and 0.09 fm, with
RMS pion masses between 542 and 329 MeV, have been considered. This gives rather large
values for the charm-quark mass in lattice units, 0.43 < amc < 0.85, and indeed lattice
artifacts are estimated to be the second largest systematic uncertainty in the computation.
The main systematic error is resulting from the absolute scale setting, which had previously
been performed through the Υ spectrum, using NRQCD for the b quark. The estimate reads
r1 = 0.321(5) fm.

In 2010, HPQCD obtained a more precise determination of r1 = 0.3133(23), based on
several different physical inputs (including fπ, fK and the Υ spectrum) and improved con-
tinuum limit extrapolations. It is worth noting that the new r1 is about 1.5σ lower than the
older value. The publications HPQCD 10A [318] and HPCQD 12A [315] update the compu-
tations of fDs and fD, respectively, using the new scale determination. These results enter
our final averages. The change in the scale requires a retuning of the bare quark masses and
a change in the conversion of dimensionless quantitities, measured in units of r1, to physical
ones, measured in MeV.

91

Figure 1 – Left panel: comparison of the decay constants fD and fDs as obtained by different lattice collaborations.
Right panel: the SU(3) flavor breaking ratio fDs/fD. Plots taken from 4.

2.2 D → π`ν and D(s) → K`ν semileptonic decays

In the Standard Model the theoretical expression for the differential decay rate of the Ds-
meson semileptonic decay into a lighter pseudoscalar meson P and a lepton pair `ν, reads
d
dq2

Γ(D(s) → P`ν) = G2
F |VCKM |2

[K+f+(q2) +K0f0(q2)
]2

, where GF is the Fermi constant,
VCKM is the appropriate CKM matrix element, K+ and K0 are the kinematical factors depend-
ing on the particle masses and their momenta, and f+,(0)(q

2) is the vector (scalar) form factor
parameterizing the hadronic matrix elements. For the experimentally accessible processes in-
volving an electron or a muon in the final state, the coefficient K0 (proportional to m2

` ) is very
small and therefore the scalar form factor contribution to the process is negligible. The D → K
decay form factor f+(q2) can be obtained from studying the three point correlation functions
from which we extract the hadronic matrix element of the vector current between the D and K
mesons, which decomposes as:

〈K|Vµ |D〉 = pµf+(q2) + qµ
m2
D −m2

K

q2

[
f0(q2)− f+(q2)

]
, p = pD + pK , q = pD − pK , (4)

and similarly for the Ds → K and D → π case. In the last several years three lattice collabora-
tions (FNAL/MILC, ETM and HPQCD) approached computed the D → K/π form factors by
using modern sophisticated LQCD techniques, adopting different methods to non-perturbatively
renormalize the matrix element, and performing the continuum and chiral extrapolations. In
Fig. 2 we collect the plots depicting the form factors as functions of q2. HPQCD produced
results for fD→K+,0 (q2) and fD→π0 (q2) covering the full kinematical range, and managed to suc-

cessfully compare the shape of the fD→K+ form factor with that measured in experiments. By
taking advantage of the equality f+(0) = f0(0), they also determined the form factor at q2 = 0
and extracted the CKM matrix elements |Vcs| and |Vcd|. In this way they were able to verify
the unitarity of the second row of the CKM matrix. The same test was repeated by the FLAG
collaboration 4, including the results for matrix elements obtained by other lattice groups. In
that way they were able to estimate the difference from unity of the sum of squares of |Vcd|, |Vcs|
and |Vcb| which they found to be:

|Vcd|2 + |Vcs|2 + |Vcb|2 − 1 = 0.04(6) , (5)

thus compatible with zero. In their preliminary analysis, the ETM collaboration compared the
D → π form factor f+(q2) computed on the lattice with the Vector Meson Dominance (VMD)
model, but in such a way that they also computed the value of the residuum of the form factor
at its first pole on the same set of lattice configuration. They showed that the inclusion of the
first state is not sufficient to saturate the form factor and that the VMD does not work at all.
In the analysis they considered the full set of form factors that enter the theoretical predictions



of D(s) → K/π`ν in the most generic extension of the Standard Model, that required the
computation of the form factor fT , in addition to the already mentioned f+ and f0, extracting
it from the matrix element of tensor current between D and π states, namely:

〈P (p′)|qσµνc|D(p)〉 = −i(pµp′ν − p′µpν)
2fT (q2, µ)

mD +mP
. (6)

Using the accurate experimental values for the decay widths, together with the established
values of VCKM , one can use the three form factors computed in LQCD to set bounds on
the coupling to additional operator (apart from the Standard Model one, namely ŪγLµD) thus
constraining the effects of New Physics Beyond the Standard Model. Similarly, one can use
leptonic and semileptonic decays to test the models predicting the existence of a heavy (sterile)
neutrino (c.f. 5).

In the future the increase in precision of the computation of the D(s) semileptonic form
factors will allow to increase the accuracy of the determination of the CKM matrix elements,
and improve the bounds on physics beyond the SM. The expertise acquired in studying D meson
form factors set the grounds for more challenging determination of the B meson properties.

HPQCD; arXiv:1305.1462 FNAL/MILC; Latt. ’12 ETM; Latt. ’13
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normalised for the c�ic and s�is cases by requiring that
Zf+(0) = 1. This is done in a calculation of the ma-
trix element between two identical pseudoscalar mesons
with the same non-zero momentum, achieved by giving
a ‘twist’ to the spectator quark [13]. Fig. 2 shows the re-
sults of doing this on coarse set 2 and fine set 3. We see
that the Z factor is the same, to within few % errors, for
the s and c cases and is independent of the meson used at
source and sink of the 3-point correlator. We have also
checked that results are independent of the momentum
of the spectator quark and the sea quark masses (com-
paring sets 1 and 2). We therefore take the Z factor for
the 1-link spatial c�is current to be that for the c�ic case.
The local temporal vector c�0s current is normalised by
matching to the result for f0(q

2
max) that we obtain from

the absolutely normalised scalar current. This is done
for Ds decay to the ss pseudoscalar denoted ⌘s (an un-
physical state because it is not allowed to decay in lattice
QCD). These Z factors are also shown in Fig. 2.

Both the local scalar and the 1-link vector are ‘taste-
less’ currents in staggered quark parlance and so the 3-
point correlator can be calculated between pseudoscalar
mesons created using the local �5 (Goldstone) operator.
The local temporal vector current has spin-taste �0 ⌦ �0

and so, since tastes must cancel out in a 3-point corre-
lator, it is used in a 3-point function between a charmed
meson created with the local �0�5 operator and a Gold-
stone light meson. Using a di↵erent operator for the D(s)

produces negligible e↵ect here because the mass di↵er-
ence induced by taste-changing e↵ects is very small (less
than 4 MeV on coarse lattices and 1 MeV on fine) 1.

Results. Table II gives our raw results for f+ and f0

for D ! K from combining (spatial) vector and scalar
matrix elements, after renormalising the vector. To de-
termine the functional shape of the form factors we trans-
form to z-space where:

z =

p
t+ � q2 �p

t+ � t0p
t+ � q2 +

p
t+ � t0

, t± = (mD ± mK)2. (7)

This maps the semi-leptonic region, 0 < q2 < t to the
interior of the unit circle, allowing for polynomial fits in
z. We then fit the form factors to

f(q2) =
1

P (q2)�(q2)

NX

n=0

bnzn. (8)

To combine fits for f+ and f0 it is convenient for us to
take t0 = 0 (so that q2 = 0 maps to z = 0) and to take
the simplest form [17] for the product P (q2)�(q2), which

1 Taste-changing e↵ects appear as an O(a2) e↵ect in the square
of the mass for pseudoscalars. Di↵erences in the mass itself are
then suppressed by the mass for charmed mesons [8].
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FIG. 3. Lattice results for f+ and f0 in (upper plot) z-space
and (lower plot) q2-space. Upper plot shows D ! K f+ (plus
signs) and f0 (circles); set 1 (light blue), set 2 (black) and set
3 (dark blue). Our fit (in the a ! 0 and ml ! ml,phys limit)
is shown with solid and dashed lines. The lower plot shows f+

and f0 for D ! K (crosses) and Ds ! ⌘s (circles for 1-link
vector and diamonds for local temporal vector currents). The
results from the z-space fits are plotted with lines - blue for
D ! K and pink for Ds ! ⌘s.

is (1 � q2/M2
X) where MX is the appropriate pole mass,

MD⇤
s

for f+ and MD⇤
s0

for f0.
Fig. 3 shows our results for P�⇥f in z-space, where it

is clear they have a very simple form. To obtain results
in the continuum and physical light quark mass limits,
we allow for dependence of the coe�cients bn in Eq. 8 on
a and valence and sea ml (using chiral parameter �l =
0.25ml/ms,phys from Table I) as:

bn(a, ml) = An{1 + Bna2 + Cna4 + Dn�l

+ En(�l ln[�l] + Fna2�l)} (9)

Priors are taken as: A0: 0.750(75), An, n > 0: 0.0(2.0),
Bn: 0.0(3), Cn: 0.0(1.0), Dn: 0.0(5), En, Fn: 0.0(1.0).
We include coe�cients up to n = 4, with a constraint
on the n = 4 value [17]. Coe�cients are independent
for f0 and f+ except for the kinematic constraint that b0

should be the same for both. From the fits we extract
bn,phys = bn(a = 0, ml = ml,phys).

Our physical curve in z-space is converted back to q2

space giving the lower plot of Fig. 3. We integrate the fac-
tor p3|f+(q2)|2 from Eq. 2 over the experimental bins in

D→ K(π)ℓν and |Vcs(d)| from heavy clover on 2+1 flavor asqtad MILC ensembles Jon A. Bailey

may decrease the errors and eliminate this inflection.
The factors ZV4

cc
and ZV4

xx
are preliminary, and we are updating them. Before the final fits, the

data must be shifted to the retuned κc values. We have generated additional data on one of the
coarse ensembles to correct for the error in κc-tuning and estimate the remaining systematic error
due to uncertainty in the value of the (retuned) κc.

5. Results

Due to suppression by the heavy quark mass, the form factors f D→P
+ are dominated by the

form factors f D→P
⊥ , for which our fits are very well-behaved. By normalizing the form factors to

convenient fiducial points, we compare the shapes obtained from LQCD and experiments; this ap-
proach eliminates the need for any assumption about the normalization of the experimental data.
Below we overlay fiducially normalized χPT curves from our fits (SχPT extrapolated to the phys-
ical light quark mass and continuum limit) and form factor shapes from CLEO and BABAR [5, 4].
The errors on the experimental (blue and violet) data points are from the full covariance matrix,
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Figure 5: Preliminary LQCD results for the shape of f D→π
+ (q2), with statistical errors only, compare fa-

vorably with CLEO-c data, with total errors [5]. On the left the curve is the chiral-continuum extrapolated
shape from SU(3) SχPT; on the right the curve is from SU(2) SχPT. The curves agree within statistics.

including systematics. Even though we omit systematic uncertainties in the lattice results in the
above plots, the qualitative agreement between the curves and experiment is perfectly acceptable
for both SU(3) and SU(2) χPT. Quantitative tests can be performed by fitting the lattice results and
experimental data separately to the z-expansion [13]. Once the quantitative compatibility of the
lattice and experiment form factor shapes is verified, simultaneously fitting the lattice results and
experimental data will yield the CKM matrix elements |Vcs| and |Vcd |.

From the SU(2) (SU(3)) fits above, the statistical errors in f D→π
+ (0) are 4% (4%), and those in

f D→K
+ (0), 2.3% (3%). Important systematic errors are from heavy-quark lattice artifacts, the error

in r1, and the error in the axial coupling gπ . Naively updating the gπ error reduces the projected
systematics to 3.4% [14, 15]. A careful estimate of all systematics reflecting the entire data set
has yet to be made; the difference between our present SU(2) and SU(3) curves is in some cases
comparable to the other errors.

Fermilab is operated under contract DE-AC02-07CH11359 with the U.S. DOE; J.A.B. is
supported by the Creative Research Initiatives Program (2012-0000241) of the NRF grant funded
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Figure 2 – Comparison of three different determinations of the D → K and D → π form factors. Left panel:
results of HPQCD collaboration for fD→K

+,0 (a2). Center panel: preliminary results presented by Fermilab/MILC
collaboration at Lattice 2012 conference6 for D → π vector form factor f+(q2). Right panel: author’s preliminary
results presented at Lattice 2013 conference 7.

2.3 Radiative decays of charmonia

The radiative decays of charmonia offer a possibility of performing valuable tests. One can either
test the LQCD approach to high accuracy or test the SM independently from the CKM matrix.
The decay J/ψ → ηcγ has been a subject of extensive theoretical and experimental studies since
several decades. The current experimental value quoted by PDG 8 is,

Γ(J/ψ → ηcγ) = 1.58(37) keV. (7)

It has been obtained after averaging two experimental results, namely Γ(J/ψ → ηcγ) =
1.18(33) keV by Crystal Ball 9, and the more recent one obtained by CLEOc, 1.91(28)(3) keV 10.
The currently running KEDR experiment 11, instead, suggests a larger value, 2.2(6) keV. It is
fair to say that the current experimental situation is unclear and a dedicated charm physics
experiment at BESIII is expected to clarify the situation in the future.

Prior to 2012 the theoretical situation concerning prediction of Γ(J/ψ → ηcγ) was not
better. The predictions obtained by means of various approaches (Dispersive analysis 12, QCD
sum rules 13,14, effective theory of non-relativistic QCD 15, and potential quark models 16,17) as
well as LQCD performed in quenched approximation 18 or at single lattice spacing 19 presented
a globally confusing picture, nevertheless pointing to values comparable with those measured by
the latest experiments (see Fig. 2.3).



In 2012 two different lattice groups 20,21 computed the decay width of this process by taking
into account for the first time the effects of light sea quark loops (more specifically, up and
down quarks in the case of ref. 20, and also the strange quark in 21), and by performing the
extrapolation to both the chiral and continuum limits. By relying on the so-called Twisted
Boundary condition 22 the two computations provided the form factor value relevant to the
physical photon case, i.e. q2 = 0, thereby avoiding the extrapolations from large, unphysical
momenta, to q2 = 0. The two analyses were based on two very different lattice regularizations:
the Twisted Mass (Wilson-like) at maximal twist in the case of ref. 20, resulting in Γ(J/ψ →
ηcγ) = 2.64(11) keV, and the Highly Improved Staggered Quark (Rooted Staggered-like) in the
case of ref. 21, with the result 2.49(19) keV. A strikingly good agreement between the two so
precise determinations based on two very different approaches stresses the power reached by
the LQCD method. The theory prediction for this decay width is therefore clarified and a call
for an improved experimental determination is in order. If the experimental precision could
be increased, the J/ψ → ηcγ mode could become a precision test of nonperturbative QCD.
Otherwise, the results obtained for charmonium can be used for an equally interesting study,
namely to test the presence of a light CP-odd Higgs state that is predicted in various two-
higgs doublet models (2HDM). Furthermore, a study of the Υ(2S)→ ηbγ process could help us
to improve the determination of ηb mass which would in turn improve the comparison of the
measured and predicted hyperfine splitting ∆ = mΥ(1S)−mηb . In this way one could also check
for the presence of a CP-odd Higgs state in bottomium systems as well.

Figure 3 – Comparison of various experimental results(left panel), theoretical predictions based on analytical
approaches (central panel) and lattice numerical calculation for the J → ψγ decay rate. The horizontal grey band
is PDG average of the two leftermost experiments.

3 B physics

The physics of the b quark offers a rich set of processes to test of the Standard Model and search
for the effects of physics beyond. For example, the value of the two entries |Vub| and |Vcb| of
CKM matrix as extracted by means of different phenomenological inputs (inclusive and exclu-
sive B decays) are in disagreement among themselves. On the other side, a comparison of the
recently measured Br(Bs → µ+µ−) with theory offers the possibility to check for the presence
of New Physics. Lastly, the B → K(∗)`+`− decays raised a great interest recently due to signif-
icant tension between the experimental measurements and theory predictions. For all of these
processes LQCD is crucial for providing the reliable method to compute the hadronic matrix
elements entering the theory prediction. Motivated by the importance of the phenomenological
implications, the lattice community dedicated great effort to the b-physics. The major issue
for a lattice computation of b-hadronic matrix elements is that of treating the large range of
energies between the hadronic scale [O(ΛQCD)] and the meson masses containing a b quark(s)
[O5 ÷ 10 GeV]. To accommodate in the same box with finite volume and finite lattice spacing
box these two scales, one would need considering huge lattices, of 102 ÷ 103 points, which are



clearly beyond the reach of currently available computing resources. Nonetheless thanks to a
number of innovative approaches (improved regularizations, using judicious ratios to suppress
the cut-off effects, and make use of different effective field theory approaches to separate the
scales involved in the problem) made it possible to make reliable predictions accessible with
currently available computer facilities and algorithms.

3.1 B(s) leptonic decay

The B and Bs leptonic decay constants fB and fBs are of central importance in flavor physics,
for different reasons. The value of the first, in conjunction with the experimental measurement
of B(B → τν) allows us to extract the value of |Vub|, CKM matrix element the value of which is
by itself longly debated: when determined through the inclusive B → Xu`ν decay it amounts 23

to |Vub| = 4.40(15)(20) × 10−3, while exclusive B → π`ν decay at Belle and BaBar resulted
in 3.47(22) × 10−3, and 3.37(21) × 10−3, respectively. An independent determination of |Vub|
from the leptonic decay would help solving the tension. Since the lattice spacings adopted
in typical lattice simulations are still not larger than the inverse b quark mass, a special care
must be devoted to discretization effects. Various lattice collaborations have applied different
strategies: FNAL-MILC adopted the Fermilab method based on a non-relativistic interpretation
of the cut-off effects; HPQCD employed the Non Relativistic QCD and more recently the HISQ
regularization to extrapolate from masses very close to the physical b-quark mass; the Alpha
collaboration instead used Heavy Quark Effective Theory, together with the step scaling to
separate the light and heavy scales; finally, ETM defined ratios of decay constants at heavy
quark masses that differ by a known exact factor. The benefit of that approach is that the
value of those ratios in the static limit is fixed by the heavy quark symmetry. The results of
these studies are reported in the left panel of Fig. 3.1, where a good level of precision and a
remarkably good agreement among different determinations has been reached. Unfortunately,
the limited experimental precision by Belle and BaBar does not allow for a reliable extraction of
|Vub|. As of now, by using the Belle measurement for B(B → τν) one obtains |Vub| = 3.8(5)(2),
while by using the BaBar experimental input one gets |Vub| = 5.2(7)(2). A better precision on
the experimental side is therefore mandatory to solve the above-mentioned problem.

Although the Bs cannot decay leptonically (in the Standard Model), the value of its leptonic
decay constant is of major importance for the prediction of the penguin/box induced decay
Bs → µ+µ−. In the right panel of Fig. 3.1 we show a comparison of the results obtained from
the same lattice analyses discussed above in the case of fB. A very good agreement among
various determinations is found. The great precision reached by them individually shows the
robustness of the employed methods, and stresses the progress made in the past several years
in the computation this quantity on the lattice. The error in the determination of fBs will soon
approach the level at which the inclusion of electromagnetic corrections, beyond the factorization
approximation, will be necessary in order to match the increasing precision of the experimentally
measured Bs → µ+µ− decay rate (see talk by M. Gorbahn at this conference).

3.2 B(s) → D
(∗)
(s)`ν decays

A popular test of the Standard Model is based on verification of the agreement between theoret-
ical predictions and experimental measurements of ratios of branching fractions of semileptonic

B(s) → D
(∗)
(s)`ν decays differing by the lepton flavor, considering the quantity:

R(D) =
B(B → Dτντ )

B(B → D`ν)
, R(D∗) =

B(B → D∗τντ )

B(B → D∗`ν)
(` = e, µ) . (8)

In the ratio many of the experimental and theoretical uncertainties (in particular, B → D
form factor normalization and CKM matrix elements) cancel out. In 2012 the BaBar collabo-
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Figure 4 – Comparison of the result for the B and Bs decay constants as obtained by various lattice collaborations.
Plot taken from 24.

ration reported a deviation of their measurement of R(D) w.r.t the Standard Model prediction,
in particular:

R(D)BaBar = 0.440± 0.071, R(D)SM = 0.31± 0.02 (9)

It has been suggested that the observed discrepancy could be attributed to a presence of
Physics Beyond the Standard Model. To put this suggestion on a more solid basis, an accu-
rate theoretical calculation of the B → D form factor by means of modern LQCD methods, is
required. In particular the experiments fit their data to the shape of the form factors parame-
terized according to the expressions proposed and derived in ref.25, reporting the combination of
|Vcb · G(1)|, where G(1) is the relevant form factor extracted at zero recoil, w = 1 corresponds to
q2
max = (mB −mD)2 as the two are related via q2 = m2

B +m2
D − 2mBmDw. So far a few LQCD

calculations have been dedicated to the computation of the form factor G needed to normalize
the experimental result and determine Vcb. Recently, the authors of ref. 26 studied the case of
the slightly simpler Bs → Ds process, in view of exploring the more demanding and interesting
case of B → D case.

This determination relies on the fact that the elastic Ds → Ds form factor G(1,mc,mc) is
equal to 1, thanks to conservation of the electric charge. Also in the limit limmh→∞ the form
factor G(1,mh,mc) is known to be 1 up to radiative and 1/mh

27. These two bounds constrain
the form factor behavior as a function of the heavy quark mass, and therefore studying the form
factor G(1,mh) for various values of the heavy quark mass mh between the charm and bottom
quark masses, it becomes possible to extrapolate the lattice data computed for the b quark mass
lower than the physical one. Computing the form factor G at two different values of the heavy
quark mass mh and λ ·mh, one can build the ratio:

σ =
G(1, λmh,mc)

G(1,mh,mc)
, (10)

so that starting with mh = mc one can reconstruct G(1,mb,mc) from the chain equation:

G(1,mb,mc) = σnσn−1...σ1σ0 G(1,mc,mc)︸ ︷︷ ︸
1

, (11)

being σ(i) = G(1,λi+1mc,mc)
G(1,λimb,mc)

, λ =
(
mb
mc

)1/n
. The value of σi close to the physical b quark mass,

where lattice data is not accurate and affected by significant cut-off effects can be reconstructed
by fitting the value of σi close to the physical charm, constrained by the fact that σ is 1 in the
static limit by construction, as depicted in Fig. 5. The advantage of studying ratios of quantities



at different values of the heavy quark mass comes from the large cancellation of statistical and
systematic errors between numerator and denominator, and has been suggested for the fist time
in ref. 28.
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Figure 5 – Reconstruction of σ(mh) (defined in the text) using lattice data close to the charm quark. The two
set of points show the result of two different possible extrapolation to the continuum limit (plot taken from 26).

The final result is therefore obtained by applying eq. 11, using the fitted form of σ(mh) to
evaluate σi, leading to: G(1) = 1.052(46). This number can be compared with the one obtained
in ref. 29 for the case of B → D, namely 1.026(17) in which the step scaling function has been
used to separate the high and low energy scales involved in the process, but in the quenched
approximation. The result is also comparable with the one obtained in ref. 30, G(1) = 1.074(24),
an unquenched computation, at a single lattice spacing. In the future, increase in statistics
will help providing more accurate results for such form factors and settle the issue of R(D) on
a more quantitative basis. Note also that in ref. 26 the authors reported on the first lattice
computation of the scalar and tensor form factors for the B(s) → D(s)`ν decays, which are
essential for a study of the current discrepancy between theory and experiment for R(D) and in
view of various extensions of the Standard Model.

This method has not been employed in computing the hadronic form factor entering the
theoretical description of the B → D∗`eν decay. A key quantity for that decay (equivalent to
G(1) discussed above) is the form factor F(1). Very recently that quantity has been computed
to an impressive accuracy in ref. 31 by using the Fermilab approach to the heavy quark and with
the staggered light quarks, F(1) = 0.906(4)(12).

3.3 B → K(∗)`+`− decays

The B → K(∗)`+`− decay has been subject to theoretical debate in reference to a tension mani-
fested in the global fit of b→ s transition (see talk by S.Descotes-Génon and W.Altmannshofer
at this conference). The form factors relevant to these processes have been only recently com-
puted in an unquenched (Nf 6= 0) environment. The HPQCD collaboration has reported 32 the
results of their computation of the B → K form factors f+,0,T by means of Non-Relativistic
QCD (NRQCD), and for a range of q2’s close to the maximal q2

max = m2
B − m2

D, and then
extrapolating to low q2’s as shown in fig. 6. In this new study the values for f0,T (q2) results
consistent with the previous one 33, but f+(q2) results is found to be smaller. It is interesting
to note that 34 the new f+(m2

J/ψ)/f0(m2
ηc) suggests a sizable violation of the factorization ap-

proximation in Br(B → ηcK)/Br(B → J/ψK). Notice also that FNAL/MILC collaboration
presented their preliminary results for the form factors in ref. 35. The authors of ref. 36, instead,
studied the cases of B → K∗`+`− and Bs → φ`+`− decays, where seven different form factors
contribute. Again they used NRQCD and considered transferred momenta close to q2

max.



4 Conclusions

In this talk we showed in what way the recent progress in LQCD can help the Standard Model
phenomenology and provide a way to look for the effects of physics beyond the Standard Model
through a comparison between the experimental data and the theoretical estimates of a large
number of flavor physics processes. The improvement of computing power and of the used algo-
rithms, allow to eliminate the major sources of systematic errors affecting LQCD computations.
The ongoing progress is allowing to consider heavy quark ever closer to the physical b-quark
mass. Thanks to many theoretical developments the effects of electromagnetism and mass dif-
ference between u and d quark masses are starting to being accounted directly from the first
principle of the theory 37,38, allowing in the future to perform even more precise tests of the
Standard Model. LQCD is nowadays able to provide reliable results for a number of matrix
elements, mainly those needed for semileptonic and leptonic decays. LQCD helped checking
the unitarity of the 1st row of the CKM matrix and today is narrowing the precision of the
test of the 2nd row. Beside these decays, vital for the flavor physics phenomenology, a steady
progress in understanding the QCD dynamics of non-leptonic decays has been made as well. A
particularly interesting results in the direction of solving the ∆I = 1/2 rule, has been presented
in ref. 39,40.
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Figure 6 – Calculation of the form factors relevant for the B → K`+`− decay performed by HPQCD collaboration
32. Colored bands are the results of fit to the lattice data computed on the range of q2 covered by the grey area.
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Electroweak Heavy Flavor Measurements with ATLAS and CMS
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We report and discuss the latest electroweak measurements from ATLAS and CMS in the
heavy flavor sector. In particular, we review the Bs,d → µ+µ−, B0

d → K∗µ+µ− and
Bs → J/ψϕ analyses. These channels represent very important indirect searches for New
Phenomena. We briefly describe the prospects for such measurements in Run 2 of LHC.

1 Introduction

The investigation of electroweak decays of heavy-flavored mesons is a powerful probe for new
physics. The sensitivity of certain processes to Feynman diagrams containing virtual quantum
loops gives a chance to probe high mass scale by indirect detection of massive objects virtually
circulating in the loops. New phenomena can be unveiled by comparing Standard Model (SM)
expectations for such processes with measurements. These new phenomena could eventually lead
to the explanation of outstanding puzzles such as the origin of flavor, the hierarchy problem and
the matter-antimatter asymmetry. The observation of new sources of flavor mixing, as explained
in 1, is a natural expectation of any extension of the SM with new degrees of freedom not far
from the TeV scale. The fact that these new degrees of freedom have not been observed so far
in direct searches at the LHC makes this field of research extremely interesting.

ATLAS and CMS, while not specifically designed for Heavy Flavor (HF) physics, have the
potential to deliver high quality measurements thanks to their precision tracking system, muon
identification capabilities, and flexible trigger systems. The high integrated luminosity delivered
by LHC, combined with the large HF production cross sections available at LHC energy, result,
in some case, in the most precise measurements to date.

2 Latest CMS measurement of Bs,d → µ+µ−

The Bs,d → µ+µ− are highly suppressed in the SM because of the GIM mechanism and helicity
conservation. However, its calculation is rather clean and precise. The uncertainties stem most
prominently from the knowledge of fBs , the Bs meson decay constant, and secondly from the
CKM matrix elements Vtb, Vts and the mass of the top quark. One of the latest calculations
predicts for the branching ratio a value of (3.2± 0.2 · 10−9) 2. CMS published the most precise
branching ratio measurement to date 3. The relatively clean signal events are identified by two
muons of opposite charge originating from the same secondary vertex. The background can be
either combinatorial, as in the case of two semi-leptonic B decays or one semileptonic B decay and
one misidentified hadron, or produced by rare decays. The latter background can be of the non-
peaking kind, as in Bs → K−µ+ν, or peaking kind, as in Bs → K+K−. The challenges of the
analysis, from the experimental point of view, are in the mastering of muon misidentification



rates, the ability of performing a clean reconstruction even in presence of multiple primary
vertices, and in finding a good balance between selection efficiency and purity. The branching
ratio B(Bs → µ+µ−) is measured with the decay B+ → J/ψK+ as a normalization channel.
The muon identification is based on Boosted Decision Trees (BDT), and the final selection uses
twelve variables as input to a multi-variate analysis algorithm. The algorithms are trained on
simulated signal samples and background from the sidebands in data. The agreement of data and
simulation is accurately investigated using the control channels B+ → J/ψK+ and Bs → J/ψφ.
Events passing the selection are used to extract the signal yield using an unbinned maximum
likelihood approach. A BDT is used to categorize events in several regions, each characterized
by an expected S/

√
(S+B) ratio (where S stands for “signal” and B stands for “background”).

The yield is determined by a simultaneous fit to all regions. Figure 1 shows a combined invariant
mass spectrum, in which events are weighted by S/

√
(S+B). The combined graph is illustrative,

but it is not used in the analysis. The B(Bs → µ+µ−) branching fraction is measured, on 5 fb−1

acquired in 2011 and 20 fb−1 acquired in 2012, to be 3.0+1.0
−0.9 × 10−9 with a significance of 4.3σ.

The branching fraction B(B0 → µ+µ−) is 3.5+2.1
−1.8 × 10−10 with only 2.0σ significance, therefore

an upper limit of B(B0 → µ+µ−) < 1.1 × 10−9 at 95% confidence level is determined. The
CMS and LHCb results are combined in 4 to find B(Bs → µ+µ−) = (2.9 ± 0.7) × 10−9 and
B(B0 → µ+µ−) = (3.6+1.6

−1.4)× 10−10. The first measurement has a significance exceeding 5σ.
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Figure 1 – Invariant mass of muon pairs obtained by weighting each event by the expected S/
√
S +N ratio given

by the BDT categorization.

3 Measurement of B0 → K∗µ+µ− in ATLAS and CMS

The B0 → K∗µ+µ− is sensitive to New Phenomena through the forward-backward asymmetry
of the muons (AFB) and the fraction of longitudinally polarized K∗ (FL), which can be precisely

calculated in the SM. B0 can be separated from B
0

by the sign of the K and the π in the decay
of the K∗. Peaking backgrounds are present from B0 → K∗J/ψ and B0 → K∗ψ(2S), while



non-peaking background is combinatorial. ATLAS and CMS use a slightly different analysis
strategy. ATLAS performs a sequential fit to partial decay rates, where a fit to m(Kπµµ)
is used to fix the signal yields, and a 3D fit to invariant mass and decay angles successively
measures FL and AFB. CMS performs a simultaneous fit to mass and decay angles in bins of q2

(the dimuon invariant mass). The dataset for both ATLAS and CMS correspond to about 5 fb−1

of data collected in 2011. Systematic uncertainties stem from the choice of fit strategies, the
evaluation of efficiencies, the shape of the background and the normalization to B0 → K∗J/ψ.
Figure 2 shows the results for FL as a function of q2 from several experiments 5,6. No striking
evidence of tension between SM calculation and data is present. Note that the 3 LHC results
are more precise than e+e− B-factory experiments. Theoretical and experimental uncertainties
are comparable.

Figure 2 – Measurement of FL from various experiments and SM prediction

4 CP violation in Bs mixing as a probe for New Phenomena

New Phenomena (NP) beyond the SM may affect the CP violating phase φs in the decay
Bs → J/ψφ. φs is defined as the phase difference between the Bs − Bs mixing amplitude and
the decay amplitude for b→ ccs, and can be calculated precisely within the SM7. The predicted
value is -0.0368 ± 0.0018, while many new phenomena models predict a large value. ATLAS
presents a new result 8 which, to fully exploit the discovery power of this channel, includes flavor
tagging, in order to separate Bs from Bs, and CP parity determination. Final states are CP
odd or CP even depending on the value of the angular momentum, that can be inferred by
time-dependent angular analysis. The double differential decay rate can be expressed as the
product of a time-dependent and a angular-dependent factor:

d4Γ

dtdΩ
=

10∑
k=1

Ok(t)gk(θT , ψT , φT )

where θT , ψT , φT are the decay angles in the transversity frame. The time dependence is ex-
pressed in terms of φs,∆ms,Γs, which gives the possibility to determine φs and the other
oscillation parameters. Flavor tagging increases the sensitivity of the measurement, because it
introduces additional terms in the time dependent amplitude. ATLAS uses an opposite-side
tagging strategy, by which the sign of lepton coming from the decay of the B on the leg not
including the decay to J/ψφ is used to infer the flavor of the B mesons at production time. The



value of φs is inferred using a multi-dimensional maximum likelihood approach, in which run
dependent trigger efficiencies and per-event errors are taken into account. Figure 3 shows the
projection of the likelihood in the mass and proper decay time dimensions. The ATLAS result is
φs = 0.12±0.25(stat.)±0.11(syst.). This is compatible with the LHCb result (0.07±0.09±0.01 )
and is the second best experimental measurement. Note that the theoretical prediction, compat-
ible with both ATLAS and LHCb, is almost 10 times more precise than the LHCb measurement.

Figure 3 – In the context of the ATLAS Bs → J/ψφ analysis, projection of the multi-dimensional maximum
likelihood fit in the mass and proper decay time dimensions

5 Conclusions and outlook

The search of NP in precision measurements of HF decays is complementary to direct searches
and is an option that must not be overlooked. The measurements presented here do not show
striking incompatibilities with SM predictions. Run I of LHC has been a success in covering
regions of NP parameters inaccessible to B factories. Improved results are expected from the
analysis of 2012 data. With a planned integrated luminosity of 300 fb−1 to be acquired in Run
II, more stringent constraints on NP will be set. For example, the Bs → µµ branching fraction
will be measurable with a 10% uncertainty.
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TEVATRON HEAVY FLAVOR RESULTS ON B LIFETIMES AND DECAYS
AND D ASYMMETRIES

S. DONATI, for the CDF and D0 Collaborations
University and Istituto Nazionale di Fisica Nucleare,

Edificio C, Polo Fibonacci, Largo B. Pontecorvo, 3, 56127, Pisa, Italy

We review the most recent CDF and DO results related to B lifetimes, decays and D asym-
metries. We report on the recent CDF measurement of the properties of several ground state
b-baryons, including Ξ−b , Ξ0

b and Ω−b . We also report on the CDF measurements of the B+
c

cross section performed in the B+
c → J/ψµ+ν decay mode, and of charm mixing. We present

the D0 search for the narrow X(4140) resonance, which supports the evidence of existence of
this state, and the D0 searches for direct CP violation in the B+ → J/ψK+, B+ → J/ψπ+,
and in the D+

s → φπ+ decay modes.

1 Introduction

B hadrons are abundantly produced at the Tevatron Collider, and the available energy allows
the production of the lighter B mesons as well as the heavier Λb, Σb, Ξb and Ωb hadrons. The
challenge is extracting signals from a level of background which is orders of magnitude higher
at production. This is achieved with dedicated detectors and triggers. CDF and D0 have been
first class players in the field of heavy flavour physics for 20 years, with more than 150 published
papers. These results have been complementary and competitive with B-Factories in terms of
precision. The Tevatron experiments leave a rich legacy to LHC and future B-Factories.

2 Measurement of B baryon properties at CDF

The first Ω−b observation was made at D01 and CDF2 through the decay chain Ω−b → J/ψΩ−,
where J/ψ → µ+µ−, Ω− → ΛK−, and Λ → pπ−. The Ξ−b is reconstructed through the similar
decay mode Ξ−b → J/ψΞ−, where J/ψ → µ+µ−, Ξ− → Λπ−, and Λ− → pπ−, as a crosscheck.
The updated CDF analysis 3 has been performed on 9.6 fb−1 of data and selects well-measured
J/ψ → µ+µ− candidates, where the two-muon invariant mass is required to be compatible with
the world-average J/ψ mass. Λ candidates use all opposite charge track pairs with pT > 0.4
GeV/c found in the chamber. The proton (pion) mass is assigned to the track with the higher
(lower) momentum. The additional tracks are assigned the pion or kaon mass, and Λπ− and
ΛK− combinations are selected if they are consistent with the decay process Ξ− → Λπ− or
Ω− → ΛK−. A fit of the charged hyperon candidates simultaneously constrains the appropriate
track combinations to the Λ and Ξ− or Ω− masses, and provides the best possible estimate of
the hyperon momentum and decay position. A significant background reduction is achieved by
requiring the charged hyperon candidates to have track measurements in at least one layer of
the silicon detector. The shorter lifetime of the Ω− makes the silicon selection not efficient, if
compared to the Ξ− case. For this reason, silicon detector information on the hyperon track is
used when available, but it is not imposed as a requirement for the Ω− selection. The hyperon
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Figure 1 – (Left): The J/ψΞ− and (Right) J/ψΩ− mass distributions used for the CDF b-baryon mass measure-
ments. The probability distributions obtained from the fits are overlaid on the data in dashed red.

candidates are combined with the J/ψ candidates by fitting the five-track state with constraints
appropriate for each decay topology. The µ+µ− mass is constrained to the nominal J/ψ mass,
and the hyperon candidate is constrained to originate from the J/ψ decay vertex. The fits that
include the charged hyperon constrain the Λ candidate tracks to the nominal Λ mass, and the
Ξ− and Ω− candidates to the respective nominal masses. b-hadron candidates are required to
have pT > 6.0 GeV/c and the hyperon to have pT > 2.0 GeV/c. Figure 1 shows the CDF
Ξ−b and Ω−b mass distributions. CDF measures the Ξ−b mass to be 5794.1±2.0(stat)±0.40(syst)
MeV/c2 and the Ω−b mass to be 6051.4±4.2(stat)±0.50(syst) MeV/c2. The systematic errors
are due to the uncertainty on the mass scale of the baryons measured with the hyperons in the
final state, estimated as the mass difference between the B0, as measured in the J/ψK0

s , and
the nominal B0 mass, and rescaled for the different energy measured by the tracking system
in the two decay modes. A further systematic is due to the uncertainty on the Ω− mass. The
Ξ−b lifetime is measured to be 1.36±0.15(stat)±0.02(syst) ps and the lifetime of the Ω−b to be
1.77+0.55

−0.41(stat)±0.02(syst) ps. The systematic errors are due to the treatment of the resolution
on the proper decay length in the fit and to the detector mis-alignment.

A second dataset, designed for the collection of heavy flavour decay products through
the reconstruction of displaced vertices, is used to provide the first evidence for the pro-
cess Ω−b → Ω0

cπ
−, with Ω0

c → Ω−π+. As a crosscheck of this analysis, also the processes
Ξ−b → Ξ0

cπ
+, with Ξ0

c → Ξ−π+, and Ξ0
b → Ξ+

c π
−, with Ξ+

c → Ξ−π+π+ are reconstructed.
CDF measures the Ξ0

b mass to be 5791.6±5.0(stat)±0.73(syst) MeV/c2 the Ξ−b mass to be
5796.5±4.7(stat)±0.95(syst) MeV/c2 and the Ω−b tmass o be 6040±8(stat)±2(syst) MeV/c2,
compatible with the measurements performed in the J/ψ decay modes.

3 Measurement of the ratio σ(B+
c )×BR(B+

c →J/ψµ+ν)
σ(B+)×BR(B+→J/ψK+) at CDF

The Bc is the bound state of a b and c quark. Since the b and c quark are much closer in
mass than the more commonly studied heavy-light mesons, the Bc is an interesting laboratory
for studying QCD. In addition, the Bc total width can have significant contributions from the
partial widths of the c-quark decay, the b-quark decay, or annihilation of the b and c quarks to
a W boson, in contrast to the light B mesons, where the b quark decay is expected to dominate
the width. For this analysis the entire CDF Run II dataset has been used4. J/ψ particles are
reconstructed through the µ+µ− decay channel and are matched to a third track associated with
the J/ψ vertex. The third track might be the muon in the B+

c → J/ψµ+X decay, or the kaon in
the B+ → J/ψK+ decay, or a pion, a kaon or a proton in the misidentified muon background.

There are 1,370 B+
c → J/ψµ+ν event candidates in the 4-6 GeV/c2 signal mass window

and 14,338 ± 125 events in the B+ → J/ψK+ decay sample. The fit function for the J/ψK+



Table 1: Summary of the misidentified J/ψ, real J/ψ + one misidentified muon, double fake, and bb backgrounds
measured in the B+

c → J/ψµ+ν sample.

M ≤ 4 GeV/c2 4 ≤M ≤ 6 GeV/c2 M ≥ 6 GeV/c2

N(B+
c → J/ψµ+X), reconstr. 132 ± 11.5 1370 ± 37.0 280 ± 14.4

Backgrounds

Misidentified J/ψ 11.5 ± 2.4 96.5 ± 6.9 25 ± 3.5
Misidentifed muon 86.7 344.4 32.1

Double fake -5.1 -19.0 -5.2
bb 12.4 ± 2.4 178.6 ± 12.4 110.4 ± 10.7

Other decay modes 2.6 ± 0.1 30.0 ± 0.2 0

N(B+
c ) 23.9 ± 12.0 739.5 ± 39.6 45.7 ± 18.3

invariant mass distribution consists of a double Gaussian for B+ → J/ψK+ decays, a mass tem-
plate for the Cabibbo suppressed B+ → J/ψπ+ contribution, within the mass range 5.28-5.40
GeV/c2, based on Monte Carlo simulation, and a second order polynomial for the continuum
background. The Cabibbo suppressed B+ → J/ψπ+ contribution is fixed to 3.83 % of the num-
ber of B+ → J/ψK+ candidates. The number of B+

c signal events is determined by subtracting
the background contributions to the sample of B+

c candidates.

The main sources of background in the semileptonic B+
c sample are misidentified J/ψ, real

J/ψ with a misidentified third muon, bb background, and contributions from other b decay
modes. The number of misidentified J/ψ plus a third muon is estimated using the di-muons
from the sidebands of the J/ψ mass distribution. The misidentified muon contribution to the
B+
c background is calculated using a sample of J/ψ+track candidates, and by determining the

kaon, pion, and proton probability to be misidentified as muons. The bb background accounts
for cases when the J/ψ is produced by a b hadron and the third muon is produced by a b, or
viceversa, in the same event. The bb background calculation is based on a PYTHIA Monte Carlo
simulation. There is a residual contribution from other B+

c decay modes, for example, a B+
c

might decay into ψ(2S)µ+ν, followed by ψ(2S) decay into J/ψ. Another example is a B+
c decay

into J/ψτ+ν followed by the τ decay into a muon. The probability that events from these decay
sources survive the selection requirements is small, but non-zero. The measured number of B+

c

candidates is obtained by subtracting the backgrounds from the total number of reconstructed
candidates, and is reported in Table 1.

The ratio of the production cross section times branching fraction of the B+
c → J/ψµ+ν

relative to the B+ → J/ψK+ can be written as

σ(B+
c )×BR(B+

c → J/ψµ+ν)

σ(B+)×BR(B+ → J/ψK+)
=
NB+

c

NB+

× εrel (1)

where NB+
c

and NB+ are respectively the number of B+
c and B+ events estimated from data, and

εrel is the relative efficiency between the two decay modes, and is estimated from Monte Carlo.
The systematic errors are due to the estimates of the background sources and of the relative
efficiency. For the relative efficiency, the sources of uncertainty are the uncertainty on the B+

c

lifetime and production spectrum, on the B+ production spectrum, and the uncertainties on the
detector and trigger simulation. CDF obtains for pT ≥ 6 GeV/c and | y |≤ 0.6

σ(B+
c )×BR(B+

c → J/ψµ+ν)

σ(B+)×BR(B+ → J/ψK+)
= 0.211± 0.212(stat.)+0.021

−0.020(syst.) (2)
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Figure 2 – (Left): Invariant mass distribution of the B+
c → µ+νX candidate events with the Monte Carlo

simulated signal sample and backgrounds superimposed. The backgrounds include the misidentified muon (green),
the misidentified J/ψ (dark blue), the bb backgrounds (yellow), and the other B+

c decay modes (pink). The B+
c

experimental excess is shown as the B+
c Monte Carlo (light blue); (Right): Measured ratio of wrong-sign to

right-sign D∗ decays as a function of normalised proper decay time for the D0 mixing measurement. The results
of a least-squares fit are shown. A fit assuming no mixing is clearly incompatible with the data.

4 Observation of D0 −D0
mixing at CDF

CDF has measured the time dependence of the ratio of decay rates for the Cabibbo-suppressed
D0 → K+π− to the Cabibbo-favored decay D0 → K−π+ 5. The decay D0 → K+π− can

arise from mixing of a D0 state to a D
0

state, followed by a Cabibbo-favored decay, or from a
doubly Cabibbo-suppressed decay of a D0. The mixing measurement is based on the ratio of
D0 → K+π− to D0 → K−π+ decay rates. This ratio can be approximated 6 7 as a quadratic
function of t/τ , where t is the proper decay time and τ is the mean D0 lifetime.

R(t/τ) = RD +
√
RDy

′
(t/τ) +

x
′2 + y

′2

4
(t/τ)2 (3)

A signal of 3.3 ×104 D∗+ → π+D0, D0 → K+π− decays is obtained with D0 proper decay
times between 0.75 and 10 mean D0 lifetimes. The analysis assumes CP conservation and
measures the mixing parameters to be RD = (3.51± 0.35)× 10−3, y

′
= (4.3± 4.3)× 10−3, and

x
′2 = (0.08 ± 0.18) × 10−3. This analysis achieves a significance for excluding the no-mixing

hypothesis in terms of the equivalent number of Gaussian standard deviations of 6.1σ. For
comparison, LHCb achieves a 9.1σ significance in the same decay mode.

5 Search for the X(4140) state in B+ → J/ψφK+ decays at D0

The X(4140) state 12 is a narrow resonance in the J/ψφ system produced near threshold. The
CDF Collaboration reported the first evidence 13 for this state and measured the invariant mass
and width, but the comparison with Belle14, LHCb 15, and CMS16 is controversial.

Events used in this D0 analysis are collected with single-muon and dimuon triggers. Can-
didate events are required to include a pair of oppositely charged muons accompanied by three
additional charged particles with transverse momenta above 0.7 GeV/c. To form B+ candidates,
muon pairs with an invariant mass consistent with the J/ψ mass are combined with pairs of op-
positely charged particles, assigned the kaon mass hypothesis, with an invariant mass consistent
with the φ mass, and a third track, also assigned the kaon mass hypothesis. To suppress the
background, cuts on the B+ transverse decay length, transverse momentum, and impact param-
eter, are applied. The estimated B+ → J/ψφK+ signal is 215± 37 events and is shown in Fig. 3
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Figure 3 – (Left): J/ψK+K−K+ mass distribution after all selection cuts; (Right): J/ψK+K− mass distributions
for candidates in the B+ and φ mass windows.
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(left). Figure 3 (Right) shows the invariant mass distribution of the J/ψφ candidates within the
B+ and φ mass windows. The significance of the threshold structure is estimated by performing
a binned least-squares fit of the B+ yield to a sum of a resonance and a phase-space continuum
template. A relativistic Breit-Wigner signal shape is assumed, with mass and width allowed
to vary, convoluted with the detector resolution of 4 MeV from simulation. The estimated sig-
nal is 52±19 events. The statistical significance of the X(4140) is 3.1σ, with a measured mass
of 4159.0±4.3(stat)±6.6(syst) MeV/c2 and a width of 19.9±12.6(stat)+1

−9(syst) MeV/c2. The
relative branching fraction BR(B+ → X(4140)K+)/BR(B+ → J/ψφK+) is measured to be
19±7(stat)±4(syst) % 17.

6 Measurement of the direct CP-violation in B± → J/ψK± and B± → J/ψπ± at D0

The standard model predicts that for b → scc decays, the tree and penguin contributions have
the same weak phase, and thus no direct CP violation is expected in the decays of B± mesons
to J/ψK±. The measurement of a relatively large asymmetry would indicate the existence
of physics beyond the standard model 18. Since in the transition bdcc, the tree and penguin
contributions have different phases, there may be a measurable CP violation in the decay B± →
J/ψπ± 19. The analysis uses the entire Run II dataset of 10.4 fb−1 of data, and reconstructs the
two decay modes B± → J/ψK± and B± → J/ψπ± and measures raw asymmetries by simply



measuring the number of B+ and B− candidates. The physics CP asymmetry is obtained from
the raw CP asymmetry by applying a correction due to the reconstruction asymmetry between
positively and negatively charged kaons in the detector. This is measured using a dedicated

sample of K∗0 (K
∗0

)→ K+π− (K−π+), and is found to be (1.046±0.043) %. Other instrumental
asymmetries are cancelled by reversing the polarities of the toroidal and solenoidal magnetic
fields on average every two weeks, so that the four solenoid-toroid polarity combinations are
exposed to approximately the same integrated luminosity. Selection cuts are chosen to minimize
the statistical uncertainty of the raw asymmetry in the B± → J/ψK± decay mode. The
asymmetries are measured to be AJ/ψK = [0.59 ± 0.36(stat) ± 0.07(syst)] % and AJ/ψπ = [-4.2
± 4.4(stat) ± 0.9(syst)] %. The main sources of systematic uncertainty are due to the kaon
interaction asymmetry, to tracking, to the choice of the fit function and to the choice of mass
range for the fit.

7 Measurement of direct CP-violation in D±s → φπ± at D0

Direct CP violation in the Cabibbo-favored charm decay D±s → φπ± should be non-existent, any
effect would indicate physics beyond the standard model. The D±s → φπ±, φ → K+K− decay
is reconstructed in 10.4 fb−1 of data. The two particles from φ decay are assumed to be kaons
and are required to have pT ≥ 0.7 GeV/c, opposite charge and a reconstructed invariant mass
compatible with the φ mass. The third track is assumed to be a charged pion and is combined
with the two previous tracks to create a common D±s decay vertex. Several variables are used
to discriminate between signal and the combinatoric background. The resulting m(K+K−π±)
is reported in Figure 4 (right) and is used to measure the number of D±s candidates and the
raw CP asymmetry. The total number of D±s candidates is 451013±1866. The resulting CP
asymmetry, including the corrections due to detector effects and physics effects, is ACP = [-0.38
± 0.26(stat) ± 0.08(syst)] % 20, currently the most precise measurement, in agreement with the
standard model expectation of zero CP violation in this decay.
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The neutron EDM vs up and charm flavour violation
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We derive a strong bound on the chromo-electric dipole moment of the charm quark, and we
quantify its impact on models that allow for a sizeable flavour violation in the up quark sector.
In particular we show how the constraints coming from the charm and up CEDMs limit the
size of new physics contributions to direct flavour violation in D decays. We also specialize
our analysis to the cases of split-families Supersymmetry and composite Higgs models. The
results we expose motivate an increase in experimental sensitivity to fundamental hadronic
dipoles, and a further exploration of the SM contribution to both flavour violating D decays
and nuclear electric dipole moments.

1 Introduction and motivation

The Cabibbo Kobayashi Maskawa (CKM) picture of flavour and CP violation in the quark
sector has successfully predicted all the related experimental results to date. The high level of
precision to which it has been tested can be quantified by parameterising new physics (NP) via
the effective Lagrangian

LNP =
∑
i

ci
Λi
Oi , (1)

where Oi are flavour violating (FV) operators of dimension six, that describe the effect of new
degrees of freedom appearing roughly at the scale Λi. If one assumes the coefficients ci to be
of order one, as expected for a generic NP model, then the bounds on such scales Λi can reach
values of 104÷5 TeV, depending on the operator under consideration. Any theory that requires
the existence of new states below these values has to face this issue, which is often referred to
as the “NP flavour problem”. In particular, such high scales are unacceptable for models that
aim at addressing the hierarchy problem in a natural way, since by construction their new scale
is as close as possible to the electroweak (EW) one. Actually these models strictly require only
the NP scale associated with the third generation to be close to the Fermi one, while the scale
associated with the first two generations could be well above it. This separation is indeed a
welcome property for natural models in light of collider constraints.

A possible way to address the NP flavour problem is to give the theory a specific feature, like
a flavour symmetry or some dynamical property, that makes all the desired coefficients ci small



enough. In doing so, it can be useful to keep in mind that the higher energy scales in eq. (1)
are probed by operators involving down quarks, strongly constrained by measurement of decay
properties of K and B mesons. On the contrary, constraints from the up-quark sector probe
lower scales. Despite this, it is not difficult to build models where flavour violation in the up
sector is in the ballpark of current experimental sensitivities, like for example flavour alignment
1, composite Higgs models with an anarchic flavour structure, and Generic U(2)3 2.

In light of the previous discussion, it is interesting to look for indirect experimental signatures
of a class of models defined by i) NP scale of the third generation below the one of the first two,
and ii) largish FV effects in the up quark sector. Within this framework, operators of particular
interest are the dipoles

LNP ⊃ cij
mt

Λ2
(ūLiσµνT

auRj)gsG
a
µν , (2)

where i, j = u, c. The strongest experimental probes of the associated energy scale are, currently,
direct CP asymmetries in D meson decays 3, ACP, and the neutron EDM dn. The former are
sensitive to cuc and ccu, and the latter to cuu, cause cuu is directly proportional to the chromo-
EDM of the up quark. Property i) of our class of models implies the relation

cuuccc = cucccu , (3)

so that one can have a largish contribution to ACP and respect at the same time the dn bound,
by taking a large enough ccc.

In this contribution, which is based on 4, we will show that the neutron EDM is actually
sensitive to ccc. The constraint we will derive, despite being a first bound on the charm chromo-
EDM, has important phenomenological consequences for all models satisfying eq.(3): the bound
from dn challenges the possibility to observe an asymmetry ACP. This conclusion will be re-
markably strengthened by the expected future progresses, as we will now explain. The current
upper bound on the neutron EDM reads 5 dn < 2.9 × 10−26e cm (90% CL), and the foreseen
experimental sensitivity is at the level of 10−28e cm, and is aimed at by many experimental col-
laborations (see e.g. section 7 of6 and references therein). Such a value is a genuine probe of new
physics, since the SM contribution is estimated to be at the level of 10−31e cm 7. The stronger
constraint on CPV decays of the D meson comes from the LHCb measurement8 of the difference
∆ACP =ACP(D → K+K−)−ACP(D → π+π−), whose world average 9 is (−3.29± 1.21)× 10−3.
The SM prediction for such decays is at the level of a few×10−3, and is plagued by long distance
uncertainties that are still a source of discussion in the community 10,11,12,13.

In the rest of this contribution we will derive the bound in section 2, and analyse quantita-
tively its phenomenological implications in section 3. A critical summary and an outlook will
be provided in section 4.

2 Bound on the chromo-EDM of the charm quark

The expression of the neutron EDM in terms of fundamental quantities, if a Peccei-Quinn
symmetry is assumed to get rid of the θQCD term, reads 14

dn = (1± 0.5)[1.4(dd − 0.25du) + 1.1e(d̃d + 0.5d̃u)]± (22± 10)eMeVw , (4)

where du,d and d̃u,d are the EDM and CEDM of the up and down quarks, and w is the coefficient
of the three-gluon Weinberg operator. They are defined via the effective Lagrangian a

Leff = dq
1

2
(q̄σµνiγ5q)F

µν + d̃q
1

2
(q̄σµνT

aiγ5q)gsG
µν
a + w

1

6
fabcεµνλρGaµσG

b σ
ν Gcλρ , (5)

where q = u, d, s, c, b, t and ε0123 = 1. Every time we will employ the dn bound to constrain the
size of new physics, we will conservatively use the values 0.5 and 12 MeV for the coefficients
1± 0.5 and 22± 10 MeV in (4).

aWith the definition of the effective operator in (2), one has d̃q = 2 (mt/Λ2)Im(cqq).



The quarks EDMs and CEDMs do not mix in the Weinberg operator via renormalisation
group evolution, however they nonetheless give a contribution to w. In fact, when in the running
from high to low energies a heavy quark is integrated out, its CEDM gives a threshold correction
to the Weinberg operator that reads 15,16,17

w =
g3
s

32π2

d̃q
mq

, (6)

where all the parameters are evaluated at the mass of the quark q. Expression (6) is the one-
loop result, the uncertainty coming from higher loops can be estimated to be at the level of
8αs(mq)/4π(' 25% for q = c), where 8 is a colour factor. The subsequent running from mq

makes also the lighter quarks dipole moments sensitive to d̃q. For the charm quark, the impact
of d̃c in dn is mainly driven by its contribution to w, which dominates over the light quark
dipole moments by roughly two order of magnitudes. Using the threshold contribution (6) and
the one-loop running from 18,19, one can write the expression

dn = dn(d)±dn(w), dn(d) = (1±0.5)(4.9×10−6e d̃c), dn(w) = (1±0.45)(5.1×10−4e d̃c), (7)

where d̃c is evaluated at the charm mass scale. The upper limit dn < 2.9× 10−26 then implies

|d̃c| < 1.0× 10−22cm , (8)

or, equivalently, mc|d̃c| < 6.7 × 10−9. The bound is derived considering only the charm dipole
contirubition to dn. An analysis analogous to the one we performed here can be carried out also
for the bottom and top CEDMs, as was done in 20 and 21. We give here the bounds one obtains
in this way for the heavy quarks, in terms of the coefficients of operators analogous to (2)

Im(cuu) < 1.3× 10−8, Im(ccc) < 1.8× 10−5, (9)

Im(cdd) < 8.4× 10−9, Im(cbb) < 1.7× 10−4, (10)

Im(ctt) < 3.3× 10−2, (11)

where all the coefficients are evaluated at the scale Λ = 1 TeV, and we have shown the dn bounds
on the lighter quarks CEDMs for comparison.

3 Implications for new physics

As discussed in section 1, the current and foreseen experimental reach in dn will impact, thanks to
the bound we derived, on the flavour violating phenomenology of new physics. More specifically
we consider CP violating D meson decays, for which the current measurement of ∆ACP implies
Im(cuc,cu) < 3.8× 10−6× (Λ/TeV)2. This bound is plagued by O(1) long-distance uncertainties
of the matrix elements of the dipole operators.

Property i) of the class of models under considerations makes it convenient to rewrite the
coefficients of (2) as

cij = cWL
i3W

R
3j , (12)

where the quantities WL,R
k3,3k quantify the communication of the kth generation of quarks with

the new physics states associated with the third generation. Many NP models of flavour realise
WL
k3 ' V CKM

k3 , since as we discussed flavour violation in the down quark sector has to be kept
under control. With this assumption for the size of WL, the bounds from dn and ∆ACP imply

∆ACP : |WR
3c| < 1.1× 10−3, |WR

3u| < 9.2× 10−5 , (13)

dn : |WR
3c| < 4.4× 10−4, |WR

3u| < 3.7× 10−6 . (14)

where we have chosen a NP scale Λ = 1 TeV, and considered one operator at a time. Without
taking into account the contributions from the charm CEDM, one could have saturated the



∆ACP measured value without being in conflict with the EDMs constraints, via requiring a very
small WR

3u, see e.g. 22. Now this possibility is challenged and, with the foreseen experimental
sensitivities, in these models the neutron EDM will become by far the most powerful observable
to probe the flavour violating parameters cuc,cu. We stress that all these bounds should be
considered as O(1) limits, barring fine-tunings of the unknown coefficients and overall phases in
front of the operators, that could potentially affect the above conclusion.

Supersymmetry with split families 23,24,25 is an explicit realisation of the situation described
above. The contributions to the coefficients of eq. (2) are dominated by those from gluino-stop
loops, which read

cij
Λ2

=
αs
4π

1

m2
g̃

At − µ cotβ

mt̃

5

36
g8(xgt)W

L
i3W

R
3j , (15)

where now WL,R are the mixing matrices entering the gluino-quark-squark vertices of respective
chirality, which are responsible for the flavour violation, and g8 is a loop function (g8(1) = 1). It
turns out that in split-families SUSY, under some motivated assumptions, one can derive more
robust bounds with respect to those analogous to (13). In fact one can drop the hypothesis
of switching on one operator at a time at the high scale, and instead consider all the leading
contributions to dn at once. To do so it is sufficient to add, to the up and charm CEDMs,
only the up quark EDM du. This does not introduce new parameters, since its form will be
analogous to (15), with the only change of g8. In fact the top and bottom CEDMs contributions
are subleading by more than one order of magnitude, once the appropriate Yukawa and mixing
suppressions are taken into account. Moreover it is reasonable to assume that also the down
quark EDMs contribution can be neglected: not only they receive a further yb/yt suppression
with respect to the up and charm ones, but the relevant mixing matrices enter the εK parameter,
which constrains them to be much smaller than the corresponding ones in the up quark sector,
if stops and sbottoms have similar masses. Note finally that we neglect the contribution to dn
that would come from CP violation in the gaugino and Higgs sectors, which is very strongly
constrained by the bound on the electron EDM 26. The bounds from dn and ∆ACP derived
in this way are shown in Figure 1 in the |WR

tc |–|WR
tu| plane, for mg̃ = 2mt̃ = 1.5 TeV and

(At − µ/ tanβ)/mt̃ = 1. For illustrative purposes we have assumed the elements of WL to be
equal in magnitude to the respective CKM ones and all the phases to be maximal.

Another interesting picture where to study the impact of this bound is the one of composite
Higgs models 27,28,29,30 with partial compositeness 31, as a concrete realisation of a dynamical
suppression of flavour violation. The careful analysis of 32 shows that, thanks to the new bound
on d̃c, it is the neutron EDM that gives the stronger constraints on the masses of the composite
partners of the up quarks. For more details on both this case and the SUSY one see 4.

4 Summary and outlook

We have derived a bound on the charm chromo-electric dipole moment d̃c, via its threshold
effect in the three gluon Weinberg operator w. This operator in turn contributes to hadronic
dipole moments, and the dn bound yields to d̃c < 1.0 × 10−22 cm at 90% C.L. at the charm
mass scale. If one had neglected the impact of w to dn, the resulting bound would have been
|d̃c| < 1.2×10−20cm, coming from the d̃c contribution to the light quarks CEDMs. This stresses
the importance of reducing the theory uncertainty of the w contribution to hadronic EDMs,
whose size is at present debated 33. Another theoretical progress, that is further motivated by
this result, is the determination of the long-distance contribution of the charm EDMs to dn.

We also pointed out the relevance of this bound for models allowing for a non-negligible
flavour violation in the up quarks sector. These models are still largely unconstrained due to
the weakness of the flavour and CP violating bounds compared to those for the down-quark
sector. Before this work, the CP asymmetry in flavour violating D decays, ∆ACP, was setting
the stronger constraints on some relevant flavour violating parameters in these models. We
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Figure 1 – The lines represent the experimental sensitivities to the flavour violating matrix elements in split-
families SUSY, the shaded regions are currently excluded. Dashed: current neutron EDM. Dotted: projected
neutron EDM. Continuous: Direct CP asymmetry in D decays.

found that the current bound on dn is already sligthly more constraining than ∆ACP. More
importantly, the lack of a theoretical understanding of the SM contribution to ∆ACP, combined
with the expected improvement in experimental sensitivity to dn, will make the neutron EDM
the most sensitive probe for these flavour violating parameters, strengthening the current bounds
by more than two orders of magnitude. This conclusion would be improved by a further order
of magnitude if the deuteron EDM will be measured with a precision of ∼ 10−29e cm, which
is the value aimed at by the proposal 34. This interplay of dn and flavour violating observables
constitutes an additional motivation to achieve a better theoretical control of direct CP violations
in D decays.
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In this talk, we present recent results on charm physics from the BESIII experiment. With 2.9
fb−1 integrated luminosity at the open-charm threshold, the leptonic and semileptonic decays
of D mesons have been measured with high precision. The decay constant and transition
form-factors are extracted to be used to test LQCD calculations. By using the Quantum
correlation on the ψ(3770) peak, the strong phase in neutral D decays is able to be accessed,
and first results in the decay of D0 → Kπ mode are presented, results in D0 → KSπ

+π− will
apprear soon.

1 Introduction

BESIII will not be able to compete both BABAR and Belle in statistics on charm physics,
especially on the rare and forbidden decays of charm mesons 1,2. However, data taken at charm
threshold still have powerful advantages over the data at Υ(4S), which we list here 3: 1) Charm
events produced at threshold are extremely clean; 2) The measurements of absolute branching
fraction can be made by using double tag events; 3) Signal/Background is optimum at threshold;
4) Neutrino reconstruction is clean; 5) Quantum coherence allow simple4 and complex5 methods
to measure the neutral D meson mixing parameters and strong phase difference 6, and to check
for direct CP violation.

For charm physics at BESIII, the first physics results will be the measurements of the leptonic
and semileptonic decays of charm mesons. Measurements of the leptonic decays at BESIII will
benefit from the fully tagged D+ and D+

S decays available at the ψ(3770) and at
√
s ∼ 4170 MeV

or ∼ 4017 MeV 7. The leptonic decay rates for D+ and D+
S has been measured with a precision

of 4.3% and 2.0 % with the final data from CLEOc. It should be noted that the D+ → τ+ν
decay is reported by CLEOc with upper limit of 1.2× 10−3 at 90% C.L. 8. At BESIII, with 3.5
times (about 3.0 fb−1 ) of the CLEOc’s luminosity, significant gains on these measurements will
be made if the systematic errors remain the same. This will allow the validation of theoretical
calculations of the decay constants at the 1-2% level. The neutral D mixing and CP violation in
charm sector using quantum correlation are all statistics-starved at CLEOc, improvement will
be made at BESIII experiment.
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Figure 1 – The beam-energy-constrained mass distributions for the different tagged mode combinations, where
(a), (b), (c), (d), (e), (f), (g), (h) and (i) are for the modes of D− → K+π−π−, K0

Sπ
−, K0

SK
−,K+K−π−,

K+π−π−π0, π+π−π−, K0
Sπ

−π0, K+π−π−π−π+, and K0
Sπ

−π−π+, respectively; the two vertical dashed red lines
show the tagged D− mass region 9.

2 Purely leptonic D decay

With a sample of 2.9 fb−1 taken at open-charm threshold, BESIII experiment measures the decay
branching fraction for D+ → µ+νµ and extracts decay constant fD+

9. In a fully leptonic decay,
the decay constant parameterizes all of the essential theoretical limitations. The leptonic decay
of charm meson presents an opportunity to check LQCD results for decay constants against
precision measurements.

We call an event a tagged one if it has a fully-reconstructed D hadronic decay. A sample
of tagged events has greatly reduced background and constrained kinematics, both of which
aid studies of how the other D in the event decays. One can infer neutrinos from energy and
momentum conservation, allowing ”full” reconstruction of (semi)leptonic D decays. The typical
tag rates per D (not per pair) are roughly 15% and 10% for D0 and D+, respectively. For pure
leptonic decay, the singly tagged D− meson events are reconstructed in nine non-leptonic decay
modes, and mass peaks for the nine hadronic tag modes are shown in Fig. 1. The total number
of tagged D− events are 170305± 3405 9.

The chosen signal variable for the µ+ν decay is the calculated square of the missing-mass
of any undetected decay products, shown in Fig. 2; this should of course peak at M2

ν = 0 for
signal events. After subtracting the number of background events, 409.0 ± 21.2 ± 2.3 signal
events (Nnet

sig ) for D+ → µ+νµ remain, where the first error is statistical and the second is
the systematic associated with the uncertainty of the background estimate. Thus we obtain the
branching fraction to be B(D+ → µ+νµ) = (3.71±0.19±0.06)×10−4, which is consistent within
error with world average of B(D+ → µ+ν) = (3.82± 0.33)× 10−4, but has better precision. The
decay constant fD+ is then obtained by using 1040± 7 fs as the D+ lifetime and 0.2252 as Vcd.
Our result is fD+ = (203.2 ± 5.3 ± 1.8) MeV, where the first errors are statistical and the
second systematic 9.

3 Semileptonic D decays: D0 → K−e+ν and π−e+ν

One of the best ways to measure magnitudes of CKM elements is to use semileptonic decays.
On the other hand, measurements using other techniques have obtained useful values for Vcs and
Vcd

12, and thus semileptonic D decay measurements are a good laboratory for testing theories
of QCD. For a D meson decaying into a single hadron (h), the decay rate can be written exactly
in terms of the four-momentum transfer defined as q2 = (pµD − p

µ
h)2 = m2

D +m2
h − 2EhmD. For
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Figure 2 – BESIII missing-mass-squared plot for D+ → µ+ν. The insert shows the signal region on a vertical
log scale, where dots with error bars are for the data, histograms are sum for the simulated backgrounds from
D+ → KLπ

+, D+ → π+π0, D+ → τ+ν and other decays of D mesons as well as from e+e− → non-DD̄ decays.

decays to pseudoscalar mesons and ”virtually massless” leptons, the decay width is given by:

dΓ(D → Pe+ν)

dq2
=
G2
F |Vcq|2p3P

24π3
|f+(q2)|2, (1)

where pP is the three-momentum of pseudoscalar meson in the D rest frame, and f+(q2) is a
”form-factor” whose normalization must be calculated theoretically, although its shape can be
measured.

Using one-third of the data at the BESIII, a partially-blind analysis has been done with the
D0 → Keν and D0 → πeν decays. After hadronic D0 tags are found by using D0 → K−π+,
K−π+π0, K−π+π0π0 and K−π+π−π+, we reconstruct signal decay for the other D̄0. The signal
events with a missing ν are inferred using the variable U = Emiss − |Pmiss|, similar to missing
mass square, where ”miss” here refers to the missing energy or momentum. Figure. 3 shows the
U distributions and fit projections for the decays of D̄0 → K+e−ν and D̄0 → π+e−ν.
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Figure 3 – U distributions of D̄0 → K+e−ν(left) and D̄0 → π+e−ν(right).

In order to measure form factor, partial decay rates are measured in different q2 bins. D̄0 →
K+e−ν candidates are divided into nine q2 bins, while D̄0 → π+e−ν candidates are divided
into seven q2 bins. Signal yields in each q2 bin are obtained by fitting U distributions in that
q2 range. Using an efficiency matrix versus q2, obtained from Monte-Carlo simulation, and
combining with tag yields and tag efficiencies, the partial decay rates are obtained, as shown in
Fig. 4.

The values of q2-dependent form factors in each q2 bin can be extracted from the measured
partial decay rates. These data can be fitted with different parameterizations of the form
factors, and the fit can distinguish between form factor parameterizations. Three different
parameterizations of the form factor f+(q2) are considered. The first parameterization, known
as the simple pole model, is dominated by a single pole 15; the second parameterization is known
as the modified pole model 15; the third parameterization is known as the series expansion 14.
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Figure 4 – Partial decay rates measurement using individual tag modes (points) and all tag modes combined
(histogram) for decay of D̄0 → K+e−ν (left) and D̄0 → π+e−ν (right).

Thus minimized χ2 fits are employed to extract the values of f+(0)|Vcd(s)| using each of the
parameterizations. The preliminary results for f+(0)|Vcd(s)| are shown in Table 1 16.

Table 1: Results of f+(0)|Vcd(s)| from individual form factor fits; statistical and systematic uncertainties on the
least significant digits are shown in parentheses. Results from CLEO-c are compared.

f+(0)|Vcd(s)|
BESIII CLEO-c

3 par. Series D̄0 → K+e−ν 0.729(8)(7) 0.726(8)(4)

D̄0 → π+e−ν 0.144(5)(2) 0.152(5)(1)

2 par. Series D̄0 → K+e−ν 0.726(6)(7) 0.717(6)(4)

D̄0 → π+e−ν 0.140(4)(2) 0.145(4)(1)

Modified pole D̄0 → K+e−ν 0.725(6)(7) 0.716(6)(4)

D̄0 → π+e−ν 0.140(3)(2) 0.145(4)(1)

Simple pole D̄0 → K+e−ν 0.729(5)(7) 0.720(5)(4)

D̄0 → π+e−ν 0.142(3)(1) 0.146(3)(1)

4 Measurements of the strong phase difference δKπ and yCP

Using the Quantum-correlation in the mass-threshold production process e+e− → D0D0 , δKπ
and yCP can be measured 6 18. In this process, the initial system has JPC = 1−−; as a result, the
D0 and D0 pair are in a CP -odd Quantum-coherent state, namely, the D0 and D0 mesons are
in opposite CP -eigenstates, until one of them decays 19. This provides an unique way to probe
D0-D0 mixing as well as the strong phases difference between D0 and D0 decay amplitudes.
The strong phase difference δKπ can be accessed using the following formula

2r cos δKπ + y = (1 +RWS) · ACP→Kπ, (2)

where RWS is the decay rate ratio of the wrong sign process D0 → K−π+ and the right sign
process D0 → K−π+ 20 and ACP→Kπ is the asymmetry between CP -odd and CP -even states
decaying to K−π+

ACP→Kπ =
BD2→K−π+ − BD1→K−π+

BD2→K−π+ + BD1→K−π+

. (3)



Using D tagging method in the quantum-coherent D0 pair production, we can calculate the
branching fractions with

BDCP±→Kπ =
nKπ,CP±
nCP±

· εCP±
εKπ,CP±

. (4)

Here, nCP± (nKπ,CP±) and εCP± (εKπ,CP±) are yields and detection efficiencies of single tags
(ST) of D → CP± (double tags (DT) of D → CP±, D̄ → Kπ), respectively. With external
inputs of the parameters of r, y and RWS, we can extract δKπ from ACP→Kπ. Based on a
dataset of 818 pb−1 data collected with the CLEO-c detector at

√
s = 3.77 GeV, they measured

cos δKπ = 0.81+0.22+0.07
−0.18−0.05

21. Using a global fit method with inclusion of the external mixing
parameters, CLEO obtained cos δKπ = 1.15+0.19+0.00

−0.17−0.08
21.

We choose 5 CP -even D0 decay modes and 3 CP -odd modes to identify the CP ST signals.
In the events of the CP ST modes, we reconstruct the Kπ combinations using the remaining
charged tracks with respect to the ST D candidates. Similar fits are implemented to the distri-
butions of MBC(D → CP±) in the survived DT events to estimate yields of DT signals. The
fits are shown in Fig. 5.
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Figure 5 – DT MBC distributions and the corresponding fits. Data are shown in points with error bars. The solid
lines show the total fits and the dashed lines show the background shapes.

We get the asymmetry to be ACP→Kπ = (12.77±1.31+0.33
−0.31)%. To measure the strong phase

δKπ, we quote the external inputs of RD = r2 = (3.47 ± 0.06) × 10−3, y = (6.6 ± 0.9) × 10−3,
and RWS = (3.80± 0.05)× 10−3 from HFAG 2013 22 and PDG 23. Hence, we obtain cos δKπ =
1.03 ± 0.12 ± 0.04 ± 0.01, where the first uncertainty is statistical, the second uncertainty is
systematic, and the third uncertainty is due to the errors introduced by the external input
parameters. This result is more precise than CLEO’s measurement and provides the world best
constrain to δKπ.

As proposed in Ref. 24, the CP tagged D → Keν and D → Kµν decays can be used to
extract yCP . For the detail of experimental technique, one can find in Ref. 17. With 2.9fb−1

data at the BESIII, we obtained the preliminary rsults as 17

yCP = −1.6%± 1.3%(stat.)± 0.6%(syst.).



The result is compatible with the previous measurements 22. This is the most precise measure-
ment of yCP based on D0D0 threshold productions. However, its precision is still statistically
limited.

5 Summary

More analyses on the D → h1h2h3 Dalitz decays and D → h1h2h3h4 four-body decays are under
going at the BESIII, from which one will extract amplitudes from qusi-two-body contributions.
Therefore the strong phase difference, neutral D mixing parameters and CP violation asymme-
tries can be studied. For the rare charm decays, many decay modes including photons and π0 in
the final states can be probed with high sensitivities ( with relative smaller integrated luminosity
than that at the B factories). More promising results are expected to be coming soon.
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Electroweak Corrections to Bs,d → `+`−

M. GORBAHN
Department of Mathematical Sciences, University of Liverpool, Liverpool L69 3BX, United Kingdom

The rare decay Bs,d → `+`− plays a central role in current particle physics phenomenology.
In this proceeding we discuss the recent progress in the calculation of two-loop electroweak
corrections, which helped to remove a 7% uncertainty in the theory prediction. We will put a
special emphasis on the different renormalisation schemes used for the two-loop electroweak
matching calculation.

1 Introduction

The rare decays of Bq → `+`− with q = d, s and ` = e, µ, τ are highly suppressed in the
standard model and exhibit a particular sensitivity to physics beyond the standard model. Two
suppression mechanisms are at work in the standard model: the decays are generated first at
one-loop through W-box and Z-penguin diagrams and the respective matrix element is helicity
suppressed by m2

`/M
2
B. The helicity suppression m2

`/M
2
Bq

of the branching ratio can be lifted in
models where scalar flavour changing operators are generated – one typical example are models
with extra Higgs doublets. A precise measurement of these decay modes can constrain models
with scalar masses reaching a few TeV provided the theory uncertainty is comparable to, or less
then, the experimental one. The current experimental world average for the time-integrated
branching ratio 1

Br(Bs → µ+µ−) = (2.9± 0.7) , (1)

had been obtained combining the results of CMS 2 and LHCb. 3 The experimental uncertainty
is expected to be significantly reduced for the Bs → µ+µ− decay in the next decade. To
keep up with this experimental progress NLO EW 4 and NNLO QCD 5 contributions were
recently calculated and combined. 6 In this proceeding we will discuss the impact of higher order
electroweak (EW) and QED corrections to the SM one-loop W-box and Z-penguin diagrams.

The calculations of the respective corrections are best organised using an effective field theory
framework. Here the effect of heavy particles, i.e. the weak gauge bosons, the top-quark and
the Higgs boson, is encoded in an effective Lagrangian comprising only light fields and higher
dimensional operators. The resulting effective coupling constants are called Wilson coefficients
and are suppressed by powers of heavy masses. At the renormalisation scale µb ' mb, close to
the scale of the B-Meson mass, the decay Bq → `+`− is governed to a very good approximation
by the effective ∆B = 1 Lagrangian

Leff = L(5)
QCD (u, d, s, c, b) +

(
VtbV

∗
tq C10Q10 + h.c.

)
. (2)

Here Vij denotes the relevant elements of the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing
matrix, while Q10 = [q̄L γµ bL][¯̀γµγ5 `] is the only relevant operator in the standard model and
C10 its Wilson coefficient. The Wilson coefficients of the scalar operators QS = [q̄L bL][¯̀ `] and



QP = [q̄L bL][¯̀γ5 `] are highly suppressed in the standard model, while the matrix element of
all other standard model current-current and penguin type operators vanish as long as QED
interactions are neglected in the evaluation of the respective matrix elements. Noting that since
the helicity suppression cannot be lifted at O(α2) in the electromagnetic coupling constant, it
is clear that the only enhanced QED or electroweak corrections can originate from higher order
corrections to the Wilson coefficient C10 at the scale µb.

2 Branching Ratio

For the effective Lagrangian of Eq. (2) the fully time-integrated branching ratios read

Br =
N

1− yq
∣∣C10

∣∣2 , where N =
τBqM

3
Bq
f2
Bq

8π
|VtbV ∗

tq|2
m2
`

M2
Bq

√
1− 4m2

`/M
2
Bq

(3)

is a normalisation factor, while the factor of yq = ∆Γq/(2Γq) incorporates the effects of time
integration, which is particularly important for the large decay width difference ∆Γs of the
Bs system. 7 The normalisation factor exhibits the helicity suppression due to the lepton mass
m` and depends on the lifetime τBq and the mass MBq of the Bq meson. Moreover, a sin-
gle hadronic parameter enters, the Bq decay constant fBq , which is defined via the relation〈
0|q̄ γµγ5 b|B̄q(p)

〉
= ifBqpµ, where pµ denotes the four momentum of the Bq meson. The deter-

mination of the decay constant is nowadays subject to lattice calculations with errors at a few
percent level, eliminating this previously major source of uncertainty.9,8,10,11,12 The uncertainties
due to fBq , τBq and yq approach a level of below 3% 13 in the branching ratio.

Given the small parametric uncertainties, perturbative corrections and the estimation of
higher order contributions become particularly important. At leading order we have

C10 =
G2
FM

2
W

π2
c̃10 , where c̃10 = −Y0(xt) . (4)

Here

Y0(x) =
x

8

(
x− 4

x− 1
+

3x

(x− 1)2
lnx

)
(5)

is a gauge independent function14 of the ratio of the top-quark and W -boson mass xt = m2
t /M

2
W .

At lowest order in the EW interactions the above normalisation is equivalent due to the tree-level
relation GF = παe/(

√
2M2

W s
2
W ) to the traditional normalisation

C10 = −4GF√
2
c10 , where c10 = −αe

4π

Y0(xt)

s2
W

, (6)

which incorporates the sine of the weak mixing sW ≡ sin θW and the electromagnetic coupling
constant αe. The top-quark mass is the only parameter that is renormalised if we consider pure
QCD corrections, while the Fermi constant GF , αe, sw, MW and mt depend on the electroweak
renormalisation scheme.

3 Renormalisation Schemes

Before discussing the electroweak scheme dependence, we note that the strong dependence of
C10 on the choice of the renormalisation scheme for Mt is removed after including NLO 15,16,17,18

and NNLO 5 QCD corrections. The QCD corrections are particularly small if we renormalise
the top-quark mass in the MS-scheme at the scale of the MS renormalised top-quark mass,
i.e. if we use mt(mt) = 163.5 for the QCD renormalisation. Here mt denotes the top-quark
mass, where QCD corrections are MS-renormalised, but EW corrections are considered in the
on-shell scheme. In the case that the latter are also MS-renormalised, we shall choose the



notation mt. The additional shift from mt → mt, while numerically quite significant yielding
mt(mt) = 172.4 GeV, is dominated by the contribution of tadpole diagrams. The tadpole-

induced shift cancels in the ratio xt = m2
t /M

2
W entering the LO Wilson coefficient.

Yet, there is an additional finite shift in the top-quark mass beyond the tadpole contribu-
tion which will change xt and the LO prediction of the Wilson coefficient C10 in the MS-scheme
accordingly. The resulting shift in the numerical value of the LO Wilson coefficient will be com-
pensated by a modification in the analytic expression of the two-loop electroweak contribution
in the MS-scheme, such that the numerical value of the sum of the two will be invariant under a
change of scheme up to residual higher-order corrections. This property extends to other shifts
in the renormalisation and we will employ different renormalisation schemes to estimate the size
of potential higher-order corrections. In particular the shift due to the non-tadpole contribu-
tions in the top-quark mass will result at LO in a 2.5% shift in the branching ratio. Similarly a
change of scheme of sW in (6) from MS to the on-shell definition will shift the branching ratio
by 7%. While the inclusion of two-loop electroweak corrections 19 in the large mt limit reduces
these shifts to 1% and 5% respectively only after incorporating the full two-loop results 4 can
we reduce the uncertainty due to higher order electroweak corrections to less then 1%. For the
two-loop calculation – for sample diagrams see Figure 1 – four different renormalisation schemes
have been employed to estimate the size of the residual theory uncertainty. Yet, it is essential
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Figure 1 – Two-loop diagrams in the SM contributing to the b→ q`+`− at NLO in EW interactions.

that the same physical input is used for the numerical evaluation. Only then will the numerical
results agree up to residual higher order corrections and we can use the numerical difference to
estimate the size of potential higher order contributions. To be specific we choose

GF , αe(M
pole
Z ), αs(M

pole
Z ), Vij , Mpole

Z , Mpole
t , Mpole

H (7)

as the physical input in all schemes for the numerical evaluation, where αs denotes the strong
coupling constant and MH the mass of the standard model scalar Boson.

Having fixed the physical input, we define the different renormalisation schemes and discuss
the relation of their renormalised parameters to the physical input in Eq. (7). In all schemes we
use MS renormalisation for αe and the top-quark mass under QCD, whereas additional finite
terms are included into the field renormalisation constants in order to obtain canonical kinetic
terms in the effective theory. Therefore, our schemes differ only by finite EW renormalisations
of the parameters appearing at LO in c10 or c̃10 respectively. For c10 these are sW , Mt and MW

and we define the 3 following schemes:

1. On-shell scheme: In the on-shell scheme, at the order we consider, the on-shell masses
of Z boson and top quark coincide with their pole masses. The mass of the W boson is
a dependent quantity for our choice of physical input. We calculate it including radiative
corrections following Ref. 20. This relation introduces a mild Higgs-mass dependence of
C10 at LO. The weak mixing angle in the on-shell scheme is defined by

s2
W ≡ (sOS

W )2 = 1−
(
MOS
W /MOS

Z

)2
. (8)



Therefore, the only finite counterterms necessary are δM2
Z , δM2

W and δMt at one-loop,
they are given in Refs. 21,22. We also treat tadpoles as in Refs. 21,22: we include tadpole
diagrams (see Fig. 1), and a renormalisation δt to cancel the divergence and the finite part
of the one-loop tadpole diagram. This way we ensure that all renormalisation constants
apart from wave function renormalisations are gauge invariant 23.

2. MS scheme: In the MS scheme the fundamental parameters are those of the “unbroken”
SM Lagrangian

g1, g2, g3, v, λ and yt. (9)

Here g3, g2 and g1 are the couplings of the SM gauge group SU(3)c×SU(2)L×U(1)Y , v is
the vacuum expectation value of the Higgs field and λ its quartic self-coupling, whereas yt
is the top-Yukawa coupling. The parameters are renormalised by counterterms subtracting
only divergences and log(4π) − γE terms, i.e., they are running MS parameters. We do
not treat tadpoles differently in this respect, only their divergences are subtracted by the
counterterm for v. By expressing the parameters of the LO Wilson coefficients in terms of
the “unbroken”-phase parameters

s2
W = g2

1/(g
2
1 + g2

2) , 4παe = g2
1g

2
2/(g

2
1 + g2

2) ,

MW = vg2/2 , xt = 2y2
t /g

2
2 ,

(10)

we iteratively fix the values of the “unbroken” parameters at the matching scale µ0. To
this end, we use the renormalisation group equations to evolve the MS parameters to the
respective scale of the top-quark, the Higgs-boson and weak-bosons and require that the
physical input in Eq. (7) is reproduced using one-loop relations for all parameters but the
Higgs-mass. a

3. Hybrid scheme: When sW appears at LO, we may adopt yet another scheme. We
renormalise the couplings αe and sW in the MS scheme and the masses in xt on-shell.
Effectively this corresponds to including the on-shell counterterms for masses and using
Eq. (10) instead of Eq. (8) for sW . Correspondingly, we use sW , αe, Mt, MW and MH as
fundamental parameters for the hybrid scheme. This scheme is a better-behaved alterna-
tive to the on-shell scheme, in which the counterterm for sW receives large top-quark mass
dependent corrections.

For c̃10 we employ only one renormalisation scheme:

4. On-shell scheme 2: In the c̃10 normalisation αe/s
2
W is absorbed in the additional factor

GFM
2
W and both coupling constants do not appear at LO. Hence only the electroweak

parameters mt, MW have to be renormalised and we use the on-shell scheme for their
definition as described in scheme 1.

In all four schemes the parameter GF denotes the Fermi constant extracted from muon life-time
experiments.

4 Numerics

We will now consider the size and the reduction of the scheme dependences in C10 at the matching
scale

C10(µ0) =


4GF√

2
α̃e(µ0)

[
c

(11)
10 + α̃e(µ0) c

(22)
10 (µ0)

]
G2
FM

2
W

π2

[
c̃

(11)
10 + α̃e(µ0) c̃

(22)
10 (µ0)

] , (11)

aSince the LO result does not depend on the Higgs-mass we employ the tree-level relation for its mass at the
scale µ = MH .



for the single- and quadratic-GF normalization respectively, after including the NLO EW cor-

rections c
(22)
10 and c̃

(22)
10 respectively. To separate the effects of the EW calculation we fix the

QCD renormalisation of the top-quark mass by setting the corresponding QCD scale to mt(mt)
and using on-shell mass under EW renormalization, as far as the OS-1, OS-2 and HY schemes
are concerned. In the MS scheme we perform the additional shift mt → mt using the value
of mt(mt) as input value. As noted above, for this choice of scale the omitted higher order
QCD corrections are particularly small, i.e. the LO result accounts for the dominant part of the
higher-order QCD correction.
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Figure 2 – Comparison of the matching scale, µ0, dependence of C10 at the scale µ0 in four renormalisation schemes
(OS-2, OS-1, HY and MS) at LO (dotted) and with NLO EW corrections (solid).

The LO and (LO + NLO EW) results are depicted in Figure 2 for the four renormalization
schemes. For µ0-independent top-quark mass the LO C10 is µ0 independent in the OS-2 scheme,
whereas the replacement GF → αe(µ0)/(son−shell

W )2 introduces a µ0 dependence in OS-1 and a
quite significant shift of about 4% with respect to OS-2, which translates into a 8% change of
the LO branching ratio. Although based on the same single-GF normalization, the MS and HY
schemes exhibit relatively large shifts with respect to OS-1 and a modified µ0 dependence due
to the MS renormalization of sW in both, HY and MS, schemes and additionally the EW MS
renormalization of the top-quark and W mass in the MS scheme. The overall uncertainty due
to EW corrections at LO may be estimated from the variation of C10 given by all four schemes
ranging in the interval C10(µ0) ∈ [−8.9, −8.2] · 10−8 for µ0 ∈ [50, 300] GeV corresponding to a
±8% uncertainty on the level of the branching ratio. The inclusion of the NLO EW corrections
eliminates this large uncertainty, as all four schemes yield aligned (LO + NLO EW) results
and show the same µ0 dependence – up to residual higher order corrections. It is noteworthy
that only a mild renormalisation scale dependence remains after the inclusion of the two-loop
matching corrections. This small scale dependence will be canceled up to higher orders if we go
beyond LO in QED through the resulting operator mixing. Yet, at LO in the effective theory
there is no renormalization group mixing of C10 and the µ0 dependence may be used directly as
an uncertainty. Hence the strong reduction of the µ0 dependence in 2 is due to the inclusion of
NLO corrections in the relation of EW parameters.

For technical reasons 4 we will use the difference of the HY and the OS-2 scheme to es-
timate the residual electroweak uncertainties. After including the NLO matching corrections
the resulting effective Lagrangian is run to the scale µb using the anomalous dimension 24,25 as
already discussed in a previous analysis of Bq → `+`− 26. The solution of the RGE involves the
mixing of current-current, QCD penguin operators and Q9 = [q̄L γµ bL][¯̀γµ `] – further details
can be found in the literature 4. Yet, only the matrix-element of Q10 for Bq → `+`− is known in
pure QCD. Beyond LO in QED also other operators could contribute, e.g. Q9 or current-current
operators. To estimate the size of these missing contributions we use the residual µb dependence
for the fixed value µ0 = 160 GeV of C10(µb). It is shown in Figure 3 at LO, NLO QCD and NLO
(QCD + EW) in the OS-2 and HY schemes.

As our final result we choose for the central value the OS-2 scheme with scale settings



µ0 = 160 GeV and µb = 5 GeV

C10 = (−8.34 ± 0.04) · 10−8 , (12)

where we have estimated higher-order corrections of EW origin from the scale variations of
µ0 ∈ [50, 300] GeV and µb ∈ [2.5, 10] GeV in two schemes, OS-2 and HY, and added linearly
the two errors. This result has to be combined 6 with the NNLO QCD corrections 5 – for further
details see another contribution to these proceedings 27.
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Figure 3 – The µb dependence of the Wilson coefficient C10(µb) for fixed µ0 = 160 GeV in two renormalisation
schemes (OS-2, HY) at LO (dotted), NLO QCD (dashed) and NLO (QCD + EW) (solid).

5 Conclusions

We presented results of the next-to-leading (NLO) electroweak (EW) corrections to the Wilson
coefficient C10 that governs the rare decays Bq → `+`− in the Standard Model. Incorporating
these corrections leads to a drastic reduction in the perturbative uncertainty. This was made
explicit by studying the renormalisation scheme dependence in different electroweak renormali-
sation schemes. The result removes an uncertainty of about ±7% at the level of the branching
ratio.
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UPDATED Bq → ¯̀̀ IN THE STANDARD MODEL AT HIGHER ORDERS

CHRISTOPH BOBETH
Technische Universität München,
Institute for Advanced Study,
D-85748 Garching, Germany

The latest standard model predictions of rare leptonic Bq → ¯̀̀ decays are reviewed including
recent results of next-to-leading electroweak and next-to-next-to-leading QCD corrections.

1 Introduction

The rare leptonic Bq → ¯̀̀ decays of neutral B-mesons – with q = d, s and ` = e, µ, τ – provide
interesting tests of flavor-changing neutral-current (FCNC) transitions mediated by b → q ¯̀̀

at the parton level as predicted by the standard model (SM). Besides the loop-suppression of
FCNC decays in the SM, the SM contribution is in addition helicity suppressed, which leads the
very rare branching ratios ∼ O(10−9 − 10−10) for ` = µ, and offers tests of non-standard effects
due to scalar and pseudo-scalar interactions.

Utilising their full data sets of 3 fb−1 and 25 fb−1 by the year 2013, the two experiments
LHCb 1 and CMS 2 succeeded to observe the CP-averaged time-integrated branching ratio 3 of
the Bs → µ̄µ channel with a statistical significance of 4.0σ and 4.3σ, respectively. The evidence
of the measurement of the other muonic channel, Bd → µ̄µ, is about 2.0σ in both experiments
and correlated with Bs → µ̄µ. The combination of the LHCb and CMS measurements 4 yields

B[Bs → µ̄µ]exp. = (2.9± 0.7)× 10−9 ,

B[Bd → µ̄µ]exp. = (3.6+1.6
−1.4)× 10−10 ,

(1)

where the uncertainties are currently dominated by the statistical error, but include systematic
sources, as well. As a consequence of the combination of LHCb and CMS measurements one
can consider the decay Bs → µ̄µ as observed (i.e. > 5σ) while the yield of Bd → µ̄µ is not
statistically significant yet (i.e. < 3σ).

The future experimental prospects are rather promising for Bs → µ̄µ. For example LHCb
is expected 5 to reach an accuracy of 0.5× 10−9 after Run 2 of LHC in the years 2015-2017 and
even 0.15×10−9 after the detector upgrade with a data set of 50 fb−1. The latter absolute error
corresponds to about 5 % relative error given the current central value of the measured branching
ratio. Further, the large data set allows to measure the ratio Rµ ≡ B[Bd → µ̄µ]/B[Bs → µ̄µ]
with a relative error of 35 %. A recent comprehensive study 6 of the reach of CMS expects that
with the current detector Run 2 of LHC will deliver about 100 fb−1, which enables CMS to
measure B[Bs → µ̄µ] with a significance > 10σ and a relative error of 15 % and for Rµ about
70 %. After Run 3 of LHC in the years 2019-2021, these relative errors become 12 % and 50 %,
respectively, based on a data set of about 300 fb−1, and the statistical significance for the decay
Bd → µ̄µmight reach the 3σ level. In the far future, the potential luminosity upgrade of the LHC



machine to HL-LHC (starting with the year 2023) will deliver about 3000 fb−1, however, without
substantial reduction of currently assumed systematic errors, the relative error of B[Bs → µ̄µ]
will remain around 12 %, whereas B[Bd → µ̄µ] can be discovered (i.e. > 5σ) and a relative error
of 18 % can be reached. The latter would imply about 21 % relative error in Rµ.

In view of future experimental uncertainties below 10 %, the theoretical predictions have
been updated in several respects over the last two years. These efforts were further motivated
by the steady progress of lattice determinations of the Bq-decay constant that constituted in
the past the major source of uncertainty and has been reduced nowadays to the level of other
parametric uncertainties. First, we will give a short introduction of the theoretical treatment
of Bq → ¯̀̀ decays including higher order electroweak (EW) and QCD corrections in section 2.
Then we will discuss in section 3 the latest SM predictions and present a detailed uncertainty
budget, which can bear comparison with experimental prospects.

2 Theory of Bq → ¯̀̀

Rare ∆B = 1 FCNC decays can be conveniently described by an effective theory of the elec-
troweak interactions after the application of an operator product expansion (OPE). The OPE
corresponds to an expansion in external momenta of the considered processes that are of the
order of the bottom-quark mass, mb ∼ 5 GeV, which are much smaller than the internal heavy
W -boson mass mW ∼ 80 GeV. The effective Lagrangian takes a systematic expansion

Leff = LQCD×QED(u, d, s, c, b, e, µ, τ) + Ldim=6 + Ldim=8 + . . . (2)

where the first term describes the QCD and QED gauge interactions of dim = 4 of the light
(Nf = 5) quarks and leptons. The second term represents the leading effect of flavor-changing
operators Oi of dim = 6 that mediate |∆B| = |∆Q| = 1 (Q = D,S) processes

Ldim=6 = N q
eff

∑
i

Ci(µb)Oi + h.c. , N q
eff =

G2
Fm

2
W

π2
VtbV

∗
tq , (3)

whereas the higher dimensional operators (dim > 6) are suppressed by (mb/mW )2 ∼ 0.3 %. Each
operator has an effective coupling Ci (Wilson coefficient), which is determined in the matching
at a so-called matching scale of order mW and has been evolved with the aid of the renor-
malization group (RG) equation of the effective theory to the low-energy scale µb ∼ mb. This
procedure provides a systematic framework to account for the large logarithmic contributions
∼ αns lnn(mW /µb) from radiative corrections to all orders in the QCD coupling αs. Nowadays,
the Ci(µb) relevant for b → q ¯̀̀ transitions are known to rather high orders including the RG
evolution 7,8. The choice of the normalization factor 9 N q

eff provides better convergence proper-
ties with regard to higher order EW corrections. It contains besides Fermi’s constant, GF , the
product of elements of the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix.

Concerning Bq → ¯̀̀ , at leading order (LO) in EW/QED interactions, one single operator

O10 =
(
q̄γµPLb

)(
¯̀γµγ5`

)
, PL =

1− γ5

2
(4)

is relevant. Since O10 is a conserved current under QCD to this order in EW/QED interactions,
it’s Wilson coefficient a does not evolve and does not depend on µb. The LO contribution 10 of
C10 has as strong dependence on the renormalization scheme of the top-quark mass, which is
cancelled by the next-to-leading 11,12,13,14 (NLO) and next-to-next-to-leading 15 (NNLO) order
QCD corrections. The inclusion of NNLO corrections reduce the related uncertainties from 1.8 %
at NLO to less than 0.2 % at the level of the branching ratio 15.

aHere we use the convention C10 = −2CA compared to 15,23 and C10 = c̃10 to 18. It differs by a factor of sine
squared of the weak mixing angle to c10 of 7,8: C10 = s2W c10 at LO in EW interactions.



With this remarkable control of short-distance QCD corrections, also higher order EW/QED
corrections have to be considered. NLO EW corrections to the matching of C10 had been derived
in the large top-quark mass limit 16 and used to point out that EW renormalization scheme
dependences17 of the branching ratio are a sizeable source of ∼ 7 % to 5 % uncertainty. Recently,
the complete NLO EW matching corrections to C10 have been calculated 18 employing several
different choices of renormalization schemes of the relevant parameters. The best convergence
properties, i.e., small NLO corrections compared to the LO contribution, were obtained in the
scheme that eliminates the ratio αe/s

2
W in favor of GF – as done with the choice of N q

eff – and in
the scheme where both quantities entering the ratio αe/s

2
W are renormalized in the MS scheme19.

Due to the removal of EW scheme dependences at NLO, the previous ∼ 7 % uncertainty of the
branching ratio at LO was reduced to about 0.6 % at NLO. Furthermore, at NLO in QED,
operator mixing of O10 with other operators in (3) leads to a non-trivial evolution of C10 and
gives rise to µb-dependence. The necessary ingredients for a consistent RG evolution had been
provided before 7,8, with explicit results given in 18.

At LO in QED, the matrix element ofBq → ¯̀̀ is easily derived from (3) by restricting the sum
to i = 10 and neglecting QED interactions below the scale µb, i.e., replacing LQCD×QED → LQCD

iMLO QED

N q
eff C10(µb)

=
〈
¯̀̀
∣∣O10

∣∣Bq〉 =
〈
¯̀̀
∣∣¯̀γµγ5`

∣∣0〉〈0∣∣q̄γµPLb∣∣Bq〉 = m`(ū`γ5v`)fBq . (5)

This allows to factorize the currents present in O10 and the Bq-decay constant fBq is determined
in lattice calculations 20. Here we include NLO EW matching corrections in C10 as they are
complete and do not cause µb dependence. The latter is entirely due to photonic corrections
within the effective theory and will be cancelled by NLO QED corrections to the matrix element.
The scale variation of µb from mb/2 to 2mb leads to a variation of the branching ratio of 0.3 %,
which corresponds to a typical size of a O(αe) correction. The actual calculation of the lacking
virtual NLO QED corrections to the matrix elements seems very challenging bearing in mind
that QED corrections prevent a simple factorization of the matrix element as in (5) at LO.

The average time-integrated branching ratio of Bq → ¯̀̀ can be obtained to a very high
accuracy in the SM as B

[
Bq → ¯̀̀

]
= Γ

[
Bq → ¯̀̀

]
/ΓqH where ΓqH denotes the heavier mass-

eigenstate’s total width 3. With (3) and (5), it takes the form

B
[
Bq → ¯̀̀

]
=
|N q

eff |
2m3

Bq
f2
Bq

8π ΓqH

(
m`

mBq

)2
√

1−
4m2

`

m2
Bq

∣∣∣C10(µb)
∣∣∣2 +O(αe) (6)

exhibiting the helicity-suppression factor m`/mBq of the lepton and Bq-meson masses. The
O(αe) term represents now the previously discussed virtual NLO QED corrections as well as
soft photon bremsstrahlung. The latter might receive large enhancements in the presence of
kinematical cuts in the experimental analysis, or initial-state radiation of photons, which may
lift the helicity suppression. The intial-state radiation is infrared safe due to electrically neutral
Bq meson and it’s interference with final-state radiation is helicity suppressed. Moreover, it
is strongly phase space suppressed 21 within the signal window in the dilepton invariant mass
chosen by LHCb 1 and CMS 2, which allows to ignore it in the experimental analysis and discard
it on the theoretical side by definition. Concerning photon bremsstrahlung from the final-state
leptons, LHCb 1 and CMS 2 apply PHOTOS 22 to extrapolate beyond cuts in the dilepton
invariant mass, such that soft QED logarithms cancel out and the experimental quantity (1) is
equivalent to (6) up to terms that do not receive an extra enhancement 17.

3 Updated prediction of Bq → ¯̀̀

The current theoretical status has been summarized in the preceding section. The novel calcula-
tions of NNLO QCD 15 and NLO EW 18 short-distance corrections to C10(µb) remove important



Table 1: Relative uncertainties from various sources in B[Bs → ¯̀̀ ] and B[Bd → ¯̀̀ ]. In the last column they are
added in quadrature.

fBq CKM τ qH Mt αs other param. non-param.
∑

B
[
Bs → ¯̀̀

]
4.0 % 4.3 % 1.3 % 1.6 % 0.1 % < 0.1 % 1.5 % 6.4 %

B
[
Bd → ¯̀̀

]
4.5 % 6.9 % 0.5 % 1.6 % 0.1 % < 0.1 % 1.5 % 8.5 %

renormalization scheme dependences at the matching scale present at lower orders. The pre-
diction of branching ratios is formally not complete at the NLO in QED due to the lack of
virtual corrections to the matrix element of (3). These corrections will remove scheme and the
µb scale dependence still present in current predictions, however, they do not undergo extra en-
hancement, contrary to the included ones that receive either 1/s2

W or ln2(mW /µb) enhancement
factors. In consequence, the residual µb dependence of our result is very weak, as discussed in
the previous section.

Based on (5) and (6), most recent predictions for the branching ratios in the SM have been
presented 23 for all decay channels

B[Bs → ēe] = (8.54± 0.55)× 10−14 , B[Bd → ēe] = (2.48± 0.21)× 10−15 ,

B[Bs → µ̄µ] = (3.65± 0.23)× 10−9 , B[Bd → µ̄µ] = (1.06± 0.09)× 10−10 ,

B[Bs → τ̄ τ ] = (7.73± 0.49)× 10−7 , B[Bd → τ̄ τ ] = (2.22± 0.19)× 10−8 ,

(7)

with the specified input parameters in that work. The error budget is listed in table 1, showing
that currently the largest uncertainties are caused by the imprecise knowledge of CKM param-
eters and the decay constants. Adding up in quadrature the various uncertainties gives rise to
a total relative uncertainty of less than 7 % for Bs → ¯̀̀ and below 9 % for Bd → ¯̀̀ decays.

Concerning the CKM elements, latest results of 2013 fits from the CKMfitter 24 and UTfit
(post-EPS13)25 groups have been employed for |VtbV ∗

td| and the ratio |VtbV ∗
ts/Vcb|, where the latter

is to very good approximation insensitive to Vcb. For the purpose of the predictions of Bs → ¯̀̀

modes, the value of |Vcb| incl = 0.04242 ± 0.00086 has been used, which was determined from
inclusive semi-leptonic b→ c`ν` decays 26. This value differs by 3.0σ from |Vcb| excl = 0.03904±
0.00075 as determined from exclusive B̄ → D∗`ν̄` decays, based on recent lattice predictions of
B → D∗ form factors 27. The usage of the exclusive value of Vcb instead of the inclusive would
lower the branching ratios of Bs decays by a sizeable amount of (|Vcb| excl/|Vcb| incl)

2 ∼ 15 %,
i.e., for example B[Bs → µ̄µ] = (3.09 ± 0.19) × 10−9. This result is by 2.4σ lower than the
one obtained with the inclusive-Vcb value (7), showing the importance of a clarification of the
discrepancy of inclusive and exclusive determinations of Vcb. In this respect, one might note
that the UTfit group provides a global fit where |Vcb| excl = 0.03955 ± 0.00088 (and |Vub| excl)
has been used as prior and the fitted posterior value |Vcb| = 0.04121 ± 0.00050 was obtained,
indicating that other data employed in the global fit prefers also larger values of Vcb.

Other uncertainties are below the 2 % level. A number of uncertainties related to higher
order corrections are combined in the column labeled “non-parametric” in table 1. They com-
prise higher order perturbative O(α3

s, α
2
e, αsαe) matching corrections estimated in15,18, neglected

O(αe) corrections to (6), the truncated dim = 8 contributions in the OPE of electroweak inter-
actions (2) and others as specified in 23.

In view of the sizeable uncertainties due to CKM elements and decay constants one might
consider in the SM the ratio of the branching ratio Bq → ¯̀̀ and the mass difference of the
neutral BqBq system, ∆Mq,

κq` ≡
B[Bq → ¯̀̀ ] ΓqH (∆MBq)−1

(GF mW m`)2
√

1− 4m2
`/m

2
Bq

SM
=

3|C10(µb)|2

4π3CLL(µb)BBq(µb)
. (8)



In this ratio, both, CKM elements and decay constants, cancel and the only remaining nonper-
turbative quantity is the so-called bag factor BBq

20. Here CLL denotes the Wilson coefficient
of the SM ∆B = 2 operator (of dim = 6). In the SM the theoretical prediction for the rhs of
(8) yields 23

κs` = 0.0126± 0.0007 , κd` = 0.0132± 0.0012 , (9)

which is dominated by the uncertainty of the bag factors, whereas the lhs of (8) together with (1)
gives the following experimental values

κs`|exp. = 0.0104± 0.0025 , κd`|exp. = 0.047± 0.020 (10)

that are consistent with the SM predictions. It can be seen that the overall theory uncertainties
in B[Bq → ¯̀̀ ] and κq` are quite similar at present.

Alternatively, one might use the experimental measurement of ∆Mq|exp. to determine the
product f2

Bq
|VtbV ∗

tq|2 under the assumption of the SM and subsequently predict B[Bq → ¯̀̀ ], as

proposed in 28, see 29 for a recent update. Recasting (8) into

B[Bq → ¯̀̀ ] = κq`
∆Mq|exp.

ΓqH

√
1−

4m2
`

m2
Bq

(GF mW m`)
2 , (11)

it is straightforward to derive the theoretical uncertainties for the branching ratio from the
ones of κq` and in addition also ΓqH , whereas the ones of ∆Mq|exp. are numerically negligible
at the current level of precision. With the latest experimental numbers ∆Mq|exp. and the SM
predictions of κq` (9) one obtains

B[Bs → µ̄µ] = (3.53± 0.20)× 10−9 , B[Bd → µ̄µ] = (1.00± 0.09)× 10−10 , (12)

which yields in the case of Bs → µ̄µ values closer to the predictions based on |Vcb|incl than on
|Vcb|excl.

4 Conclusions

The latest standard model predictions have been presented for the branching ratios of rare
leptonic Bq → ¯̀̀ (q = d, s and ` = e, µ, τ) decays. The inclusion of NLO electroweak and NNLO
QCD corrections decrease previous renormalization scheme dependences from about 7 % to 0.6 %
and 1.8 % to 0.2 %, respectively. The current uncertainties of the branching ratios are below
7 % for Bs → ¯̀̀ and 9 % for Bd → ¯̀̀ channels, where the dominant source are the imprecise
knowledge of the CKM matrix elements Vcb and Vtd and comparable uncertainties from the
decay constants of Bq mesons. In this respect, the ratios κq` ∝ B[Bq → ¯̀̀ ]/∆Mq are free of the
decay constant and CKM factors in the SM. Their current predictions are dominated by the
uncertainties due to the bag factors in ∆B = 2 hadronic matrix elements and have comparable
size to the ones of the branching ratios.
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ANOMALOUS DIMUON CHARGE ASYMMETRY IN pp̄ COLLISIONS

B. HOENEISEN
(DØ Collaboration)

Universidad San Francisco de Quito, Quito, Ecuador

We present an overview of the measurements of the like-sign dimuon charge asymmetry by the
DØ Collaboration at the Fermilab Tevatron pp̄ Collider. The results differ from the Standard
Model prediction of CP violation in mixing and interference of B0 and B0

s by 3.6 standard
deviations.

1 Introduction

The DØ Collaboration has measured the inclusive muon charge asymmetry and the like-sign
dimuon charge asymmetry in pp̄ collisions at a center of mass energy

√
s = 1.96 TeV at the Fer-

milab Tevatron Collider 1, 2, 3, 4. The measured inclusive muon charge asymmetry is consistent
with zero, while the like-sign dimuon charge asymmetry is significantly negative. The result
differs from the Standard Model prediction of CP violation in mixing, and CP violation in inter-
ference of decay amplitudes with and without mixing, of B0 and B0

s by 3.6 standard deviations
4. In this note we present an overview of these measurements and their current status. The DØ
detector is shown in Figure 1.

The original motivation for this measurement was CP violation in mixing 5. Most like-sign
dimuons at DØ (after removing background muons from kaon and pion decay) are from events
with a bb̄ pair. One of the b’s decays to a “right sign” muon, i.e. to a muon of the same charge
sign as the parent b quark, while the other b in the event hadronizes to a B0 or B0

s meson that
oscillates before decaying to a “wrong sign” muon. CP violation is expected to be negligible for
“right sign” muons, while it is expected to be non-negligible for “wrong sign” muons due to CP
violation in mixing 5 and, as was recently realized 6, also due to CP violation in interference of
decay amplitudes with and without mixing, of B0 and B0

s . The charge asymmetry of inclusive
muons is predicted to be very small compared to the present experimental uncertainty 4 because
most muons of events with a bb̄ or a cc̄ are “right sign” muons, and because CP violation in
interference does not contribute. Therefore, the inclusive muon charge asymmetry provides a
null-test that validates the measurements of the detector and background charge asymmetries.
Like-sign dimuons have one “right sign” muon which tags the other muon to be of the “wrong
sign”.

2 Definitions

Most pp̄ collisions produce no muons, a few produce one recorded muon, very few produce two
recorded muons, and fewer still produce two like-sign recorded muons, i.e. 4× 1014 (mostly not
recorded), 2.2× 109, 2.8× 107 and 6.2× 106 respectively in the final data set of 10.4 fb−1. We
obtain the raw inclusive muon and like-sign dimuon charge asymmetries by counting inclusive
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Figure 1 – The DØ detector.

muons or like-sign dimuon events:

a =
n(µ+)− n(µ−)

n(µ+) + n(µ−)
, A =

N(µ+µ+)−N(µ−µ−)

N(µ+µ+) +N(µ−µ−)
. (1)

We obtain the residual charge asymmetries by subtracting the asymmetry of the detector and
backgrounds (“muons” from charged kaon and pion decay, and hadrons that punch-through to
the outer muon detectors):

aCP = a− abkg, ACP = A−Abkg. (2)

These CP-violating residual charge asymmetries aCP and ACP are normalized to all muons or
like-sign dimuons, including background “muons”. The corresponding charge asymmetries that
exclude events with background “muons” from the normalization are aS and AS . To cancel first
order detector asymmetries we collect equal numbers of events for each of the four solenoid and
toroid polarity combinations 1. The residual detector asymmetry and the background asymme-
tries are measured by reconstructing exclusive decays in the same data sets 2, 3, 4.

3 History

The history of the measurements of the like-sign dimuon charge asymmetry at DØ is summarized
in Table 1. Note that the results have not changed significantly with a factor 10 increase of the
data set, and many improvements of the analysis methods, over the years. The decrease of |ACP |
in the last measurement is due to a finer binning of the measurements in transverse momentum
pT and pseudo-rapidity η. The studies, measurements and cross-checks are already 22 years old.

4 Measurement with the full data set of 10.4 fb−1

All measurements are done in 9 bins of (pT , |η|) 4. The results for inclusive muons are presented
in Figure 2. Note that the measured background charge asymmetry abkg is consistent with
the raw asymmetry a obtained by counting events in all bins. We obtain a weighted average
aCP = (−0.032 ± 0.042(stat) ± 0.061(syst))%, which is consistent with zero as expected (the
Standard Model prediction is aCP = (−0.0007 ± 0.0002)%). Figure 2 demonstrates that we
understand the detector and background asymmetries within the quoted uncertainties.



Table 1: Measurements of the like-sign dimuon charge asymmetry at DØ. ε is the discrepancy between the
measurement and the Standard Model prediction for CP violation in mixing (* and interference) of B0 and B0

s .∫
Ldt Asymmetry ACP ε DØ , Phys.Rev. D

1.0 fb−1 (−0.28± 0.13± 0.09)% 1.7σ 74, 092001 (2006)
6.1 fb−1 (−0.252± 0.088± 0.092)% 3.2σ 82, 032001 (2010)
9.0 fb−1 (−0.276± 0.067± 0.063)% 3.9σ 84, 052007 (2011)

10.4 fb−1 (−0.235± 0.064± 0.055)% 3.6σ * 89, 012002 (2014)
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Figure 2 – Raw inclusive muon charge asymmetry a obtained by counting muons, measured detector and back-
ground charge asymmetries abkg, and their difference aCP = a− abkg in 9 bins of (pT , |η|). The horizontal line

shows the weighted average which is consistent with zero.

The results for like-sign dimuons are presented in Figure 3. Note that the measured back-
ground charge asymmetry Abkg follows the raw asymmetry A obtained by counting events,

but there is an offset: ACP = A − Abkg is significantly negative, and is negative (with

limited significance) for the central muon detector (bins 1, 2 and 3), forward muon detec-
tor (bins 6 to 9), and for their overlap region (bins 4 and 5). We mention that the cen-
tral and forward muon detectors have different technologies and their reconstruction softwares
are independent. ACP does not depend significantly on the (pT , |η|) bin. The weighted aver-
age is ACP = (−0.235 ± 0.064(stat) ± 0.055(syst))%, while the Standard Model prediction is
ACP = (−0.043± 0.010)%.

The inclusive muon charge asymmetry aCP is also measured in 27 bins: 9 bins of (pT , |η|) ×
3 bins of transverse impact parameter (IP). The like-sign dimuon charge asymmetry ACP is also
measured in 54 bins: 9 bins of (pT , |η|) × 6 bins of (IP1, IP2). In all cases the asymmetry does
not vary significantly with (pT , |η|). See 4 for full details. Averaging over the 9 bins of (pT , |η|)
we obtain the results summarized in Figures 4 and 5.

The measurements of aCP and ACP in bins of IP are correlated. These measurements are in
disagreement with the Standard Model prediction for CP violation in mixing and interference
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Figure 4 – Inclusive muon charge asymmetry aCP for all muons, and for muons with transverse impact parameter
less than 50 µm (IP=1), in the range 50 µm to 120 µm (IP=2), and in the range 120 µm to 3000 µm (IP=3).

of B0 and B0
s by 3.6 standard deviations. At the present time we do not understand the

origin of this discrepancy. It could be due to missing Standard Model contributions, inaccurate
predictions of ∆Γd or adsl (i.e. the real and imaginary parts of the matrix element Γd

12) due to
low energy non-perturbative effects, an experimental issue that has evaded all cross-checks to
date, or New Physics. ∆Γd is the decay rate difference of the eigenstates of the (B0, B̄0) system,
and adsl is the semi-leptonic charge asymmetry of decays of B0 and B̄0 to “wrong sign” muons.

If we assume that the only sources of charge asymmetry are CP violation in mixing and
interference of B0 and B0

s , we obtain 3-dimensional likelihood contours in the space of adsl, a
s
sl

and ∆Γd. A slice is shown in Figure 6 at the best fit value of ∆Γd
4, 7, 8.
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Figure 5 – Like-sign dimuon charge asymmetry ACP for all muons, and for dimuons in six bins of (IP1, IP2).
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Figure 6 – The 68% and 95% confidence level contours from fit with ∆Γd/Γd = 0.0050 (corresponding to the best
fit value), and combination of all DØ measurements (filled areas).

5 Conclusions

We obtain a 3.6 standard deviation discrepancy between the measurements and the Standard
Model prediction of CP violation in mixing and interference of B0 and B0

s . At the present time
we do not understand the origin of this discrepancy, which has not yet been confirmed nor ruled
out by other experiments, see Table 2. At DØ we are currently measuring the like-sign dimuon
charge asymmetry of sub-samples of the data set with the hope of solving this puzzle.



Table 2: Contributions to AS allowed by experiments (with ±1σ confidence). Compare with the measured
AS = (−0.319 ± 0.132)%. This is an update of Table II of 6 using the world averages of 9. *From the Standard
Model prediction and the constraint from B0

s → J/ψφ we expect this contribution to be negligible. **These tree
level decays are expected to contribute negligibly to AS . ***This contribution to AS is proportional to ∆Γd and
assumes the Standard Model prediction ∆Γd = (0.42± 0.08)%. If ∆Γd turns out to be larger than the prediction
due to low energy non-perturbative effects, then this ∆AS could be sizable.

CP violation in ∆AS allowed by exp. Comments

mixing B0 ↔ B̄0 (+0.021± 0.083)% from exp. adsl
mixing B0

s ↔ B̄0
s (−0.374± 0.124)% from exp. assl *

interference B0 → (B̄0)→ cc̄dd̄ (−0.050± 0.012)% from SM ∆Γd ***
interference B0

s → (B̄0
s )→ cc̄ss̄ (−0.0009± 0.0003)% from exp. ∆Γs

direct decays b→ cc̄d̄ (+0.003± 0.013)% from exp. Br & CPV
direct decays b→ cc̄s̄ (+0.000± 0.043)% from exp. Br
direct decays b→ µX (−0.17± 0.39)% from aCP **
direct decays c→ µX (−0.07± 0.17)% from aCP **
production pp̄→ bc̄X (−0.15± 0.35)% from aCP

neutrinoless double β decay (−0.12± 0.29)% from aCP

direct decay to “right sign” µ (−0.13± 0.30)% from aCP

direct decay to “wrong sign” µ (−0.46± 1.07)% from aCP
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In the last two decades experiments have established the existence of neutrino oscillations and
most of the related parameters have by now been measured with reasonable accuracy. These
results have accomplished a major progress for particle physics and cosmology. At present
neutrino physics is a most vital domain of particle physics and cosmology and the existing
open questions are of crucial importance. We review the present status of the subject, the
main lessons that we have learnt so far and discuss the great challenges that remain in this
field.

1 Introduction

The main facts on ν mass and mixing1 are that ν’s are not all massless but their masses are very
small; probably their masses are small because ν’s are Majorana fermions with masses inversely
proportional to the large scale M of interactions that violate lepton number (L) conservation.
From the see-saw formula2 together with the observed atmospheric oscillation frequency and a
Dirac mass mD of the order of the Higgs vacuum expectation value (VEV), it follows that the
Majorana mass scale M ∼ mνR is empirically close to 1014 − 1015 GeV ∼ MGUT , so that ν
masses can well fit in the Grand Unification Theory (GUT) picture. Decays of heavy νR with
CP and L violation can produce a sizable B-L asymmetry that survives instanton effects at the
electroweak scale thus explaining baryogenesis as arising from leptogenesis. There is still no
direct proof that neutrinos are Majorana fermions: detecting neutrino-less double beta decay
(0νββ) would prove that ν’s are Majorana particles and that L is not conserved. It also appears
that the active ν’s are not a significant component of Dark Matter in the Universe.

On the experimental side the main recent developments on neutrino mixing1 were the re-
sults on θ13

3–7 from T2K, MINOS, DOUBLE-CHOOZ, RENO and DAYA-BAY. These experi-
ments are in good agreement among them and the most precise is DAYA-BAY with the result7

sin2 2θ13 = 0.090+0.008
−0.009 (equivalent to sin2 θ13 ∼ 0.023 ± 0.002 or θ13 ∼ (8.7 ± 0.6)o ∼ θC/

√
2,

with θC the Cabibbo angle). A summary of recent global fits to the data on oscillation parame-
ters is presented in Table 18,9 see also Ref.10 The combined value of sin2 θ13 is by now about 10 σ
away from zero and the central value is rather large, close to the previous upper bound. In turn
a sizable θ13 allows to extract an estimate of θ23 from accelerator data like T2K and MINOS.
There are by now solid indications of a deviation of θ23 from the maximal value, probably in
the first octant and, in addition, some hints of sensitivity to cos δCP are starting to appear in



Table 1: Fits to neutrino oscillation data. For sin2 θ23 from Ref.9 only the absolute minimum in the first octant
is shown.

Quantity Ref.8 Ref.9

∆m2
sun (10−5 eV2) 7.54+0.26

−0.22 7.50± 0.185

∆m2
atm (10−3 eV2) 2.43+0.06

−0.10 2.47+0.069
−0.067

sin2 θ12 0.307+0.018
−0.016 0.30± 0.013

sin2 θ23 0.386+0.024
−0.021 0.41+0.037

−0.025
sin2 θ13 0.0241± 0.0025 0.023± 0.0023

the data.8 These fits were made assuming three neutrino species but a hot issue is the possible
existence of sterile neutrinos (for a review, see Ref.11) that will be discussed in Sect. 7.

2 Neutrino Masses and Lepton Number Non-conservation

Neutrino oscillations imply non vanishing neutrino masses which in turn demand either the
existence of right-handed (RH) neutrinos (Dirac masses) or lepton number L non conservation
(Majorana masses) or both. Given that neutrino masses are extremely small, it is really difficult
from the theory point of view to avoid the conclusion that L conservation must be violated. In
fact, if lepton number is not conserved the smallness of neutrino masses can be explained as
inversely proportional to the very large scale where L conservation is violated, of order MGUT

or even MPl.
If L conservation is violated neutrinos are naturally Majorana fermions. For a Majorana

neutrino each mass eigenstate with given helicity coincides with its own antiparticle with the
same helicity. As well known, for a charged massive fermion there are four states differing by
their charge and helicity (the four components of a Dirac spinor) as required by Lorentz and
CPT invariance. For a massive Majorana neutrino, neutrinos and antineutrinos can be identified
and only two components are needed to satisfy the Lorentz and CPT invariance constraints.
Neutrinos can be Majorana fermions because, among the fundamental fermions (i.e. quarks
and leptons), they are the only electrically neutral ones. If, and only if, the lepton number L
is not conserved, i.e. it is not a good quantum number, then neutrinos and antineutrinos can
be identified. For Majorana neutrinos both Dirac mass terms, that conserve L (ν → ν), and
Majorana mass terms, that violate L conservation by two units (ν → ν̄), are in principle possible.
Of course the restrictions from gauge invariance must be respected. So, for neutrinos the Dirac
mass terms (ν̄RνL +h.c.) arise from the couplings with the Higgs field, as for all quarks and
leptons. For Majorana masses, a νTLνL mass term has weak isospin 1 and needs two Higgs fields
to make an invariant. On the contrary a νTRνR mass term is a gauge singlet and needs no Higgs.
As a consequence, the RH neutrino Majorana mass MR is not bound to be of the order of the
electroweak symmetry breaking (induced by the Higgs VEV) and can be very large (see below).

Some notation: the charge conjugated of ν is νc, given by νc = C(ν̄)T , where C = iγ2γ0 is
the charge conjugation matrix acting on the spinor indices. In particular (νc)L = C(ν̄R)T , so
that, instead of using νL and νR, we can refer to νL and (νc)L, or simply ν and νc.

Once we accept L non-conservation we obtain an elegant explanation for the smallness of
neutrino masses. If L is not conserved, even in the absence of heavy RH neutrinos, Majorana
masses for neutrinos can be generated by dimension five operators of the form12

O5 =
(Hl)Ti λij(Hl)j

Λ
, (1)

with H being the ordinary Higgs doublet, li the SU(2) left-handed (LH) lepton doublets, λ a
matrix in flavor space, Λ a large scale of mass, possibly of order MGUT or MPl and a charge
conjugation matrix C between the lepton fields is understood. Neutrino masses generated by O5



are of the order mν ≈ v2/Λ for λij ≈ O(1), where v ∼ O(100 GeV) is the VEV of the ordinary
Higgs.

We consider that the existence of RH neutrinos νc is quite plausible also because most
GUT groups larger than SU(5) require them. In particular the fact that νc completes the
representation 16 of SO(10): 16=5̄+10+1, so that all fermions of each family are contained in
a single representation of the unifying group, is too impressive not to be significant. At least
as a classification group SO(10) must be of some relevance in a more fundamental layer of the
theory! Thus, in the following we assume both that νc exist and that L is not conserved. With
these assumptions the see-saw mechanism2 is possible. We recall, also to fix notations, that in
its simplest form it arises as follows. Consider the SU(3) × SU(2) × U(1) invariant Lagrangian
giving rise to Dirac and νc Majorana masses (for the time being we consider the ν (versus νc)
Majorana mass terms as comparatively negligible):

L = −νcT yν(Hl) +
1

2
νcTMνc + h.c. (2)

The Dirac mass matrix mD ≡ yνv/
√

2, originating from electroweak symmetry breaking, is, in
general, non-hermitian and non-symmetric, while the Majorana mass matrix M is symmetric,
M = MT . We expect the eigenvalues of M to be of order MGUT or more because νc Majorana
masses are SU(3)× SU(2)× U(1) invariant, hence unprotected and naturally of the order of the
cutoff of the low-energy theory. Since all νc are very heavy we can integrate them away and the
resulting neutrino mass matrix reads:

mν = −mT
DM

−1mD . (3)

This is the well known see-saw mechanism result:2 the light neutrino masses are quadratic in
the Dirac masses and inversely proportional to the large Majorana mass. If some νc are massless
or light they would not be integrated away but simply added to the light neutrinos. Note that

for mν ≈
√

∆m2
atm ≈ 0.05 eV (see Table 1) and mν ≈ m2

D/M with mD ≈ v ≈ 200 GeV we find

M ≈ 1015 GeV which indeed is an impressive indication for MGUT .

If additional contributions to O5, eq. (1), are comparatively non-negligible, they should
simply be added. For instance in SO(10) or in left-right extensions of the SM, an SU(2)L triplet
can couple to two lepton doublets and to two Higgs and may induce a sizable contribution to
neutrino masses. At the level of the low-energy effective theory, such term is still described
by the operator O5 of eq. (1), obtained by integrating out the heavy SU(2)L triplet. This
contribution is called type II to be distinguished from that obtained by the exchange of RH
neutrinos (type I). One can also have the exchange of a fermionic SU(2)L triplet coupled to
a lepton doublet and a Higgs (type III). After elimination of the heavy fields, at the level of
the effective low-energy theory, the three types of see-saw terms are equivalent. In particular
they have identical transformation properties under a chiral change of basis in flavor space. The
difference is, however, that in type I see-saw mechanism, the Dirac matrix mD is presumably
related to ordinary fermion masses because they are both generated by the Higgs mechanism and
both must obey GUT-induced constraints. Thus more constraints are implied if one assumes
the see-saw mechanism in its simplest type I version.

3 Basic Formulae for Three-Neutrino Mixing

In this section we assume that there are only two distinct neutrino oscillation frequencies, the
atmospheric and the solar frequencies. These two can be reproduced with the known three light
neutrino species (with no need of sterile neutrinos).

Neutrino oscillations are due to a misalignment between the flavor basis, ν ′ ≡ (νe, νµ, ντ ),
where νe is the partner of the mass and flavor eigenstate e− in a left-handed (LH) weak isospin



SU(2) doublet (similarly for νµ and ντ ) and the mass eigenstates ν ≡ (ν1, ν2, ν3):
13,14

ν ′ = Uν , (4)

where U is the unitary 3 by 3 mixing matrix. Given the definition of U and the transformation
properties of the effective light neutrino mass matrix mν in eq. (1):

ν ′
T
mνν

′ = νTUTmνUν (5)

UTmνU = Diag (m1,m2,m3) ≡ mdiag ,

we obtain the general form of mν (i.e. of the light ν mass matrix in the basis where the charged
lepton mass is a diagonal matrix):

mν = U∗mdiagU
† . (6)

The matrix U can be parametrized in terms of three mixing angles θ12, θ23 and θ13 (0 ≤ θij ≤
π/2) and one phase ϕ (0 ≤ ϕ ≤ 2π),15 exactly as for the quark mixing matrix VCKM . The
following definition of mixing angles can be adopted:

U =

 1 0 0
0 c23 s23
0 −s23 c23


 c13 0 s13e

iϕ

0 1 0
−s13e−iϕ 0 c13


 c12 s12 0
−s12 c12 0

0 0 1

 (7)

where sij ≡ sin θij , cij ≡ cos θij . In addition, if ν are Majorana particles, we have the relative
phases among the Majorana masses m1, m2 and m3. If we choose m3 real and positive, these
phases are carried by m1,2 ≡ |m1,2|eiφ1,2 .16 Thus, in general, 9 parameters are added to the
SM when non-vanishing neutrino masses are included: 3 eigenvalues, 3 mixing angles and 3 CP
violating phases.

In our notation the two frequencies, ∆m2
I/4E (I=sun,atm), are parametrized in terms of

the ν mass eigenvalues by

∆m2
sun ≡ |∆m2

12|, ∆m2
atm ≡ |∆m2

23| . (8)

where ∆m2
12 = |m2|2 − |m1|2 > 0 (positive by the definition of m1,2) and ∆m2

23 = m2
3 − |m2|2.

The numbering 1,2,3 corresponds to our definition of the frequencies and in principle may not
coincide with the ordering from the lightest to the heaviest state. In fact, the sign of ∆m2

23 is not
known [a positive (negative) sign corresponds to normal (inverse) hierarchy]. The determination
of the hierarchy pattern together with the measurement of the CP violating phase ϕ are among
the main experimental challenges for future accelerators.

Oscillation experiments do not provide information about the absolute neutrino mass scale.
Limits on that are obtained1 from the endpoint of the tritium beta decay spectrum, from cos-
mology and from neutrinoless double beta decay (0νββ). From tritium we have an absolute
upper limit of 2.2 eV (at 95% C.L.)17 on the antineutrino mass eigenvalues involved in beta
decay, which, combined with the observed oscillation frequencies under the assumption of three
CPT-invariant light neutrinos, also amounts to an upper bound on the masses of the other active
neutrinos. The near-future of the tritium measurement is the KATRIN experiment whose goal
is to improve the present limit by about an order of magnitude.18 Complementary information
on the sum of neutrino masses is also provided by cosmology. For the sum of all (quasi) stable
(thermalized) neutrino masses the Planck experiment, also using the WMAP-9 and BAO data,
finds the limit

∑
mν ≤ 0.23 at 95% c.l.19 The discovery of 0νββ decay would be very important,

as discussed in the next section, and would also provide direct information on the absolute scale
of neutrino masses.



4 Importance of Neutrino-less Double Beta Decay

The detection of neutrino-less double beta decay20 would provide direct evidence of L non conser-
vation and of the Majorana nature of neutrinos. It would also offer a way to possibly disentangle
the 3 cases of degenerate, normal or inverse hierachy neutrino spectrum. The quantity which
is bound by experiments on 0νββ is the 11 entry of the ν mass matrix, which in general, from
mν = U∗mdiagU

†, is given by :

|mee| = |(1− s213) (m1c
2
12 + m2s

2
12) +m3e

2iφs213| (9)

where m1,2 are complex masses (including Majorana phases) while m3 can be taken as real and
positive and φ is the U phase measurable from CP violation in oscillation experiments. Starting
from this general formula it is simple to derive the bounds for degenerate, inverse hierarchy or
normal hierarchy mass patterns.

At present the best limits from the searches with Ge lead to |mee| ∼ (0.25 − 0.98) eV
(GERDA21+HM22+IGEX23) and with Xe to |mee| ∼ (0.12 − 0.25) eV (EXO24+Kamland
Zen25), where ambiguities on the nuclear matrix elements lead to the ranges shown. In the next
few years, experiments (CUORE, GERDA II, SNO+....) will reach a larger sensitivity on 0νββ
by about an order of magnitude. Assuming the standard mechanism through mediation of a
light massive Majorana neutrino, if these experiments will observe a signal this would indicate
that the inverse hierarchy is realized, if not, then the normal hierarchy case still would remain
a possibility.

5 Baryogenesis via Leptogenesis from Heavy νR Decay

In the Universe we observe an apparent excess of baryons over antibaryons. It is appealing that
one can explain the observed baryon asymmetry by dynamical evolution (baryogenesis) starting
from an initial state of the Universe with zero baryon number. For baryogenesis one needs the
three famous Sakharov conditions: B violation, CP violation and no thermal equilibrium. In
the history of the Universe these necessary requirements have probably occurred at different
epochs. Note however that the asymmetry generated during one such epoch could be erased
in following epochs if not protected by some dynamical reason. In principle these conditions
could be fulfilled in the SM at the electroweak phase transition. In fact, when kT is of the order
of a few TeV, B conservation is violated by instantons (but B-L is conserved), CP symmetry
is violated by the CKM phase and sufficiently marked out-of- equilibrium conditions could be
realized during the electroweak phase transition. So the conditions for baryogenesis at the weak
scale in the SM superficially appear to be present. However, a more quantitative analysis26

shows that baryogenesis is not possible in the SM because there is not enough CP violation and
the phase transition is not sufficiently strong first order, because the Higgs mass is too heavy.
In SUSY extensions of the SM, in particular in the MSSM, there are additional sources of CP
violation but also this possibility has by now become at best marginal after the results from
LEP2 and the LHC.

If baryogenesis at the weak scale is excluded by the data still it can occur at or just below
the GUT scale, after inflation. But only that part with |B − L| > 0 would survive and not be
erased at the weak scale by instanton effects. Thus baryogenesis at kT ∼ 1010−1015 GeV needs
B-L violation and this is also needed to allow mν if neutrinos are Majorana particles. The two
effects could be related if baryogenesis arises from leptogenesis then converted into baryogenesis
by instantons.27,28 The decays of heavy Majorana neutrinos (the heavy eigenstates of the see-
saw mechanism) happen with non conservation of lepton number L, hence also of B-L and
can well involve a sufficient amount of CP violation. Recent results on neutrino masses are
compatible with this elegant possibility. Thus the case of baryogenesis through leptogenesis has
been boosted by the recent results on neutrinos.



6 A Drastic Conjecture: the νMSM

The most direct version of the see-saw mechanism with heavy νR matches well with GUT’s (e.g.
the heavy Majorana mass is given by Mν ∼MGUT , we observe a complete 16 of SO(10) for each
generation...). As well known, for naturalness, one would expect a completion of the SM near
the EW scale in order to understand the big gap between mH and MGUT . The most attractive
and well studied example of this sort of enlargement is that of supersymmetry (SUSY). Within
SUSY one also has excellent candidates for Dark Matter and the GUT picture is improved by a
precise gauge coupling unification, compatibility of the predicted proton lifetime with existing
bounds etc. However no SUSY nor any other form of new physics has been found at the LHC
or elsewhere and, as a consequence, our concept of naturalness has so far failed as a heuristic
principle.29 While SUSY remains an attractive possibility with perhaps a still acceptable degree
of fine-tuning, it is true that models where the fine-tuning problem is disregarded or reconsidered
have been revived.

It is important to note that although the hierarchy problem is directly related to the
quadratic divergences in the scalar sector of the SM, actually the problem can be formulated
without any reference to divergences or to a cut-off, directly in terms of renormalized quantities.
After renormalization the hierarchy problem is manifested by the quadratic sensitivity of the
scalar sector mass scale µ2 to the physics at large energy scales. If there is a threshold at large
energy, where some particles of mass M coupled to the Higgs sector can be produced and con-
tribute in loops, then the renormalized running mass µ would evolve slowly (i.e. logarithmically
according to the relevant beta functions30), up to M and there, as an effect of the matching
conditions at the threshold, rapidly jump to become of order M (see, for example,31). In the
presence of a threshold at M one needs a fine tuning of order µ2/M2 in order to reproduce the
observed value of the running mass at low energy. Note that heavy RH neutrinos, which are
coupled to the Higgs through the Dirac Yukawa coupling, would contribute in the loop and, in
the absence of SUSY, become unnatural at M >∼ 107 − 108 GeV.32 Also, in the pure Standard
Model heavy νR tend to destabilize the vacuum and make it unstable for M >∼ 1014 GeV.33 Thus
for naturalness either new thresholds appear but there is a mechanism for the cancellation of
the sensitivity (e.g. a symmetry like SUSY) or they would better not appear at all, except that
certainly there is the Planck mass, connected to the onsetting of quantum gravity, that sets an
unavoidable threshold.

A possible point of view is that there are no new thresholds up to MPlanck (at the price
of giving up GUTs, among other things) but, miraculously, there is a hidden mechanism in
quantum gravity that solves the fine tuning problem related to the Planck mass.34,35 For this
one would need to solve all phenomenological problems, like Dark Matter, baryogenesis and
so on, with physics below the EW scale. This point of view is extreme but allegedly not yet
ruled out. Possible ways to realize this program are discussed in Ref.:34 one has to introduce
three RH neutrinos, N1, N2 and N3 which are now light: for N1 we need m1 few keV, while
m2,3 few GeV but with a few eV splitting. With this rather ad hoc spectrum N1 can explain
Dark Matter and N2,3 baryogenesis. The active neutrino masses are obtained from the see-saw
mechanism, but with very small Dirac Yukawa couplings. Then the data on neutrino oscillations
can be reproduced. The RH Ni can give rise to observable consequences (and in fact only a
limited domain of the parameter space is still allowed). In fact N1 could decay as N1 → ν + γ
producing a line in X-ray spectra at Eγ ∼ m1/2. It is interesting that a candidate line with
Eγ ∼ 3.5 keV has been identified in the data of the XMM-Newton X-ray observatory on the
spectra from galaxies or galaxy clusters.36 As for N2,3 they could be looked for in charm meson
decays if sufficiently light. A Letter of Intent for a dedicated experiment at the CERN SpS has
been presented to search for these particles.37



7 Oscillations with Sterile Neutrinos

A number of hints have been recently collected in neutrino oscillation experiments for the exis-
tence of sterile neutrinos, that is neutrinos with no weak interactions (for a review see Ref.38).
They do not make yet an evidence but certainly pose an experimental problem that needs
clarification (see, for example, Ref.39).

The MiniBooNE experiment published40 a combined analysis of νe appearance in a νµ beam
together with ν̄e appearance in a ν̄µ beam. They observe an excess of events from neutrinos
over expected backgrounds in the low energy region (below 500 MeV) of the spectrum. In the
most recent data the shapes of the neutrino and anti-neutrino spectra appear to be consistent
with each other, showing excess events below 500 MeV and data consistent with background
in the high energy region. The allowed region from MiniBooNE anti-neutrino data has some
overlap with the parameter region preferred by LSND.41 Recently the ICARUS42 and OPERA43

experiments at Gran Sasso have published the results of their searches for electrons produced
by the CERN neutrino beam. No excess over the background was observed. As a consequence
a large portion of the region allowed by LSND, MiniBooNE. KARMEN..44 is now excluded.

Then there are ν̄e disappearance experiments: in particular, the reactor and the gallium
anomalies. A reevaluation of the reactor flux45 produced an apparent gap between the theoretical
expectations and the data taken at small distances from reactors (≤ 100 m). A different analysis
confirmed the normalization shift.46 Similarly the Gallium anomaly47 depends on the assumed
cross-section which could be questioned.

These data hint at one or more sterile neutrinos with mass around ∼ 1 eV which would
represent a major discovery in particle physics. Cosmological data would certainly allow for
one sterile neutrino while more than one are disfavored by the stringent bounds arising form
nucleosynthesis (assuming fully thermalized sterile neutrinos).48 Actually the recently published
Planck data19 on the cosmic microwave background (CMB) are completely consistent with no
sterile neutrinos (they quote for the total number of neutrinos Neff = 3.31±0.53). The absence
of a positive signal in νµ disappearance in accelerator experiments (MINOS,49 MiniBooNE-
SciBooNE50) creates a tension with LSND (if no CP viol.). For example, in 3+1 models there
is a tension51 between appearance (LSND, MiniBooNe.....) and disappearance (MINOS...) .
However, the 3+1 fit is much improved if the low energy MiniBooNe data are not included.52 In
3+1 models the short baseline reactor data and the gallium anomaly are not in tension with the
other measurements. Fits with 2 sterile neutrinos do not solve all the tensions.51,53 In general
in all fits the resulting sterile neutrino masses are a bit too large when compared with the
cosmological bounds on the sum of neutrino masses, if the contribution of the sterile neutrinos
to the effective number of relativistic degrees of freedom is close to one.

In conclusion, the situation is at present confuse but the experimental effort should be
continued because establishing the existence of sterile neutrinos would be a great discovery (an
experiment to clarify the issue of sterile neutrinos is proposed on the CERN site54). In fact a
sterile neutrino is an exotic particle not predicted by the most popular models of new physics.

As only a small leakage from active to sterile neutrinos is allowed by present neutrino oscil-
lation data (see, for example, refs.51,55–57 and references therein), in the following we restrict
our discussion to 3-neutrino models.

8 Models of Neutrino Mixing

A long list of models have been formulated over the years to understand neutrino mixing. With
time and the continuous improvement of the data most of the models have been discarded
by experiment. But the surviving models still span a wide range going from a maximum of
symmetry, e.g. with discrete non-abelian flavor groups, to the opposite extreme of Anarchy.

The relatively large measured value of θ13, close in size to the Cabibbo angle, and the
indication that θ23 is not maximal both go in the direction of models based on Anarchy,58,59



i.e. the idea that perhaps no symmetry is needed in the neutrino sector, only chance (this
possibility has been recently reiterated, for example, in Ref.60). The appeal of Anarchy is
augmented if formulated in a SU(5)⊗U(1)FN context with different Froggatt-Nielsen61 charges
only for the SU(5) tenplets (for example 10 ∼ (a, b, 0), where a > b > 0 is the charge of the
first generation, b of the second, zero of the third) while no charge differences appear in the 5̄
(e. g. 5̄ ∼ (0, 0, 0)). In fact, the observed fact that the up-quark mass hierarchies are more
pronounced than for down-quark and charged leptons is in agreement with this assignment.
Indeed the embedding of Anarchy in the SU(5)⊗U(1)FN context allows to implement a parallel
treatment of quarks and leptons. Note that implementing Anarchy and its variants in SO(10)
would be difficult. In models with no see-saw, the 5̄ charges completely fix the hierarchies (or
Anarchy, if the case) in the neutrino mass matrix. If RH neutrinos are added, they transform
as SU(5) singlets and can in principle carry independent U(1)FN charges, which also, in the
Anarchy case, must be all equal. With RH neutrinos the see-saw mechanism can take place and
the resulting phenomenology is modified.

The SU(5) generators act vertically inside one generation, whereas the U(1)FN charges differ
horizontally from one generation to the other. If, for a given interaction vertex, the U(1)FN
charges do not add to zero, the vertex is forbidden in the symmetric limit. However, the U(1)FN
symmetry (that one can assume to be a gauge symmetry) is spontaneously broken by the VEVs
vf of a number of flavon fields with non-vanishing charge and GUT-scale masses. Then a
forbidden coupling is rescued but is suppressed by powers of the small parameters λ = vf/M ,
with M a large mass, with the exponents larger for larger charge mismatch. Thus the charges fix
the powers of λ, hence the degree of suppression of all elements of mass matrices, while arbitrary
coefficients kij of order 1 in each entry of mass matrices are left unspecified (so that the number
of order 1 parameters exceeds the number of observable quantities). A random selection of
these kij parameters leads to distributions of resulting values for the measurable quantities. For
Anarchy the mass matrices in the neutrino sector (determined by the 5̄ and 1 charges) are totally
random, while in the presence of unequal charges different entries carry different powers of the
order parameter and thus suitable hierarchies are enforced for quarks and charged leptons.

Within this framework there are many variants of models largely based on chance: fermion
charges can all be nonnegative with only negatively charged flavons, or there can be fermion
charges of different signs with either flavons of both charges or only flavons of one charge. In
Refs.,62,63 given the new experimental results, a reappraisal of Anarchy and its variants within
the SU(5)×U(1)FN GUT framework was made. Based on the most recent data it is argued that
the Anarchy ansatz is probably oversimplified and, in any case, not compelling. In fact, suitable
differences of U(1)FN charges, if also introduced within pentaplets and singlets, lead, with the
same number of random parameters as for Anarchy, to distributions that are in better agreement
with the data. The hierarchy of quark masses and mixing and of charged lepton masses in all
cases impose a hierarchy-defining parameter of the order of λC = sin θC . The weak points of
Anarchy are that all mixing angles should be of the same order, so that the relative smallness of
θ13 ∼ o(λC) is not automatic. Similarly the smallness of r = ∆m2

solar/∆m
2
atm ∼ (0.175)2 is not

easily reproduced: with no see-saw r is expected of o(1), while in the see-saw version of Anarchy
the problem is only partially alleviated by the spreading of the neutrino mass distributions that
follows from the product of three matrix factors in the see-saw formula. An advantage is already
obtained if Anarchy is only restricted to the 23 sector of leptons. In this case, with or without
see-saw, θ13 is naturally suppressed and, with a single fine tuning one gets both θ12 large and r
small (this model was also recently rediscussed in Ref.64). Actually in Ref.62 it was shown, for
example, that the freedom of adopting RH neutrino charges of both signs, can be used to obtain
a completely natural model where all small quantities are suppressed by the appropriate power
of λC . In this model a lopsided Dirac mass matrix is combined with a generic Majorana matrix
to produce a neutrino mass matrix where the 23 subdeterminant is suppressed and thus r is
naturally small and θ23 is large. In addition also θ12 is large while θ13 is suppressed. We stress



again that the number of random parameters is the same in all these models: one coefficient
of o(1) for every matrix element. But, with an appropriate choice of charges, the observed
order of magnitude of all small parameters can be naturally explained and the charged fermion
hierarchies and the quark mixing angles can be accommodated. In conclusion, models based on
chance are still perfectly viable, but we consider Anarchy a particularly simple choice, perhaps
oversimplified and certainly not compelling, and we have argued that, since the hierarchy of
charged fermion masses needs a minimum of flavor symmetry (like U(1)FN ) then it is plausible
that, to some extent, this flavor symmetry can also be effective in the neutrino sector.

Anarchy and its variants, all sharing the dominance of randomness in the lepton sector,
are to be confronted with models with a richer dynamical structure, some based on continuous
groups65 but in particular those based on discrete flavor groups (for reviews, see, for example,
Refs.66–68). After the measurement of a relatively large value for θ13 there has been an intense
work to interpret the new data along different approaches and ideas. Examples are suitable
modifications of the minimal models69,70 (we discuss the Lin model of Ref.70 in the following),
modified sequential dominance models,71 larger symmetries that already at LO lead to non
vanishing θ13 and non maximal θ23,

72 smaller symmetries that leave more freedom,73 models
where the flavor group and a generalised CP transformation are combined in a non trivial way74

(other approaches to discrete symmetry and CP violation are found in Refs.75).

Among the models with a non trivial dynamical structure those based on discrete flavor
groups were motivated by the fact that the data suggest some special mixing patterns as good
first approximations like Tri-Bimaximal (TB) or Golden Ratio (GR) or Bi-Maximal (BM) mix-
ing, for example. The corresponding mixing matrices all have sin2 θ23 = 1/2, sin2 θ13 = 0,
values that are good approximations to the data (although less so since the most recent data),
and differ by the value of the solar angle sin2 θ12 (see Fig. 1). The observed sin2 θ12, the best
measured mixing angle, is very close, from below, to the so called Tri-Bimaximal (TB) value76

of sin2 θ12 = 1/3 a. Alternatively, it is also very close, from above, to the Golden Ratio (GR)
value78 sin2 θ12 = 1√

5φ
= 2

5+
√
5
∼ 0.276, where φ = (1 +

√
5)/2 is the GR (for a different con-

nection to the GR, see Refs.79). On a different perspective, one has also considered models with
Bi-Maximal (BM) mixing, where at leading order (LO), before diagonalization of charged lep-
tons, sin2 θ12 = 1/2, i.e. it is also maximal, and the necessary, rather large, corrective terms to
θ12 arise from the diagonalization of the charged lepton mass matrices80 (a long list of references
can be found in Ref.66). Thus, if one or the other of these coincidences is taken seriously, models
where TB or GR or BM mixing is naturally predicted provide a good first approximation (but
these hints cannot all be relevant and it is well possible that none is). As the corresponding
mixing matrices have the form of rotations with fixed special angles one is naturally led to
discrete flavor groups.

In the following we will mainly refer to TB or BM mixing which are the most studied first
approximations to the data. A simplest discrete symmetry for TB mixing is A4 while BM can
be obtained from S4. Starting with the ground breaking paper in Ref.,81 A4 models have been
widely studied (for a recent review and a list of references, see Ref.82). At LO the typical A4

model (like, for example, the one discussed in Ref.83) leads to exact TB mixing. In these
models the starting LO approximation is completely fixed (no chance), but the Next to LO
(NLO) corrections, which are specified by the set of flavor symmetries and the field content
of the model, still introduce a number of undetermined parameters, although in general much
less in number than for U(1)FN models. These models are therefore more predictive and in
each model, one obtains relations among the departures of the three mixing angles from the
LO patterns, restrictions on the CP violation phase δCP , mass sum rules among the neutrino
mass eigenvalues, definite ranges for the neutrinoless beta decay effective Majorana mass and
so on. In the absence of specific dynamical tricks, in a generic model at NLO all three mixing

aA model proposed by Fritzsch and Xing in Refs.77 can be considered as an ancestor of TB mixing but with
θ12 and θ23 interchanged, which is not supported by the present data.



Figure 1 – Top: the experimental value of sin2 θ12 is compared with the predictions of exact Tri-Bimaximal (TB)
or Golden Ratio (GR) or Bi-Maximal mixing (BM). The shift needed to bring the TB or the GR predictions to
agree with the experimental value is small, numerically of order λ2

C , while it is larger, of order λC for the BM case,
where λC ≡ sin θC with θC being the Cabibbo angle. Bottom: the experimental value of sin θ13 in comparison
with λC or λ2

C .

angles receive corrections of the same order of magnitude. Since the experimentally allowed
departures of θ12 from the TB value, sin2 θ12 = 1/3, are small, numerically not larger than
O(λ2C) where λC = sin θC , it follows that both θ13 and the deviation of θ23 from the maximal
value are also expected to be typically of the same general size. This generic prediction of a
small θ13, numerically of O(λ2C), is at best marginal after the recent measurement of θ13.

Of course, one can introduce some additional theoretical input to improve the value of θ13.
84

In the case of A4, one particularly interesting example is provided by the Lin model70 (see also
Ref.69), formulated before the recent θ13 results. In the Lin model the A4 symmetry breaking is
arranged, by suitable additional Zn parities, in a way that the corrections to the charged lepton
and the neutrino sectors are kept separated not only at LO but also at NLO. As a consequence,
in a natural way the contribution to neutrino mixing from the diagonalization of the charged
leptons can be of O(λ2C), while those in the neutrino sector of O(λC). Thus, in the Lin model the
NLO corrections to the solar angle θ12 and to the reactor angle θ13 are not necessarily related.
In addition, in the Lin model the largest corrections do not affect θ12 and satisfy the relation
sin2 θ23 = 1/2 + 1/

√
2 cos δCP | sin θ13|, with δCP being the CKM-like CP violating phase of the

lepton sector. Note that, for θ23 in the first octant, the sign of cos δCP must be negative.

Alternatively, one can think of models where, because of a suitable symmetry, BM mixing
holds in the neutrino sector at LO and the corrective terms for θ12, which in this case are required
to be large, arise from the diagonalization of charged lepton masses (for a list of references, see
Ref.82)). These terms from the charged lepton sector, numerically required of order O(λC),
would then generically also affect θ13 and the resulting angle could well be compatible with the
measured value. Thus θ13 large is not a problem in this class of models. An explicit model of
this type based on the group S4 has been developed in Ref.85 (see also Refs.86). In analogy with
the CKM mixing of quarks one assumes that the 12 entry of the charged lepton diagonalization
matrix is dominant and of order θC . An important feature of this particular model is that only
θ12 and θ13 are corrected by terms of O(λC) while θ23 is unchanged at this order. Note however
that, in a supersymmetric context (for a recent general analysis of LFV effects in the context of
flavor models, see Ref.87), the present bounds on lepton flavor violating (LFV) reactions pose
severe constraints on the parameter space of the models. In particular, we refer to the recent
improved MEG result88 on the µ→ eγ branching ratio, Br(µ→ eγ) ≤ 5.7× 10−13 at 90% C.L.



and to other similar processes like τ → (e or µ)γ. Particularly constrained are the models with
relatively large corrections from the off-diagonal terms of the charged lepton mass matrix, like
the models with BM mixing at LO.84 A way out, indicated by the failure to discover SUSY at the
LHC, is to push the s-partners at large enough masses but then a supersymmetric explanation
of the muon (g-2) anomaly becomes less plausible.89,90

In conclusion, one could have imagined that neutrinos would bring a decisive boost towards
the formulation of a comprehensive understanding of fermion masses and mixings. In reality it
is frustrating that no real illumination was sparked on the problem of flavor. We can reproduce
in many different ways the observations, in a wide range that goes from anarchy to discrete
flavor symmetries but we have not yet been able to single out a unique and convincing baseline
for the understanding of fermion masses and mixings. In spite of many interesting ideas and the
formulation of many elegant models the mysteries of the flavor structure of the three generations
of fermions have not been much unveiled.

9 Conclusion

Neutrino physics deals with fundamental issues still of great importance. Our knowledge of
neutrino physics has been much advanced in the last 15 years and it is still vigorously studied
and progress is continuously made, but many crucial problems are still open. Together with
LHC physics the study of neutrino and flavor processes maintains a central role in fundamental
physics.
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Oscillation results from T2K

Patrick de Perio
Department of Physics, University of Toronto, 60 St. George Street, Toronto M5S 1A7, Canada

The T2K collaboration has combined the νµ disappearance and νe appearance data in a
three-flavor neutrino oscillation analysis. A Markov chain Monte Carlo (MCMC) results in
estimates of the oscillation parameters and 1D 68% Bayesian credible intervals (CI) at δCP = 0
as follows: sin2 θ23 = 0.520+0.045

−0.050, sin2 θ13 = 0.0454+0.011
−0.014 and |∆m2

32| = 2.57± 0.11, with the
point of highest posterior probability in the inverted hierarchy. Recent measurements of θ13
from reactor neutrino experiments are combined with the T2K data resulting in the following
estimates: sin2 θ23 = 0.528+0.055

−0.038, sin2 θ13 = 0.0250 ± 0.0026 and |∆m2
32| = 2.51 ± 0.11, with

the point of highest posterior probability in the normal hierarchy. Furthermore, the data
exclude values of δCP between 0.14π–0.87π with 90% probability.

1 Neutrino Oscillations

The standard three neutrino model relates the flavor states of neutrinos to the mass states
through the PMNS mixing matrix [1, 2]. This matrix is parameterized by three mixing angles
(θ12, θ13, θ23) and one CP violating phase (δCP ). The flavor transition probabilities depend on
these parameters as well as mass-squared splittings (∆m2

ij) and the mass hierarchy (MH), where

∆m2
31 > 0 is defined as the normal hierarchy (NH) and ∆m2

31 < 0 the inverted hierarchy (IH).
All the parameters except δCP , the θ23 octant (maximal or non-maximal) and the MH have
been previously measured as summarized in Reference [3].

The T2K experiment [4] aims to measure θ23 and |∆m2
31| ≈ |∆m2

32| precisely via νµ disap-
pearance, with the survival probability given by

Pνµ→νµ ≈ 1− (cos4 θ13 sin2 2θ23 + sin2 2θ13 sin2 θ23) sin2 ∆, (1)

where ∆ = ∆m2
31L/(4E), and L and E are the neutrino flight length and energy, respectively.

T2K also measures νµ to νe appearance with the probability expanded in α = ∆m2
21/∆m

2
31

as [5]
Pνµ→νe ≈ sin2 2θ13T1 − α sin 2θ13T2 + α sin 2θ13T3 +O(α2), (2)

where

T1 = sin2 θ23
sin2[(1−x)∆]

(1−x)2 , (3)

T2 = sin δ sin 2θ12 sin 2θ23 sin ∆ sin(x∆)
x

sin[(1−x)∆]
(1−x) , (4)

T3 = cos δ sin 2θ12 sin 2θ23 cos ∆ sin(x∆)
x

sin[(1−x)∆]
(1−x) , (5)

and x is the correction due to the matter effect, which is positive (negative) for the NH (IH).
Thus, T2K is sensitive to θ13 and can explore δCP , especially through the CP-odd term, T2.

Since there are common parameters in Equations 1 and 2, a combined analysis of the νµ
disappearance and νe appearance samples rather than two separate analyses [6, 7] can improve
the oscillation parameter measurements, in principle.



2 The T2K Experiment

An intense and high purity νµ beam is produced at J-PARC by colliding a 30 GeV proton
beam with a graphite target, then focusing the resulting charged hadrons by magnetic horns
prior to decay into neutrinos. The far detector, Super-Kamiokande (SK), is situated 2.5◦ off-
axis from the neutrino beam resulting in a narrow-band energy spectrum peaked at 0.6 GeV,
which maximizes the νe appearance probability at a baseline of L = 295 km and minimizes high
energy backgrounds. This baseline corresponds to a matter effect correction of |x| ≈ 5%.The
near detector complex, 280 m from the average neutrino production point, consists of an on-axis
(INGRID) and off-axis (ND280) detector to constrain the beam direction, and neutrino flux and
cross sections (xsec.), respectively.

The flux prediction is based on simulations tuned and constrained by hadron production data
from the NA61/SHINE experiment and in-situ proton beam monitoring. The NEUT simulation
package is used for the neutrino interaction model, with prior constraints based on external
neutrino, pion and nucleon scattering cross section measurements.

The SK analysis uses a single-ring sample, which enhances charged current (CC) quasi-
elastic (QE) events, separated into µ-like (νµ) and e-like (νe) sub-samples. The ND280 analysis
selects charged current (CC) νµ interactions and separates the sample based on the number of
reconstructed pions and decay electrons: CC0π, CC1π and CC Other. These topologies provide
a strong constraint on the flux and interaction model governing CCQE scattering and resonant
pion production, the signal and main background to the SK analysis, respectively. The reduction
in the uncertainty on the SK predicted event rates due to the ND280 data is shown in Table 1.
The SK and ND280 detector errors are constrained by calibration data and control samples such
as cosmic rays and atmospheric neutrinos. More details of the SK and ND280 analyses can be
found in previous T2K publications e.g. [6, 7] and the references therein.

Table 1: Summary of the effect of the systematic errors on the SK νe and νµ candidate total event rates. The
prior uncertainties in () brackets do not include the ND280 data.

Systematic Error Source
Relative Uncertainty (%)

νµ Candidates νe Candidates

Flux & Xsec. ND280 Constrained (Prior) 2.7 (21.7) 3.1 (26.0)
Xsec. ND280 Independent 5.0 4.7
Pion Hadronic Interactions 3.5 2.3

SK Detector 3.6 2.9

Total ND280 Constrained (Prior) 7.6 (23.4) 6.8 (26.8)

3 Oscillation Analysis

The likelihood function L for the T2K oscillation analysis is given by

L(o,b,x,dND,dSK|MND280,MT2K−SK) =

P (MND280|b,x,dND)× P (MT2K−SK |o,b,x,dSK)

×π(o)× π(b)× π(x)× π(dND)× π(dSK),

(6)

where o, b, x, dND and dSK are the neutrino oscillation, flux, cross section, ND280 detector
and SK detector model parameters, respectively. The prior constraints, π, for the systematic
(nuisance) parameters are described in Section 2 and typically assume multi-dimensional Gaus-
sians, including correlations. For the oscillation parameters |∆m2

32|, sin2 θ23, sin2 θ13 and δCP ,
a flat prior is assumed. Prior constraints from solar and reactor neutrino experiments [3] are
also used, in particular sin2 2θ13 = 0.095 ± 0.01, which are assumed to be Gaussian. The prior



probability for the MH (sign of ∆m2
32) is 0.5 for NH and IH, except where otherwise noted. The

conditional probabilities, P , are assumed to be Poissonian and depend on the data and model
predictions for each kinematic bin in each sample as follows. The ND280 samples, MND280, are
binned in two kinematic variables (2D), muon momentum and angle relative to the beam, as
shown in Figures 1 and 2 for projections onto each variable. The SK samples, MT2K−SK , are
binned in reconstructed neutrino energy assuming a CCQE interaction as shown in Figure 3. The
data set used corresponds to 0.657× 1021 protons on target (POT). Oscillation and systematic
parameters are varied simultaneously across all samples when calculating the likelihood.
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Figure 1 – The ND280 CC0π (left), CC1π (middle) and CC Other (right) event rates projected onto muon
momentum for data, the default MC and point-estimates.
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Figure 2 – The ND280 CC0π (left), CC1π (middle) and CC Other (right) event rates projected onto cos θ (muon
angle relative to the beam) for data, the default MC and point-estimates.

A Bayesian analysis is performed using an MCMC to sample the likelihood in Equation 6
and marginalize over the nuisance parameters, producing posterior probability distributions for
the oscillation parameters of interest. This differs from the previous T2K νe appearance [6] and
νµ disappearance [7] analyses that use frequentist-based methods such as minimization, profile-
likelihoods and Feldman-Cousins contour construction. Another difference is the simultaneous
inclusion of ND280 and SK data in Equation 6, where the previous analyses first fit the ND280
data only, then propagate the resulting parameter constraints to the SK fit under a Gaussian
assumption. This assumption is not necessary in a simultaneous near and far analysis where any
non-Gaussianities are preserved in the posterior probability distributions. There are some non-
Gaussian systematics due to, for example, nuclear model uncertainties, however the difference
between methods in the oscillation parameter estimates is currently negligible.

A posterior probability distribution for some parameter(s) of interest p is constructed by
marginalizing over the nuisance parameters f , i.e. by integrating Equation 6:

LM (p|M) =

∫
P (M|p, f)× π(f)df . (7)

In practice, this is projecting all the steps of the MCMC onto the parameter(s) of interest,
which can be model parameters or derived quantities. A point-estimate, in contrast to the best-
fit from a minimization analysis, of p is determined from the mode (most probable value) of the
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LM (p|M) distribution. Figures 1 to 3 show the point-estimates for each kinematic bin in each
sample (derived quantities) compared to the data and the default predictions prior to inclusion
of the data.

A 2D X% credible region (CR) is defined as the region wherein the true parameter values lie
with X% probability, marginalized over all the other parameters. It is calculated by projecting
the MCMC steps onto two parameters of interest p, as in Equation 7, then finding the region
such that

X =

∫∫
CR

LM (p|M)dp, (8)

where LM is normalized to unity. The 68% and 90% CRs are shown for the ∆m2
32-sin

2 θ23 and
δCP -sin2 θ13 parameter spaces in Figure 4 for the two cases of with and without the reactor
constraint. The point-estimates in 4D (sin2 θ13, sin2 θ23, ∆m2

32, δCP ) are also shown and sum-
marized in Table 2, where the 1D credible intervals (CIs) are evaluated as in Equation 8 except
for one parameter only. The point-estimate line for δCP -sin2 θ13 without the reactor constraint
is determined by scanning δCP , finding the mode in 3D then interpolating those points.

Table 2: The 4D point-estimates and 1D 68% CIs of each oscillation parameter with and without the reactor
constraint. The CIs are calculated assuming the preferred MH, i.e. with prior probability π(IH) = 1 or π(NH) = 1.
The probabilities for the preferred MHs are shown in Table 4. The exclusion region for δCP is shown in Figure 6.

Pref. MH |∆m2
32| [×10−3 eV2] sin2 θ23 sin2 θ13 δCP

T2K-only IH 2.57± 0.11 0.520+0.045
−0.050 0.0454+0.011

−0.014 0 (fixed)

with reactor NH 2.51± 0.11 0.528+0.055
−0.038 0.0250±0.0026 -1.601

A frequentist-based analysis was also produced. The best-fits for the oscillation parameters
after minimizing over all parameters is shown in Table 3 for the NH and IH assumptions. The
errors are based on the 1D constant-∆χ2 profile for each parameter. A comparison of the
∆m2

32-sin
2 θ23 best-fits and 68% and 90% confidence level (CL) contours between the T2K, SK

atmospheric [8] and MINOS [9] analyses is shown in Figure 5.
Allowed intervals for δCP with the reactor constraint are shown in Figure 6 for the frequentist-

based analysis including a Feldman-Cousins (FC) critical ∆χ2 correction (∆χ2
c) and the Bayesian

analysis using the posterior probability and CIs. Referring to Equation 2, δCP ≈ −π/2 is
preferred since the T2K data alone prefers a larger θ13 compared to the reactor data.
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Table 3: Best-fits and 1D constant-∆χ2 68% confidence intervals (errors) for the oscillation parameters assuming
each MH with and without the reactor constraint. ∆m2

32 (∆m2
13) is used for the NH (IH) assumption. The

errors are not shown for δCP in the T2K-only case since there is no strong constraint. The errors for the other
parameters in the reactor-constrained case are not yet calculated and will be shown in a future publication, while
the exclusion region for δCP is shown in Figure 6.

MH |∆m2
32,13| [×10−3 eV2] sin2 θ23 sin2 θ13 δCP (rad)

T2K-only
NH 2.51+0.11

−0.12 0.524+0.057
−0.059 0.0422+0.0128

−0.0212 1.9

IH 2.49± 0.12 0.523+0.073
−0.065 0.0491+0.0149

−0.0211 1.0

Reactor-constrained
NH 2.51 0.527 0.0248 -1.55
IH 2.48 0.533 0.0252 -1.56
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The Bayesian analysis can also make interesting, though not yet significant, statements about
the MH and θ23 octant. Table 4 shows the posterior probabilities for each MH and θ23 octant
combination. The normal hierarchy and first octant is preferred when including the reactor
constraint, similarly to the δCP preference above. The MH, θ23 octant and δCP result here is in
slight tension with the MINOS result [9].

Table 4: The posterior probability for each MH and θ23 octant combination, assuming prior probabilities π(NH) =
π(IH) = 0.5 and π(sin2 θ23 < 0.5) = π(sin2 θ23 > 0.5) = 0.5. All other parameters are marginalized without (left)
and with (right) the reactor constraint.

T2K-Only

NH IH Sum

sin2 θ23 ≤ 0.5 0.165 0.200 0.365
sin2 θ23 > 0.5 0.288 0.347 0.635

Sum 0.453 0.547

Reactor-Constrained

NH IH Sum

sin2 θ23 ≤ 0.5 0.179 0.078 0.257
sin2 θ23 > 0.5 0.505 0.238 0.743

Sum 0.684 0.316

4 Conclusion and Outlook

The first T2K combined νµ disappearance and νe appearance analyses based on 0.657 × 1021

POT is presented. T2K is producing the leading measurement on θ23 and, combined with reactor
neutrino data, non-trivial exclusion intervals in δCP . The first anti-neutrino run is scheduled
this year and, with increasing POT in the coming years, T2K will continue to lead the search
for CP violation in the lepton sector.
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DOUBLE CHOOZ: RESULTS TOWARDS THE NEAR DETECTOR PHASE

P. NOVELLA
APC-CNRS,

10, rue Alice Domon et Lonie Duquet, 75205 Paris, France

Since the first indication in 2011 of a non-vanishing value of θ13 using reactor neutrinos
by Double Chooz, this collaboration has developed new analyses leading to an increased
precision on θ13 and different cross-checks of the oscillation results. Beyond the update of the
analysis based on neutron captures on Gd in 2012, Double Chooz has also released a consistent
measurement of θ13 by means of neutron captures on H. The combination of the n-Gd and n-H
data samples, as well as 7.23 days of reactor off data, in a global rate+shape analysis yields
sin2 2θ13 = 0.109±0.035. This measurement has been validated with a new background-model-
independent approach, which compares the observed and expected neutrino rates as a function
of reactor power. This Reactor Rate Modulation analysis yields sin2 2θ13 = 0.102±0.043 when
combining the n-Gd and n-H samples. The Double Chooz collaboration is currently developing
a new analysis increasing the signal-to-background ratio while reducing the background and
detection systematics. This new approach is being prepared as a first step of the new phase
of the experiment that will begin in summer 2014 with the operation of a near detector.

1 Oscillation analyses in Double Chooz

The Double Chooz reactor neutrino experiment aims at measuring the neutrino oscillation in
the interference sector with a precision of 10% on sin2 2θ13. This parameter is determined by
means of the observation of a deficit in the electron antineutrino (ν̄e ) flux at a distance of about
1 km from the two Chooz reactors (8.54 GWth) in France. The so-called far detector is placed
in a laboratroy close to the maximal oscillation distance and providing enough shielding (300
m.w.e.) against cosmic rays. A second identical detector (near detector) is being built in a new
experimetal site (115 m.w.e), located about 400 m away from the reactor cores, and will start
operation by summer 2014.

The Double Chooz detectors design is optimized to reduce backgrounds. The detectors
consist of a set of concentric cylinders and an outer plastic scintillator muon veto (outer veto
or OV) on the top. The innermost volume (target or TG) contains about 10 tons of Gd-loaded
(0.1%) liquid scintillator inside a transparent acrylic vessel. This volume is surrounded by
another acrylic vessel filled with unloaded scintillator (the gamma-catcher or GC). The GC is
in turn contained within a third volume (buffer tank or BT) made of stainless steel and filled
with mineral oil. The walls of BT are equipped with an array of 390 10” photomultiplier tubes
(PMTs). Finally, the outer volume containing the TG, GC and BF (inner detector) is a stainless
steel vessel covered with 78 8” PMTs and filled with scintillator, playing the role of an inner
muon veto. The ν̄e are detected via the inverse beta decay (IBD) reaction: ν̄ep→ e+n. An IBD
event is identified by the correlated (in both time and space) prompt-e+ and delayed-n-capture
energy depositions. The ν̄e energy is accurately measured using the positron energy deposition.
The neutrons generated in the IBD processes are captured mainly in Gd (when taking place in
the TG) and H (either in the TG or the GC). The energy despositions upon the n-captures are



∼8 MeV and ∼2.2 MeV for Gd and H, respectively.

In reactor neutrino experiments like Double Chooz, a comparison between the observed and
expected antineutrinos, in terms of both rate and energy spectrum, provides a clean measurement
of θ13. In 2011, Double Chooz published a first indication of a non-vanishing value of θ13 with
reactor neutrinos 1, using n-captures in Gd and exploiting both the rate and spectral shape
information. The oscillation results were updated and improved (∼ 3σ measurement) in 2012 2,
and confirmed with an independent ν̄e statistical sample obtained with n-captures in H 3. While
this first analyses depend on a background model, a new background-model-independent θ13
measurement has been released in 2013 4. Finally, the statistical samples obtained with Gd and
H n-captures have been combined in both analysis approaches in order to boost the precision
on θ13. A description of all these analyses and results follows.

2 Detecting ν̄e in the Double Chooz far detector

The ν̄e candidate events are selected for neutron captures on Gd (nGd) and H (nH). The Gd
analysis 2 has the advantage of the high energy delayed event, above the region of natural
radioactivity, and the short coincidence time between the prompt and delayed signals (∆T∼
30µs). These features lead to a large signal to background ratio S/B (∼17). On the other
hand, the H analysis provides a independent statistical sample, although with larger background
(S/B∼1) and efficiency systematics. Since the nH approach accounts for the events within the
GC, the statistical sample is about a factor three larger than the nGd one. The ν̄e candidate
selection has been described in 2,3, being most of the cuts common in the nGd and nH analyses.
First, in order to reduce the background caused by instrumental light production, it is required
that the light signal arrives uniformly in space and simultaneously in time at the PMTs. In
addition, the triggers collected within 1 ms following a tagged muon are also rejected to reduce
the muon-induced backgrounds. The search of ν̄e is then applied over the remaining events. The
prompt energy window is 0.7-12.2 MeV in both analyses, while the delayed energy window is
6-12 MeV for the nGd selection and 1.5-3 MeV for the nH one. The ∆T cuts are 2-100 µs and
10-600 µs, for the nGd and nH samples, respectively. Any extra trigger around the coincident
signals is allowed. In both selections, candidates with a prompt signal coincident in time with
an OV trigger are rejected. To reduce the number of accidental coincidences, much larger in the
H analysis due to the lower delayed energy window, a spatial cut is applied in the H selection:
the prompt and delayed vertexes are required to be within a maximum distance of 0.9 m. To
reduce the correlated background in the nGd analysis (the dominant one), candidates within
a 0.5 s window after a high energy muon (E>600 MeV) crossing the inner detector are also
rejected. This leads to a shorter live time in the nGd analysis with respect to the nH approach.

There are three main backgrounds in the Double Chooz experiment: 1) random coincidences
(accidental background), 2) correlated signals produced by fast neutrons (fast-n) and stopping
muons (stop-µ), and 3) β−n emitters, like 9Li or like 8He, produced by spallation muons cross-
ing the inner part of the detector (cosmogenics). With the exception of the energy spectrum
of the cosmogenic events, both the rate and the energy of the different background sources
are derived from the data themselves, according to the analyses described in 2,3. The acciden-
tal, fast-n/stop-µ and cosmogenic background rates are computed to be 0.26±0.02, 0.67±0.20
and 1.25±0.54 event/day, respectively, for the nGd selection and 73.45±0.16, 2.50±0.47 and
2.84±1.15 event/day for the nH selection. Among other θ13 reactor neutrino experiments, Dou-
ble Chooz is unique as data can be collected with all reactors off. The analysis of the reactor-off
data taken during a total live time of 7.23 days provides a direct measurement of the total back-
ground rate. Applying the selection used in the oscillation analysis, 7 (599) neutrino candidates
are found within the reactor-off period in the nGd (nH) selection. This number accounts for
both background events and residual neutrinos generated when the reactors have been brought
down. In order to evaluate the residual neutrino spectrum in the reactor-off period, a dedicated
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Figure 1 – Observed ν̄e candidate rate (black points) as a function of time, superimposed to the expected rate
of ν̄e events in absence of oscillation. Top: ν̄e candidates (backgrounds not subtracted) according to the nGd
selection. Bottom: ν̄e candidates (accidental background subtracted) according to the nH selection.

Table 1: Summary of the normalization uncertainties for the Double Chooz Gd and H-analysis

Source nGd selection nH selection

Reactor flux 1.8% 1.8%
Efficiency 1.0% 1.6%

Background 1.6% 1.7%

Statistics 1.2% 1.08%

simulation of the reactor cores evolution has been performed. The total number of expected
detected neutrino is 1.4±0.42 (3.7±1.1) in the nGd (nH) sample. By subtracting the residual
neutrinos to the observed events, a total background rate of 1.0±0.4 (11.3±3.4) events/day is
derived for the nGd (nH) selection. This is consistent within 2σ with the background estimates
derived from reactor-on data (2.0±0.6 and 5.8±1.3 event/day for nGd and nH, respectively),
thus validating the background model used in the oscillation analysis.

In the current analyses, the data samples in 2,3 are used along with the extra reactor-off
sample collected in 2012 5, which increases the total reactor-off run time to 7.53 days. Within
the corresponding total live time of 233.93 days (246.4 days), 8257 (36883) candidates (includ-
ing accidental background) were found according to the n-Gd (n-H) selection, 8 (599) of which
were observed during the reactor-off period. Fig. 1 shows the observed rate of ν̄e candidates,
superimposed to the expected rate of events in absence of oscillation. A summary of the un-
certainties on the expected number of events in shown in Tab. 1, along with the the statistical
error of the nGd and nH samples. The dominant systematic uncertainty is the reactor-related
one (1.8%), which will be almost fully canceled in the second phase of the experiment using the
near detector.

3 Rate+Shape oscillation results with n-Gd and n-H samples

The ν̄e candidate samples with neutron captures on Gd and H, which are statistically indepen-
dent, are analyzed separately with the selections and livetime described above. The oscillation
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Figure 2 – Rate+shape combined fit using n-Gd (right) and n-H (left) ν̄e candidates. Top: background-subtracted
data (black points with statistical error bars) superimposed on no-oscillation prediction (dashed blue line) and
combined best fit (red line). Backgrounds are subtracted at their best-fit rates. Gold bands indicate systematic
errors in each bin. Bottom: data minus no-oscillation prediction (black points with statistical error bars) super-
imposed on no-oscillation prediction (dashed blue line) and combined best fit (solid red line). Gold bands indicate
systematic errors in each bin.

analysis is based on a χ2 fit to the observed ν̄e rate and energy spectrum, which are compared to
the expectation based on Monte-Carlo simulations, described in 2, and the background model.
In the nGd (nH) oscillation analysis, the data are separated into 18 (31) variably sized bins be-
tween 0.7 and 12.2 MeV. A prediction of the observed number of signal and background events
is constructed for each energy bin. The associated systematics and statistical uncertainties are
propagated to the fit through a covariance matrix and pull terms in the χ2 function. While the
covariance matrix accounts for the statistical uncertainty and the energy spectrum and detec-
tion efficiency systematics, the cosmogenic and fast-n/stop-µ normalization and the energy scale
uncertainties are introduced as pulls. Thanks to the energy spectrum (in particular between 8
and 12 MeV where the number of predicted neutrino events is very small), some information
about the background rates can be extracted from the fit. This is why the central values of
the cosmogenic and fast-n/stop-µ backgrounds are allowed to vary during the minimization pro-
cedure by means of nuisance multiplicative factors (pulls). The same principle applies to the
energy scale error, which is also allowed to vary linearly constrained by its uncertainty (1.3%).
For the mass splitting, ∆m2

31 the value from the MINOS measurement of (2.32±0.12)×103 eV2

6 is used.

According to the above rate+shape analysis, consistent values for sin2 2θ13 are found in
2 and 3 using the nGd and nH candidates samples, respectively. The best fit values yield
sin2 2θ13 = 0.109± 0.039 for the nGd analysis and sin2 2θ13 = 0.097± 0.048 for the nH analysis.
Although the later result is significantly worse due to the larger systematics, both samples can
be combined in order to increase the precision on θ13. A preliminary nGd+nH combined fit has
been performed, including the correlation of systematic errors and the background constraints
as coming out of the reactor-off measurement. A best fit value of sin2 2θ13 = 0.109 ± 0.035 is
obtained with the rate+shape fit, while sin2 2θ13 = 0.107±0.045 is derived from a fit accounting
only for the rate information. Fig. 2 shows the results of the rate+shape nGd+nH combined fit.
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Figure 3 – RRM combined fit using n-Gd and n-H ν̄e candidates. Right: observed ν̄e candidate rate versus the
unoscillated expected rate, with fit results superimposed. Left: best fit value and confidence regions for sin2 2θ13
and the total background rate in the nGd and nH samples.

4 RRM analysis: a background model independent approach

While the above oscillation results rely on a background model derived from reactor-on data, the
reactor rate modulation (RRM) analysis is a background model independent approach 4. Both
θ13 and the total background rate are derived without model assumptions on the background
by a global fit to the observed antineutrino rate as a function of the non-oscillated expected
rate for different reactor power conditions. Although the RRM fit with only reactor-on data
does not achieve a competitive precision on θ13, it provides an independent determination of
the total background rate (2.8±2.0 event/day in a 2-parameter fit). This rate is consistent with
the Double Chooz background model and with the measurement of the total background from
the 7.53 days of reactor-off data 5. As this sample provides the most precise determination of
the total background rate in a model independent way, it is introduced in the RRM analysis
in order to improve the results on θ13, which remains as the only free parameter in the fit.
The best fit value of sin2 2θ13=0.107±0.049 is found by analyzing the nGd ν̄e candidates, while
sin2 2θ13=0.091±0.078 is obtained with the nH sample. Finally, the precision on θ13 is further im-
proved by combining the nGd and nH ν̄e samples: sin2 2θ13 = 0.102±0.028(stat.)±0.033(syst.).
The outcome of the RRM fit is consistent within 1σ with the other published results for θ13,
yielding a competitive precision. Beyond the cross-check of the background estimates in the
Double Chooz oscillation analyses, the RRM analysis provides, for the first time, a background
model independent determination of the θ13 mixing angle. The combined nGd+nH RRM fit is
shown in Fig. 3.

5 A new analysis for the Near Detector Phase

During the first phase of the Double Chooz experiment, operating only the far detector, the pre-
cision on θ13 is limited by the reactor-related uncertainties. In preparation for the second phase,
starting in summer 2014 with the operation of the near detector, the work of the collaboration
is currently focused on the reduction of all other systematics as the reactor ones will be almost
fully canceled. The new analysis being developed cosists of two main building blocks: 1) the
improvement of the energy reconstruction by means of new calibration techniques, and 2) the
definition of a completely new ν̄e selection procedure boosting the S/B ratio. Both contribu-



tions will lead to the reduction of the systematic uncertainties associated to the backgrounds,
the detection efficiency and the energy scale. After three years of data taking with both the far
and near detectors, a final precision on θ13 of 10% is expected.

6 Conclusions

In summary, Double Chooz has released four different θ13 results by means of two statistical
samples (nGd and nH) and two analysis approaches (rate+shape fit with background inputs
and RRM). These results are correlated only through the common detection and reactor-related
systematics, and have being obtained as follows: 1) with n-Gd candidates in2, 2) with n-H candi-
dates in 3, 3) with n-Gd candidates and the RRM analysis 4, and 4) with n-H candidates and the
RRM analysis4. The remarkable agreement of the 4 measurements, each having different system-
atics, demonstrates the robustness of the results and the high precision background knowledge.
In order to boost the precision, the nH and nGd measurements have been combined, considering
all correlated terms. A nGd+nH combined rate+shape fit (background-model dependent) yields
sin2 2θ13 = 0.109 ± 0.035, while a nGd+nH RRM fit (background-model independent) obtains
sin2 2θ13 = 0.102 ± 0.043.

The second phase of the experiment will start in summer 2014, when the near detector will
be operative. Thanks to the cancellation of the reactor-related systematics provided by the near
detector data and to the new analysis being currently developed, a final precision of 10% on
sin2 2θ13 is expected to be reached after 3 years of data taking.
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Latest results of OPERA
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The OPERA experiment, located in the underground Gran Sasso laboratory is designed to
detect muon-neutrino to tau-neutrino oscillations in appearance mode. The detector, placed
on the long-baseline CERN to Gran Sasso neutrino beam (CNGS) 730 km away from the
source, consists of an emulsion/lead target complemented by electronic detectors. OPERA
has been taking data for five years, from 2008 to 2012, and in the analyzed statistics three
tau candidate events have been identified. In this paper the detector, as well as the special
procedures used to locate the interactions vertices and detect short decay topologies, are
described. The three candidate events are presented as well as the latest results on muon-
neutrino oscillations to tau-neutrino and to electron-neutrino.

1 The OPERA experiment

The goal of the OPERA experiment 1 is the direct observation of the νµ → ντ transition in
appearance mode, by detecting the τ lepton created in charged current (CC) interactions.
OPERA is a long baseline neutrino oscillation experiment. To achieve its main objective a
conventional almost pure νµ beam (CNGS) was produced at CERN and neutrino interactions
were observed 730 km away by the OPERA detector located in the Gran Sasso underground
laboratory, under 1400 m of rock overburden.

The CNGS beam was designed to maximize the ντ appearance in the atmospheric parameter
region, first determined by Super-Kamiokande 2,3, MACRO 4 and Soudan-2 5 experiments and
then precised by K2K 6 and MINOS 7 experiments, i.e. for ∆m2 ' 2.4×10−3 eV2 at full mixing.
It is a wide band neutrino beam with a mean energy of about 17 GeV. The νe + ν̄e contamina-
tion is quite small, at the level of 0.87 %, the ν̄µ one of about 2.1% whereas the ντ proportion
in the beam is negligible. The nominal number of protons on target (p.o.t.) per year was
4.5× 1019: in 2011 this value was exceeded reaching 4.75× 1019 p.o.t., whereas the overall num-
ber of p.o.t. of 17.97×1019 for the five years run of OPERA is 20% lower than the foreseen value.

The τ lepton has a very short lifetime of ∼ 10−13 s (cτ=87 µm), which makes its detection quite
difficult. In OPERA its signature relies in the reconstruction of its decay topology in one prong
(electron, muon, hadron) or in three prongs. The typical decay “kink” between the τ track and
the daughter(s) one(s) is indeed the strongest signal selection available. Consequently, a micro-
metric precision is needed in order to observe the τ decay, and this is achieved thanks to the
accuracy of better than 1 µm of photographic emulsions used for the charged track detection.
The large mass needed in order to have enough neutrino interactions is obtained by lead mixed
with the emulsions to form the target.
The lead-emulsion target is segmented in units called bricks: each brick is a stack of 56 lead



Figure 1: ντ CC detection principle.

sheets, 1 mm thick, interleaved with 57 films of a plastic base covered by two nuclear emulsion
layers, each 44 µm thick. The dimensions of each brick are 12.5×7.5×10.3 cm3 and the weight
is 8.3 kg. The total target mass is 1.25 kton which corresponds to about 150000 bricks.

A good kinematical reconstruction of the event as well as a particle identification is mandatory
to discriminate between the signal and the background (e.g. charmed particle decays, hadron
re-interactions, large angle muon scattering).
Charged particles passing through the emulsion layers produce 15 to 20 grains that are used to
reconstruct track segments with a spatial resolution of 0.21 µm and an angular resolution of 2.1
mrad. On the reconstructed particle tracks a specific search to identify the kink signature is per-
formed; in addition the energy reconstruction of electromagnetic showers and the determination
of momenta of charged particles by multiple scattering is also made. A cartoon showing the τ
detection principle inside a brick is shown in Fig. 1. Further details on the emulsion development
and scanning can be found in Ref. 8,9,10.

Beside the lead-emulsion target, electronic detectors (ED) complete the OPERA experiment.
They are needed to trigger on beam related events and to identify the brick in which the neutrino
interaction took place. Furthermore the muon identification by the ED is mandatory to reduce
the charm background.
A full picture of the OPERA hybrid detector with two identical supermodules, each one con-
sisting of a target followed by a muon spectrometer, is shown in Fig. 2.
The ED comprise the Target Tracker (TT)11 made of plastic scintillators planes interleaved with
the target brick planes, and two spectrometers, each equipped with 6 drift tube modules 12 and
22 RPC planes placed in a magnetic field of 1.5 T. The trigger efficiency is at the level of 99%
and the muon identification efficiency (all ED together) is about 95%. The ED simulation has
been checked using the large available amount of data, showing a rather good agreement 13.

2 νµ → ντ analysis

OPERA data taking ended in 2012. The collected statistics corresponds to 106422 on-time
events recorded out of which 60% are external rock events and 20% are interactions in the spec-
trometer. The total number of interactions inside the target are 19505 out of which 17057 are
contained events.



Figure 2: The OPERA detector.

For the 2008 and 2009 runs, in order to get confidence on the detector capabilities, a conservative
approach was used in the analysis: no kinematical cuts were applied. Such a sample has been
fully analyzed and 2783 events were scanned and went through a decay search procedure for the
τ identification.
For the runs from 2010 till 2012, the analysis is still in progress. In order in a first stage to
maximize the signal over noise ratio, only the most probable brick is scanned for all the events.
Events without a muon and events with a muon with momentum smaller than 15 GeV were
selected. The upper limit on the momentum has been set in order to reject a large amount of
νµ CC interactions having a low probability to contain ντ candidate events.
The statistics currently available correspond to about 64% (about 5000 events) and in the ana-
lyzed data, three candidates were observed.

The first candidate event was found in the 2008-2009 data and it was classified as a τ decay into
one prong, since its topology and kinematical parameters were compatible with those of a decay
τ → ρ(π−π0)ντ that has a branching ratio of ∼ 25% 14. The display of the event can be seen in
Fig. 3.
Scanning the 2011 data, a second candidate was found. The event passed all selection criteria
for the signal and it was consistent with the decay of a τ into 3 hadrons (branching ratio of
15%) 15. The display of the event reconstruction can be seen in Fig. 4 (left).
A third candidate event was identified in the decay search of the 2012 data 16. The display of
the event, classified as a τ → µ decay (branching ratio of 17.7%), can be seen in Fig. 4 (right).
Dedicated studies of the event ruled out the possible attachment of the γ to the decay vertex.
The momentum/range correlation for track 2, connected to the primary vertex, is inconsistent
with the one expected for a muon, and the muon track (track 1) has a negative charge at 5.6 σ
C.L.

The expected number of τ events in the scanned sample is 2.22 and the total background 0.216.



Figure 3: Display of the reconstruction of the τ → h candidate event.

Figure 4: Display of the reconstruction of the τ → 3h (left), and of the τ → µ candidate events (right).

The probability of the observed three candidates to be a background fluctuation is therefore
very small, at the level of ∼ 7.29 × 10−4. This corresponds to a 3.4 σ significance of non-null
observation 16.
The charm lifetime and decay topologies are analogous to those of the τ lepton. Therefore the
charm events can be used as a control sample to benchmark the τ decay finding efficiency.
Studying the 2008-2010 data sample 50 charm events where observed against an expectation
value of 53±5. This result, together with the very good agreements between data and Monte-
Carlo of the different kinematical distributions studied (see Fig. 5), confirm our understanding
of the detection efficiencies.

3 νµ → νe analysis

The sensitivity of OPERA on the mixing angle θ13 is not comparable to dedicated experiments
such as T2K 17. The beam energy is too high and it does not match the region corresponding
to the maximum of νµ → νe oscillations (i.e. about 1.5 GeV at the CNGS baseline).
A dedicated νe search was anyhow performed on the data collected in the 2008 and 2009:
out of 505 neutrino events classified as Neutral Current like (NC) interactions (events without
an identified muon), 19 νe candidates were found, in agreement with the expectations of 19.4
events 18. The dominant component is due to the νe beam contamination, therefore in the three
flavor oscillation scenario, the events found are compatible with a background only hypothesis.
This allows us to set an upper limit on the value of sin2(2θ13) of 0.44 at 90% C.L., which is
much larger than the current value set by reactor experiments of ∼ 0.09 19.



Figure 5: Data / Monte-Carlo comparison of different kinematical distribution for the charm events sample.

Figure 6: Exclusion plot for the parameters of the non-standard νµ → νe oscillation taken from Ref. 18.

The high energy of the CNGS neutrino beam becomes however, an important asset for OPERA
when investigating non-standard oscillation at large ∆m2 as suggested by the results of LSND20

and MiniBooNE 21. The upper limit on the new possible mixing angle sin2(2θnew) of 7.2× 10−3

in the large ∆m2 region is indeed a stringent bound in the present situation as it can be seen in
Fig. 6 18.

4 Conclusions

The OPERA detector has been taking physics data for 5 years (2008 -2012), for a total number
of p.o.t. of 17.97× 1019, corresponding to 80% of the nominal proposal value.
The detector is still recording cosmic muons data with the Target Tracker sub detector and the
oscillation data analysis is ongoing. So far by analyzing 64% of the data, three τ candidates
were observed; taking into account the expected background, a 3.4 σ significance of non-null
observation is claimed. Background studies, in particular on the charm sample, showed good
agreement between data and MC confirming our understanding of the detection efficiency.
At the time of the preparation of these proceedings, a fourth candidate event was announced 22.
OPERA performed also a νµ → νe oscillation analysis providing a competitive bound on non
standard oscillations at large ∆m2: sin2(2θnew) < 7.2 × 10−3 at 90% C.L. By increasing the
statistics, OPERA should be able to access the parameter region below sin2(2θnew) = 5.0×10−3.
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The large value of θ13 recently discovered at reactor neutrino experiments has opened the
door to determine the ordering of their mass eigenstates in the near future. However, since the
neutrino mass ordering is a discrete parameter it is not clear whether the median sensitivity of
a given experiment would coincide with the usual values reported in the literature. In this talk
we present a summary of the different possibilities to determine the neutrino mass ordering in
the near future, and we briefly discuss the statistical issues related to the significance of the
signal for this measurement.

1 Introduction

Neutrino oscillations evidence the existence of non-zero neutrino masses. In order to fit the
current solar, atmospheric and long baseline neutrino oscillation data, at least three neutrino
mass eigenstates are needed a, with masses m1,m2,m3. These need to satisfy the values of
the solar and atmospheric mass splittings: ∆m2

21 ≡ m2
2 −m2

1 ∼ 7.5 × 10−5 eV2, and ∆m2
31 ≡

m2
3 −m2

1 ∼ ±2.5 × 10−3 eV2, respectively. The solar mass splitting is taken to be positive by
convention, while the atmospheric mass splitting can be either positive (if m3 > m1) or negative
(if m3 < m1) given the current experimental data. In the former case neutrino masses are said
to be normally ordered (NO) as opposed to the latter where the ordering would be inverted
(IO).

The ordering of neutrino masses (a.k.a. the mass hierarchy) has important consequences in
neutrino-less double beta decay searches, since the effective mass mediating the process would be
a combination of the neutrino masses and the elements of the leptonic mixing matrix. Further-
more, an unknown mass ordering may affect our ability to discover CP violation in the leptonic
sector at future neutrino oscillation facilities, if matter effects are relatively small but sizable
enough to affect the neutrino oscillation probabilities 1. Finally, the ordering of neutrino masses

∗Talk given by P. Coloma at the XLIXth Rencontres de Moriond in the ELECTROWEAK INTERACTIONS
AND UNIFIED THEORIES session, La Thuile, March 15th-22nd 2014

aWe deliberately omit here the results from sterile neutrino searches since they are not relevant for the present
discussion.



also has profound implications for the flavor puzzle, as well as phenomenological consequences
for cosmology and in searches for the absolute scale of neutrino masses.

In order to quantify the sensitivity of future experiments to this parameter, one should note
that the ordering of neutrino masses is clearly determined once the sign of ∆m2

31 is measured.
Besides, the current precision on ∆m2

31 is approximately at the level of2 4% (at 1σ) and therefore
the two allowed regions are well separated. In other words, the parameter to determine is
therefore discrete and can take only two values, +1 or −1. As a consequence of this, Wilks’
theorem 3 does not apply, and the resulting sensitivities may not coincide with the usual results
reported in the literature, which are obtained in absence of statistical fluctuations and under
the assumption that Wilks’ theorem holds. In the present work 4 we address this issue in detail.
We provide useful equations for the case where the test statistic is distributed according to a
Gaussian. Then, we obtain the sensitivity for each experiment by performing a MC simulation,
and we compare the results to those obtained within the Gaussian approximation. Finally, we
compare the median sensitivities for the different facilities under consideration, as well as the
probability that each of them will achieve a 3σ rejection of the wrong mass ordering.

2 The Gaussian Approximation

In the following we will consider a test statistics based on a log-likelihood ratio:

T = min
θ∈IO

χ2(θ)− min
θ∈NO

χ2(θ) ≡ χ2
IO − χ2

NO, (1)

where θ is the set of neutrino oscillation parameters which are confined to a given mass ordering
during minimization. Under the approximation that T is Gaussian-distributed,

T = N (±T0, 2
√
T0) , (2)

where T0 is the value of the test statistic in the absence of statistical fluctuations.
Let us take as null hypothesis H0 ≡ NO, i.e., normal ordering for the neutrino masses.

Under the Gaussian approximation, the type I error rate α follows from the above expression
as:

α =
1

2
erfc

TNO
0 − Tαc√

8TNO
0

 , (3)

where Tαc is the critical value of T associated to α. Therefore, if the experimental outcome is
more extreme than Tαc , then the NO hypothesis is rejected at (1− α) confidence level (CL).

An analogous expression can be derived for the type II error rate β:

β =
1

2
erfc

T IO
0 + Tαc√

8T IO
0

 ≈ 1

2
erfc

(√
T0
2
− erfc−1(2α)

)
, (4)

where we have used T = N (−T IO
0 , 2

√
T IO
0 ) for the alternative hypothesis H1. It should be

mentioned that the type II error rate is related to the power of the test, p ≡ 1− β, which is the
probability with which we can reject the null hypothesis (NO in this example) at the CL (1−α)
if the alternative hypothesis (IO in this example) is true.

Let us now define in a precise way the sensitivity of the median experiment, since this is
what is generally used in the literature as a figure of merit. It may be defined as the CL (1−α)
at which a false hypothesis can be rejected with a probability of 50%, i.e., with p = 0.5. This
automatically implies that β = 0.5. After substituting β = 0.5 in Eq. 4, the following expression
for the number of sigmas for the median experiment is easily obtained:

n =
√

2 erfc−1

[
1

2
erfc

(√
T0
2

)]
, (5)



where a two-sided Gaussian has been used to convert α into the number of sigmas. This result
is shown in the left panel of Fig. 1.

Up to now, we have considered the case of simple hypothesis testing, where the test statistic
does not depend on the oscillation parameters. However, this may not always be the case. In
the case of long-baseline experiments the value of the CP phase δ generally has a sizable impact
on the sensitivity to the mass ordering. Moreover, both at long-baseline experiments and at
atmospheric experiments the sensitivity to the mass ordering will sizeably depend on the value
of θ23. Therefore, in these situations we will be dealing with the more general case of composite
hypothesis testing, where the test statistic depends on additional parameters, which we may
generically denote as θ. In this case, one must ensure that the null hypothesis can be rejected
for all possible values of θ at (1− α) CL. This implies that the critical value of Tαc needs to be
computed for all values of θ, keeping the less extreme result in order to compute the median
sensitivity. In particular, we find that:

α(θ) ≈ 1

2
erfc

√
T IO
0 (θ)

2
(6)

is a useful expression for estimating the median sensitivity for composite hypotheses within the
Gaussian approximation.

Finally, let us mention that even though the median experiment is well-defined through the
condition β = 0.5, one may want to require a smaller type II error rate for a given experiment.
It should be kept in mind that p = 1 − β corresponds to the probability of rejecting the null
hypothesis if the alternative hypothesis is true, and it would be desirable to maximize this
probability. For instance, one could request that the type II error rate β is at most equal to α.
In this case, it would be automatically guaranteed that at least one of the two hypotheses can
be rejected at (1 − α) CL. We will refer to this as the “crossing sensitivity” in the following 4.
From Eqs. 3 and 4 it can be shown that, in this case, the type I error rate would be:

α =
1

2
erfc

 TNO
0 + T IO

0√
8TNO

0 +
√

8T IO
0

 ≈ 1

2
erfc

(
1

2

√
T0
2

)
(TNO
c = T IO

c ) , (7)

giving a smaller number of sigmas with respect to the case of the median experiment by roughly
a factor of two. The number of sigmas corresponding to the crossing sensitivity is shown in the
left panel of Fig. 1 as a function of T0 (red lines). In the case of a composite hypothesis, the
corresponding expression for α would be very similar 4 to Eq. 7.

3 Numerical results

In this section we show the numerical results as obtained from explicit MC simulations. Full
simulation details can be found in 4. We have considered three main possibilities to determine
the neutrino mass ordering at neutrino oscillation experiments: (1) medium-baseline reactor
experiments; (2) long-baseline experiments; (3) atmospheric neutrino experiments.

Reactor experiments at medium baselines. For reactor experiments with baselines
around O(10−100) km, sizable interference arises between the solar and atmospheric oscillation
amplitudes (if θ13 is relatively large), which is sensitive to the sign of the atmospheric mass
splitting5. Two main experiments are currently being considered to determine the mass ordering
with this method: JUNO6,7 and RENO508. In this work, we have simulated the JUNO medium
baseline reactor experiment as in 9, but using an experimental configuration based on 6,10,7. In
this case the test statistic presents little dependence on the oscillation parameters and therefore
we are dealing with a simple hypothesis scenario. The sensitivity of the experiment mainly
depends on the energy resolution of the detector 11. We consider a Gaussian energy resolution
function with σ(E) = 0.03×

√
E, where E is the neutrino energy, but we have also studied how
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Figure 1 – Left panel: Number of sigmas at which the wrong ordering can be rejected, as a function of T0, using
the Gaussian approximation. The blue lines have been obtained for the median experiment (β = 0.5, see Eq. 5),
while the red lines correspond to the “crossing sensitivity” ( β . α, see Eq. 7). Solid lines use a 2-sided Gaussian
to convert α into number of sigmas, while dashed lines are based on a 1-sided test. The green (yellow) band shows
the range of σ at which a false null hypothesis would be rejected in 68.27% and 95.45% of the experiments. Right
panel: Median and crossing sensitivities for the NOνA experiment. Results are shown as a function of the true
value of δ, for a true IO and θ23 = 40◦. The solid blue line shows the result from MC simulation after generating
105 realizations of the experiment for each value of δ (taken in steps of 10◦), for β = 0.5. The meaning of the
green and yellow bands is the same as in the left panel. The dashed and dot-dashed black lines show the results
using the Gaussian approximation using a 1-sided and 2-sided Gaussian to convert α into nσ, respectively. The
horizontal dotted line shows the number of sigmas corresponding to the crossing sensitivity (which is independent
on δ).

the results vary when this is worsened to 0.035×
√
E. We find that the distribution of the test

statistic is in all cases Gaussian up to a very good approximation. Therefore, we conclude that
Eq. 5 can be safely used to extract the median sensitivity from the Asimov data set for this
facility.

Long-baseline neutrino experiments. In long-baseline neutrino oscillation experiments,
the MSW 12,13,14 effect would produce a resonance in the (anti-)neutrino channel for a NO (IO).
This is the method that would be exploited by the NOνA15 and LBNE16,17 experiments, among
others. In this work we have simulated the NOνA experiment and two possible configurations
for LBNE, with a 10 kt and a 34 kt detector. We find that the distribution of the test statistic
for NOνA is clearly non-Gaussian. The distributions for LBNE are more similar to a Gaussian
although clear deviations are also observed for this setup 4. Moreover, the results for long-
baseline experiments present a large dependence on both the atmospheric mixing angle and the
CP-violating phase δ. Thus, a composite hypothesis test is needed in this case. We find that
the resulting median sensitivity computed using a MC simulation is in rather good agreement
with the expected median sensitivity as extracted from Eq. 5. This is shown in the right panel
in Fig. 1 for NOνA, where the number of sigmas expected for the median experiment are shown
as a function of the true value of δ.

Atmospheric neutrino experiments. The MSW effect can in principle be observed in
the νµ and ν̄µ disappearance channels as well, provided that θ13 is sufficiently large 18,19. In this
case good energy and angular resolutions are needed in order to avoid a washout of the effect. In
principle, magnetization is not needed and therefore large water or ice Čerenkov detectors could
be used. If magnetization is available, the sensitivity increases considerably and similar results
can be achieved with a much smaller exposure. Two atmospheric neutrino experiments have also
been considered in this work: the PINGU proposal 20, with a non-magnetized detector; and the
ICAL magnetized iron detector at INO 21,22 (INO for short in the following). We find that the
distributions of T are in both cases very close to a Gaussian, although the approximation is not
as good as it was for the reactor experiments. Besides, the results for atmospheric experiments
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Figure 2 – Left panel: median sensitivity (in number of sigmas) for rejecting the NO assuming a true IO,
for different facilities as a function of the date. Right panel: probability that the NO can be rejected at 3σ
(99.73% CL), assuming true IO, for different facilities as a function of the date. The width of the bands correspond
to different true values of the CP phase δ for NOνA and LBNE, different true values of θ23 between 40◦ and 50◦

for INO and PINGU, and energy resolution between 3%
√

1 MeV/E and 3.5%
√

1 MeV/E for JUNO. For the long
baseline experiments, the bands with solid (dashed) contours correspond to a true value for θ23 of 40◦ (50◦). In
all cases, octant degeneracies are fully searched for.

present a large dependence with the atmospheric angle θ23 and therefore we have to deal with
a composite hypothesis test.

Finally, in Fig. 2 we show a summary of the expected sensitivities for the experimental
setups considered in this work. A true IO is assumed for both panels (the corresponding results
for a true NO can be found in 4). In order to keep the number of MC simulations down to
a feasible level, we use the Gaussian approximation whenever it is reasonably justified. As
already mentioned, this is indeed the case for PINGU, INO, and JUNO. Finally, since the
largest deviations from the Gaussian case are observed for long baseline experiments, we have
decided to use the results from the full MC simulation whenever possible. The results for the
NOνA experiment are always obtained using MC simulations, while in the case of LBNE the
results from a full MC are used whenever the number of simulations does not have to exceed
4 × 105 (per value of δ). This means that, in order to reach sensitivities above ∼ 4σ (for the
median experiment), results from the full MC cannot be used.

For each experiment, we have determined the parameter which has the largest impact on the
results, and we draw a band showing the range of sensitivities that should be expected in each
case. It is important to stress that the meaning of each band may be different, depending on
the particular experiment that is considered. In the case of long baseline experiments (NOνA,
LBNE-10 and LBNE-34), the results depend on the value of the CP-violating phase δ. In this
case, we do a composite hypothesis test and we draw the edges of the band using the values of
true δ in the true ordering that give the worst and the best results for each setup. Besides, since
the results also show some dependence with the value of θ23, we show two results corresponding
to values of θ23 in the first and second octant. In the case of PINGU and INO, the most relevant
parameter is θ23. Therefore, in this case we also do a composite hypothesis test, using θ23 as
an extra parameter. Finally, the case of JUNO is somewhat different. In this case, the energy
resolution is the parameter which is expected to have the greatest impact11 on the results, while
the dependence with the oscillation parameters is small. Thus, we perform a simple hypothesis
test for this setup, and the width of the band shows in this case the variation on the results if
the energy resolution is changed.



4 Conclusions

In this work, we have studied the sensitivity of future neutrino oscillation experiments to the
ordering of neutrino masses. Since the neutrino mass ordering is a discrete parameter (which can
be identified with the sign of ∆m2

31), Wilks’ theorem does not apply and the median sensitivities
need to be extracted from a full MC simulation. The sensitivity of a future experiment for a
hypothesis test can be quantified by reporting two numbers: the CL (1 − α) at which the null
hypothesis can be rejected, which corresponds to a type I error rate α; and the probability
p that the null hypothesis can be rejected at some CL, which is related to the type II error
rate as p = 1 − β. We have derived useful formulas for these two quantities in the case where
the test statistic is distributed as a Gaussian. Then, we have obtained the sensitivity to the
mass ordering for several proposed neutrino oscillation experiments (reactor experiments at
medium baselines, long-baseline neutrino beam and atmospheric neutrino experiments) from
MC simulations, and we have compared the results to the median sensitivities obtained within
the Gaussian approximation. We conclude that the agreement is in all cases rather good, even
when the distribution of the test statistic presents large deviations from a Gaussian.
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Gustafsson Foundation (M.B.) and by the U.S. Department of Energy under award number
DE-SC0003915 (P.C. and P.H.). T.S. acknowledges partial support from the European Union
FP7 ITN INVISIBLES (Marie Curie Actions, PITN-GA-2011-289442).

References

1. Hisakazu Minakata and Hiroshi Nunokawa. Exploring neutrino mixing with low-energy
superbeams. JHEP, 0110:001, 2001.

2. M.C. Gonzalez-Garcia, Michele Maltoni, Jordi Salvado, and Thomas Schwetz. Global fit
to three neutrino mixing: critical look at present precision. JHEP, 1212:123, 2012.

3. Wilks, S. S. . The large-sample distribution of the likelihood ratio for testing composite
hypotheses. Annals Math. Statist., 9, no. 1:60, 1938.

4. Mattias Blennow, Pilar Coloma, Patrick Huber, and Thomas Schwetz. Quantifying the
sensitivity of oscillation experiments to the neutrino mass ordering. JHEP, 1403:028,
2014.

5. S.T. Petcov and M. Piai. The LMA MSW solution of the solar neutrino problem, inverted
neutrino mass hierarchy and reactor neutrino experiments. Phys.Lett., B533:94–106, 2002.

6. Y. Wang. Daya Bay II: current status and future plan. talk at Daya Bay II meeting,
IHEP Jan 11, 2013.

7. Yu-Feng Li, Jun Cao, Yifang Wang, and Liang Zhan. Unambiguous Determination of the
Neutrino Mass Hierarchy Using Reactor Neutrinos. Phys.Rev., D88(1):013008, 2013.

8. International Workshop on “RENO-50” toward Neutrino Mass Hierarchy, 13-14 June 2013,
Seoul National University, Korea, http://home.kias.re.kr/MKG/h/reno50/.

9. Mattias Blennow and Thomas Schwetz. Determination of the neutrino mass ordering by
combining PINGU and Daya Bay II. JHEP, 1309:089, 2013.

10. W. Wang. The Measurement of θ13 at Daya Bay and Beyond. talk at the ”Be-
yond θ13” workshop, Univ. Pittsburgh, 11-12 Feb. 2013, http://www.pitt.edu/~neilc/
BeyondTheta13/.

11. A.B. Balantekin, Henry Band, Russell Betts, Jeff J. Cherwinka, J.A. Detwiler, et al.
Neutrino mass hierarchy determination and other physics potential of medium-baseline
reactor neutrino oscillation experiments. arXiv:1307.7419 [hep-ex], 2013.

http://home.kias.re.kr/MKG/h/reno50/
http://www.pitt.edu/~neilc/BeyondTheta13/
http://www.pitt.edu/~neilc/BeyondTheta13/


12. L. Wolfenstein. Neutrino Oscillations in Matter. Phys.Rev., D17:2369–2374, 1978.
13. Vernon D. Barger, K. Whisnant, S. Pakvasa, and R.J.N. Phillips. Matter Effects on

Three-Neutrino Oscillations. Phys.Rev., D22:2718, 1980.
14. S.P. Mikheev and A. Yu. Smirnov. Resonance Amplification of Oscillations in Matter and

Spectroscopy of Solar Neutrinos. Sov.J.Nucl.Phys., 42:913–917, 1985.
15. R.B. Patterson. The NOvA Experiment: Status and Outlook. Nucl.Phys.Proc.Suppl.,

235-236:151–157, 2013.
16. LBNE Conceptual Design Report, Volume 1, Oct 2012, http://lbne2-docdb.fnal.gov/

cgi-bin/ShowDocument?docid=7525.
17. C. Adams et al. The Long-Baseline Neutrino Experiment: Exploring Fundamental Sym-

metries of the Universe. arXiv:1307.7335 [hep-ex], 2013.
18. S.T. Petcov. Diffractive - like (or parametric resonance - like?) enhancement of the earth

(day - night) effect for solar neutrinos crossing the earth core. Phys.Lett., B434:321–332,
1998.

19. Evgeny K. Akhmedov. Parametric resonance of neutrino oscillations and passage of solar
and atmospheric neutrinos through the earth. Nucl.Phys., B538:25–51, 1999.

20. M.G. Aartsen et al. PINGU Sensitivity to the Neutrino Mass Hierarchy. arXiv:1306.5846
[astro-ph.IM], 2013.

21. India-based neutrino observatory. http://www.ino.tifr.res.in/ino/.
22. Anushree Ghosh and Sandhya Choubey. Measuring the Mass Hierarchy with Muon and

Hadron Events in Atmospheric Neutrino Experiments. JHEP, 1310:174, 2013.

http://lbne2-docdb.fnal.gov/cgi-bin/ShowDocument?docid=7525
http://lbne2-docdb.fnal.gov/cgi-bin/ShowDocument?docid=7525
http://www.ino.tifr.res.in/ino/




Recent Borexino results and prospects for the near future

D. D’Angeloh, G. Bellinih, J. Benzigerk, D. Bicks, G. Bonfinie, M. Buizza Avanzinih, B. Caccianigah,
L. Cadonatip, F. Calapricel, P. Cavalcantee, A. Chavarrial, A. Chepurnovr, S. Davinic, A. Derbinm,

A. Emplt, A. Etenkog, F. von Feilitzschn, K. Fomenkob,e, D. Francoa, C. Galbiatil, S. Gazzanae,
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The Borexino experiment, located in the Gran Sasso National Laboratory, is an organic liquid
scintillator detector conceived for the real time spectroscopy of low energy solar neutrinos. The
data taking campaign phase I (2007 - 2010) has allowed the first independent measurements
of 7Be , 8B and pep fluxes as well as the first measurement of anti-neutrinos from the earth.
After a purification of the scintillator, Borexino is now in phase II since 2011. We review here
the recent results achieved during 2013, concerning the seasonal modulation in the 7Be signal,
the study of cosmogenic backgrounds and the updated measurement of geo-neutrinos. We
also review the upcoming measurements from phase II data (pp, pep, CNO) and the project
SOX devoted to the study of sterile neutrinos via the use of a 51Cr neutrino source and a
144Ce-144Pr antineutrino source placed in close proximity of the active material.

1 Why solar neutrinos with Borexino

The Sun is an intense source of neutrinos, produced in nuclear reactions of the p-p chain and of
the CNO cycle 1. Measurements of the individual neutrino fluxes is of paramount importance for
both particle physics and astrophysics. The solar neutrino spectrum can be seen in fig. 1. Up
to a few years ago, spectroscopical measurements were performed by water Cherenkov detectors
above ∼5Mev and concerned only 8B neutrinos for less then 1% of the total flux. The bulk of



Figure 1 – Solar Neutrino Spectrum.
Figure 2 – Survival probability of electron neutrinos as
foreseen by the MSW-LMA model. Data points discussed
here are also shown.

neutrinos at low energies were detected with radiochemical experiments, incapable of resolving the
individual components. Neutrinos are emitted in the sun as electron flavour neutrinos and oscillate
to a different flavour during the trajectory to the Earth. The MSW mechanism at Large Mixing
Angle (LMA) foresees the survival probability for electron neutrinos on Earth (fig. 2). Borexino
was designed to achieve spectroscopy of the low energy part of the solar neutrino spectrum, in
particular the flux of the 7Be monochromatic line at 862keV. Borexino has largely exceeded the
expected performance with the physics program broadening way past the original goal.

2 The Borexino Project

Figure 3 – Schematics of the Borexino detector.

Detector layout. The Borexino detector 2 is
sketched in fig. 3. It is located at the Gran
Sasso National Laboratories (LNGS) in central
Italy, at a depth of 3800m w.e.. The active
mass consists of 278t of pseudocumene (PC),
doped with 1.5g/l of PPO. The scintillator is
contained in a thin (125 µm) nylon Inner Vessel
(IV), 8.5m in diameter. The IV is surrounded
by two concentric PC buffers doped with a light
quencher. The scintillator and buffers are con-
tained in a Stainless Steel Sphere (SSS) with a
diameter of 13.7m. The SSS is enclosed in a
Water Tank (WT), containing 2100t of ultra-
pure water as an additional shield. The scin-
tillation light is detected via 2212 8” Photo-
Multiplier Tubes (PMTs) uniformly distributed
on the inner surface of the SSS. Additional 208
8” PMTs instrument the WT and detect the
Cherenkov light radiated by muons in the wa-
ter shield. Neutrinos are detected via elastic
scattering on electrons in the target material.

Detector performance. The Borexino scintillator has a high light yield: ∼104 photons/MeV,
resulting in 500 detected photoelectrons/MeV. The fast time response (∼ 3ns) allows to reconstruct
the events position by means of a time-of-flight technique with ∼13cm precision. Depending on the
analysis, the fiducial volume is defined between 75t and 150t. The signature of 7Be neutrinos is a
Compton-like shoulder at 665keV in the electron recoil spectrum. The energy resolution (1σ) at



7Be energy is as low as 44 keV (or 6.6%). The energy threshold is ∼40keV, however the analysis
threshold was limited so far by the knowledge of 14C spectral shape to ∼250keV. Recently we have
successfully reduced our threshold to 165keV (sec. 5). Pulse Shape Analysis (PSA) is performed
to identify various classes of events, among which electronic noise, pile-up events, muons, α and β
particles.

Borexino timeline. The Phase I of Borexino occurred between May 2007 and May 2010. After
the purification of the scintillator through loop water extraction, in November 2011 the Phase II of
Borexino started and is expected to last at least until the end of 2014. The energy scale uncertainty
in the range [0.2-2.0]MeV has been determined at 1.5% precision, using multiple gamma sources.
The position reconstruction algorithm has been tuned using a Rn source placed in 184 positions
inside the active volume. The determination of the fiducial volume is -1.3%+0.5%. An external
calibration campaign has allowed to correctly model external gamma backgrounds. The calibrations
will be repeated before the end of Phase II to demonstrate stability of the detector and possibly to
improve the previous results3.

Table 1: Background levels in the Borexino scintillator. cpd stands for ”counts per day”.

Isotope Typical Required Before purification After purification
238U 2 10−5g/g (dust) ≤10−16g/g (5.3±0.5) 10−18 g/g < 0.8 10−19g/g
232Th 2 10−5g/g (dust) ≤10−16g/g (3.8±0.8) 10−18 g/g < 1.0 10−18g/g

14C/12C 10−12 (cosmogenic) ≤10−18 (2.69±0.06) 10−18 unchanged
222Rn 100 atoms/cm3 (air) ≤10cpd/100t 1cpd/100t unchanged
40K 2 10−6g/g (dust) ≤10−18 g/g ≤0.4 10−18 g/g unchanged
85Kr 1Bq/m3 (air) ≤1cpd/100t (30±5) 10cpd/100t ≤5cpd/100t
39Ar 17mBq/m3 (air) ≤1cpd/100t �85Kr �85Kr
210Po not specified ∼80 → ∼5cpd/t unchanged
210Bi not specified ∼10 → ∼75cpd/100t (27±8)cpd/100t

Borexino backgrounds. The background levels of the Borexino scintillator are summarised in
tab. 1. 238U and 232Th contaminations are unprecedented and largely exceed the requirements
of the experiment. Most other contaminants are at acceptable levels or have been reduced below
required limits after purification. We observe the presence of 210Bi and 210Po out of equilibrium.
210Po is of little concern as it is an α emitter and it can be identified by PSA. 210Bi has been
rising during the data taking due to unclear motivations, possibly related to the movement of the
scintillator. This variation was modelled and taken into account during the 7Be flux modulation
analysis (sec. 4). 210B was later reduced by the purification campaign to a level which might allow
the measurement of CNO neutrino flux.

3 Early results

2

The low energy backgrounds in the detector have been
suppressed to unprecedented levels [11], making Borexino
the first experiment capable of making spectrally resolved
measurements of solar neutrinos at energies below 1 MeV.
We have previously reported a direct measurement of the
7Be solar neutrino flux with combined statistical and sys-
tematic errors of 10% [12]. Following a campaign of de-
tector calibrations and a 4-fold increase in solar neutrino
exposure, we present here a new 7Be neutrino flux mea-
surement with a total uncertainty less than 5%. For the
first time, the experimental uncertainty is smaller than
the uncertainty in the Standard Solar Model (“SSM”)
prediction of the 7Be neutrino flux [13]1.

The new result is based on the analysis of 740.7 live
days (after cuts) of data which were recorded in the pe-
riod from May 16, 2007 to May 8, 2010, and which cor-
respond to a 153.6 ton·yr fiducial exposure.

The experimental signature of 7Be neutrino inter-
actions in Borexino is a Compton-like shoulder at
⇠660 keV. Fits to the spectrum of observed event ener-
gies are used to distinguish between this neutrino scatter-
ing feature and backgrounds from radioactive decays [12].
Two independent fit methods were used, one which is
Monte Carlo based and one which uses an analytic de-
scription of the detector response. In both methods,
the weights for the 7Be neutrino signal and the main
radioactive background components (85Kr, 210Po, 210Bi,
and 11C) were left as free parameters in the fit, while
the contributions of the pp, pep, CNO, and 8B solar neu-
trinos were fixed to the SSM-predicted rates assuming
MSW neutrino oscillations with tan2 ✓12=0.47+0.05

�0.04 and
�m2

12=(7.6±0.2)⇥10�5 eV2 [14]. The impact of fixing
these fluxes was evaluated and included as a systematic
uncertainty. The rates of 222Rn, 218Po, and 214Pb sur-
viving the cuts were fixed using the measured rate of
214Bi-214Po delayed coincidence events. The Monte Carlo
method also includes external �-ray background, which
makes it possible to extend the fit range in this method
to higher energies. The energy scale and resolution were
floated in the analytic fits, while the Monte Carlo ap-
proach automatically incorporates the simulated energy
response of the detector.

The stability of each fit method was studied by repeat-
ing the fits with slightly varied fit characteristics (e.g.
fit range and histogram binning) and di↵erent methods
of data preparation. The latter included changing the
method used to estimate the event energies, and varying
the pulse shape analysis (“PSA”) technique [15] used to
remove 210Po and other ↵ events between a highly e�-

1 Throughout this Letter we use the high metallicity SSM predic-
tions from the “GS98” column in Table 2 of [13] as our reference
SSM. For comparison, the 7Be neutrino flux predicted by the low
metallicity model (also given in [13]) is 8.8% lower than the high
metallicity prediction.
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FIG. 1. Two example fitted spectra; the fit results in the leg-
ends have units [counts/(day·100 ton)]. Top: A Monte Carlo
based fit over the energy region 270–1600 keV to a spectrum
from which some, but not all, of the ↵ events have been re-
moved using a PSA cut, and in which the event energies were
estimated using the number of photons detected by the PMT
array. Bottom: An analytic fit over the 290–1270 keV energy
region to a spectrum obtained with statistical ↵ subtraction
and in which the event energies were estimated using the to-
tal charge collected by the PMT array. In all cases the fitted
event rates refer to the total rate of each species, independent
of the fit energy window.

cient statistical subtraction method [12] and a cut-based
technique which removes a fraction of the ↵ events with
a very small loss of � events. The example spectra shown
in Fig. 1 illustrate the stability of our fit procedure; the
8B neutrino and 214Pb, 222Rn, and 218Po background
spectra are small on the scale of the plots and are not
shown. The results of these and other fits using di↵erent
permutations of the fit characteristics and data prepara-
tion techniques described above were averaged to obtain
the central values reported in Table I; the spread between
the results is included in the systematic uncertainty.

TABLE I. Average Fit Results [counts/(day·100 ton)].

7Be 46.0±1.5(stat)+1.5
�1.6(syst)

85Kr 31.2±1.7(stat)±4.7(syst)
210Bi 41.0±1.5(stat)±2.3(syst)
11C 28.5±0.2(stat)±0.7(syst)

Figure 4 – Fit of the energy spectrum for 7Be flux analysis.

7Be flux. The measurement of the flux of 7Be
neutrinos was the primary goal of Borexino.
Thanks to the unprecedented background lev-
els, the first observation was published in sum-
mer 2007, after only 3 months of data. The
flux was later reviewed in 2008 and 2011 re-
ducing the error every time. The signal is
extracted by a spectral fit along with other
neutrino signals and background components
(fig. 4). The fit is performed both using an-
alytical spectral shapes and MonteCarlo gen-
erated curves, with or without the statistical
subtraction of α events via PSA, obtaining the
same result within errors. The last measured
rate4 after 741d of live time (full Phase I) is



RBe = 46.0± 1.5stat ± 1.6syst/d/100t. For the first time the experimental error (4.8%) is lower the
theoretical error (7%). The rate corresponds to a flux of ΦBe = (3.10± 0.15)× 109cm−2s−1 with a
survival probability Pee = 0.51± 0.07 at 862keV.

7Be day-night asymmetry. We have carefully inspected the data set at the energy of 7Be
neutrino scattering looking for an eventual day-night asymmetry5. This was foreseen in an al-
ternative MSW scenario, called LOW, also compatible to some extent with the solar neutrino
results. The LOW scenario before Borexino could be excluded only assuming CPT invariance and
using the KamLAND reactor’s antineutrino results. Our data is consistent with no asymmetry:
ADN = ΦN − ΦD/Φ = 0.001± 0.012stat ± 0.007syst. With this result, the MSW-LOW mechanism
can be ruled out at 8.5σ using only solar neutrino data.

8B flux Borexino has measured the 8B flux down to 3.0MeV6. While the much larger water
Cherenkov detectors can achieve better precision, Borexino holds the lowest threshold achieved so
far. Lowering the threshold on 8B spectroscopy represents one of the key features to inspect the
transition region of the LMA solution (see below). The measured rate is RB = 0.22 ± 0.04stat ±
0.01syst and corresponds to a flux of ΦB = (2.4 ± 0.4stat ± 0.1syst) × 106cm−2s−1. The flux above
5MeV is in good consistency with other results.

pep flux and CNO limits. As shown in fig. 2, the pep neutrino energy lies at the boundary
between the Vacuum and the Transition region of the MSW survival probability. Pep neutrinos are
closely related to the fundamental pp neutrinos and have their flux theoretically well constrained by
this relation. Measuring the pep neutrino flux therefore can also test the core of the Standard Solar
Model. In the same energy region are neutrinos from the CNO cycle reactions. CNO neutrinos are
poorly constrained by the SSM and have never been detected so far. At this energy the cosmogenic
background of 11C is overwhelming the pep/CNO neutrino flux by about an order of magnitude.
We have made the measurement7 possible exploiting the three-fold coincidence between the parent
muon, the 11C and the neutron most often accompanying its production to suppress the background.
The rate of pep neutrinos has been extracted with a multivariate analysis based of the energy of
the event, the distance from the center of the detector and a pulse shape parameter7. The rate is
Rpep = (3.1± 0.6stat ± 0.3syst) /d/100t corresponding to a flux of Φpep = (1.6± 0.3)× 108cm−2s−1

and a survival probability of P eepep = 0.62± 0.17 at 1.44MeV. The flux of CNO neutrinos could not
be extracted due to the spectral shape degeneracy with the 210Bi background. The strongest upper
limit available to date has been however obtained from this analysis. The rate of CNO neutrinos
is R < 7.1/d/100t at 95% C.L. corresponding to ΦCNO < 7.7× 108cm−2s−1.

Survival probability after Borexino. Fig. 2 shows the survival probability of electron neutri-
nos emitted by the Sun after travelling to the Earth along with experimental data available after
the Borexino measurements. In addition to the measurements already discussed, the fundamental
pp flux has been better determined (value shifted and errors reduced) by subtracting from the
integrated measured rate of radiochemical experiments the other signal components, in particular
7Be as measured by Borexino. The unexplored transition region 1-3MeV still has room for al-
ternative models and new physics, in particular the proposed Non Standard neutrino Interactions
(NSI) which foresee a different transition shape. There are two ways to test these hypotheses or
confirm LMA: reducing the errors on pep flux (and to a lower extent on 7Be flux) and lowering the
threshold on 8B neutrinos to observe (or not) the expected upturn of the spectrum. In its Phase
II Borexino will follow both approaches.

4 Results in 2013

7Be flux annual modulation. The solar neutrino flux is expected to undergo a yearly mod-
ulation due to the eccentricity of the Earth’s orbit around the Sun. The flux is minimal at the
beginning of July and maximal at the beginning of January. The expected amplitude is ±3.4%.
The observation of this modulation in the 7Be flux is the ultimate proof that Borexino is actually
observing neutrinos from the Sun. For this analysis8 we have defined a dynamic and enlarged 141t



FV with respect to the 75t used in the 7Be rate analysis. This has been possible thanks to the
precise determination of the vessel’s shape from the distribution of 210Bi events deposited on the
vessel’s surface on a weekly basis. Nevertheless performing the spectral fit on sub-periods of the
data set is not a viable method due to reduced statistics. Using the Phase I data set (850d astr.
time), we have considered the count rate in the 7Be region (105-380p.e.), which also includes back-
ground from the decay of 210Bi in the scintillator. The last has been rising exponentially during
the Phase I (sec 2). We have averaged the rate on a 60d base (fig. 5, left) and we have fitted the
result with:

R = R0 +RBie
ΛBit +R[1 + 2ε cos(

2πt

T
− φ)] (1)

where R0 accounts for a time independent background component. The rate RBi and the time
constant ΛBi of 210Bi background are fixed to values independently determined from a different
energy interval. The period found is T = (1.01 ± 0.07)y and the phase, measured from Jan 1st

2008, is φ = (11.0 ± 4.0)d. The average 7Be rate and the eccentricity ε are consistent within 2σ
with the spectral fit result and with the expected orbit eccentricity, respectively. The hypothesis of
no modulation is rejected at > 3σ. An alternative approach uses Lomb-Scargle frequency analysis
in 10d binned data set. The Spectral Power Density (SPD) distribution is shown in fig. 5 (right).
The significance of SPD peaks has been evaluated by Monte Carlo simulations of the signal and
the background. The peak at 1y with SPD=7.96 has significance largely above 3σ, while no other
peak exceeds 2σ.

Figure 5 – 7Be flux modulation analysis. Left: 60d binned count rate evolution. Right: 10d binned Lomb-Scargle
Spectral Power Density.
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310 parameter fit value

�muon [cm] 33.6±0.6±0.6
µmuon [cm] 23.8±0.6±0.6
�short [cm] 61.2±0.6±2.6
fshort [%] 76.5±0.5±5.5
�long [cm] 147±3±12
flong [%] 23.5±0.4±5.5

Figure 3. The muon-neutron distance distribution observed in Borexino: black crosses represent
the data points for the standard neutron hit multiplicity cut. The shaded-grey area indicates the
systematic uncertainty. The fit of the toy Monte Carlo is indicated by the solid red line. The dashed
lines correspond to two exponential components, each featuring a decay length � and a relative fraction
f . The muon resolution parameters µ and � are left free in the fit procedure (see section 4.4 and [11]
for details). The table lists the best-fit results with statistical and systematic uncertainties. The fit
returns �2/ndf = 57/54.

neutrons at large distances from their parent tracks. Finally, we limit the visible energy
window to Evis 2 [0.9; 4.8] MeV in order to select only neutron captures on hydrogen and
carbon, while removing a minor contamination from short-lived cosmogenic isotopes. The
combination of cuts reduces the remaining sample to ⇠20 % of the original neutrons.

The resulting lateral distance distribution is shown in figure 3. The grey shaded area
corresponds to the systematic uncertainty introduced by the cut Nhits > 100, and was ob-
tained by varying the minimum Nhits condition for neutron selection from 0 to 200. Due
to the broad initial energy spectrum of the spallation neutrons and the corresponding dis-
tribution of the neutron mean free paths, a simple exponential law proves insu�cient to
reproduce the distribution. We find that at least two exponential components (�short and
�long) are required for a satisfactory description of the data. The fit function shown in figure 3
was obtained by a toy Monte Carlo simulation. Apart from the exponential components, the
fit takes into account the muon and neutron spatial resolutions, which includes the average
displacement of the neutrons during thermalization and the finite propagation distance of
the capture gamma in scintillator (⇠20 cm). The geometric impact of the applied radial
cuts described above are included. The muon lateral resolution is described by a Gaussian
smearing � with a constant radial o↵set µ. These are free parameters in the fit. Conversely,
the neutron vertex resolution is set to a fixed value of 23 cm (see [11] for details).

The fit returns a short component �short = (61.2 ± 0.6stat ± 2.6syst) cm which is in
agreement with earlier LVD results [15]. The long component is found to be �long = (147 ±
3stat ± 12syst) cm. Systematic uncertainties for the parameters were determined by multiple
repetitions of the fit while varying the minimum Nhits condition for the neutrons. Based
on the relative weights of the two e↵ective components, an average lateral distance of � =
(81.5 ± 2.7) cm was determined.

– 8 –

Figure 6 – Lateral distance of neutron capture points
from the parent muon track. Details of the fit can be
found in ref. 9.

Cosmogenics We have performed a thorough
study of cosmogenic backgrounds in Borexino9.
The results are not only essential to low-energy
neutrino analyses, but are also of substantial in-
terest for direct dark matter and 0νββ searches at
underground facilities. Based on thermal neutron
captures in the scintillator, a spallation neutron
yield of Yn = (3.10 ± 0.11) · 10−4 n/(µ · (g/cm2))
was determined. The lateral distance profile
was measured based on the reconstructed parent
muon tracks and neutron capture vertices and is
shown in fig. 6. An average lateral distance of
λ = (81.5 ± 2.7) cm was found. The data results
on neutron yield, multiplicity and lateral distribu-
tions were compared to Monte Carlo simulation
predictions by the Fluka and Geant4 frame-
works and are largely compatible. The simulated



neutron yield of Fluka shows a deficit of ∼20 %, while the result of the Geant4 simulation is
in good agreement with the measured value. However, both simulations should be increased as
a result on an underprediction of 11C production. The production rates of several cosmogenic
radioisotopes in the scintillator were determined based on a simultaneous fit to energy and decay
time distributions. Results of a corresponding analysis performed by the KamLAND collaboration
are similar to our findings. Moreover, Borexino rates were compared to predictions by Fluka and
Geant4: While there is good agreement within their uncertainties for most isotopes, some cases
(12B, 11C, 8Li for both codes and 8B, 9Li for Geant4 only) show a significant deviation between
data and Monte Carlo simulation predictions.

Figure 7 – Left: antineutrino spectrum (prompt positron scattering). Right: Unbinned maximum likelihood of geo
vs reactor antineutrino events.

Geo-neutrinos Geo-neutrinos are anti-neutrinos produced in the radioactive chains of 238U,
232Th and by the decay of 40K, with a flux of the order of Φν ∼ 106cm−2s−1. These long lived
elements are found in the Earth crust and mantel with unknown abundances. Measuring Geo-
neutrinos flux at different locations can provide key information to the development of Earth
models. Only geo-neutrinos from 238U and 232T chain elements can be measured by neutrino
detectors, via Inverse Beta Decay with a threshold of 1.8MeV. The ratio of Th/U is supposed to
be ∼3.9 from the analysis of meteorites with the same composition of the Earth. After the first
observation in 2010, Borexino has now revised the result 10 with six times more statistics and a
significantly refined modelling of the main background component: the antineutrinos from power
reactors. Almost all other backgrounds are negligible thanks to the tagging of the events based on
the coincidence between the prompt positron scattering and ∼250us delayed 2.2Mev gamma from
the n capture on H. Events pairs are selected by energy cuts on both events and by their space-time
correlation. The efficiency of the cuts is 0.84±0.01 from simulations. The enlarged dynamic fiducial
volume (see above) up to 25cm from the IV surface allows an exposure of (613±21) t · yr. We
have selected 46 golden coincidences. An unbinned maximum likelihood fit of the prompt event
energy spectrum returns Nreact = 31.2+7

−6.1 (expected 33.3 ± 2.4) and Ngeo = 14.3 ± 4.4. The last
corresponds to a flux of Sgeo = 38.8 ± 12.0 TNU (1TNU= 1ν/1032 protons /yr). The result is in
good agreement with the Bulk Silicate Earth model predictions, however we are not yet at the level
of discriminating among different model flavours.

5 Phase II program

The most important opportunity for Borexino phase II is the measurement of the neutrino flux
from the fundamental pp reaction in the core of the Sun. This is made possible by the low 85Kr and



210Bi concentrations achieved with the purification campaigns. A dedicated effort has been made to
understand the spectrum response in the 14C end-point region and its pile-up effects, disentangling
it from the pp spectrum. The expected statistical error is below 10% while the systematics are under
study. The analysis is being finalised and the release is expected within 2014. The second highest
priority is the precision measurement of the pep flux, possibly with 10% precision. At the same
time we will attempt a measurement of the CNO fluxes, which are of fundamental astrophysical
importance in particular as the they can help resolve the solar metallicity puzzle1. If this will not
be possible, we foresee to sensibly improve the limits we have already posed and we will proceed
to a further purification campaign to reduce the 210Bi contamination, which is the limiting factor
of this analysis. At the end of phase II we also expect to reduce the error on 7Be flux at 3% and to
measure the seasonal variation effect upon several cycles and without the background constraints
of phase I (sec. 4). Finally the Geo-neutrino and the solar 8B fluxes can be measured with higher
statistics, the error on the latter possibly being reduced below 10%.

6 Short distance Oscillation with boreXino (SOX)

In the past years many different experimental indications have pointed toward the existence of
sterile neutrinos. Although none of them is individually strong enough to make a claim, alltogether
they justify a serious investigation. One of the most discussed evidence is the so-called reactor
anomaly, which foresees an oscillation into the forth species with L/E∼1m/MeV. In Borexino,
using neutrino source with energy of ∼1MeV, the oscillation length is significantly smaller then the
detector size (∼10m) and significantly larger then the detector resolution (∼12-15cm). This allows
to see oscillation wiggles in the position distribution of events. The location for such a source is
the 1m cubical pit present under the detector, which was excavated for this purpose before the
detector’s construction. This uninvasive deployment requires no work on the detector, it bears no
risk of contamination and does not terminate the solar run of Borexino. We foresee to deploy a 51Cr
and a 144Ce-144Pr source in 2015 and in 2016. 51Cr is dichromatic neutrino emitter with energies
of 430keV (10%) and 750keV (90%) and a relatively short decay time (τ ' 40d). The activity
required is of the order of 10MCi and we plan to achieve this by re-activating the Chromium
material used in Gallex and GNO experiments which has a 38% 50Cr abundance. Negotiations
with reactor facilities in Oakridge (USA) and Mayak (Russia) are ongoing, taking also into account
the need for quick transportation. 144Ce-144Pr instead is a β emitter of antineutrinos with energies
up to 3MeV and a more relaxed decay time of 411d. Thanks to the neutron tagging, which makes
antineutrino detection essentially background free (see sec. 4), we can perform the measurement
with a source activity of about 100-120kCi. Negotiation with the Mayak facility is ongoing, where
a source of the required activity can be made out of spent nuclear fuel. Fig. 8 shows Montecarlo

Figure 8 – Oscillation wiggles in the SOX signals for a 10MCi 51Cr source (left) and 100kCi 144Ce-144Pr source (right).



simulations of the expected signals for the two sources, while fig. 9 shows the sensitivity of the
two measurements in the oscillation parameters plane. Disappearance and wave effects will allow
to clarify the matter, unambiguously proving or rejecting the hypothesis. In particular, in case of
the existence of a fourth sterile neutrino with parameters indicated by the reactor anomaly, SOX11

will surely discover the effect and measure the parameters of oscillation.

Figure 9 – SOX expected sensitivity. Left 10MCi 51Cr source compared to global analysis of all anomalies; Right
100kCi 144Ce-144Pr source compared to reactor anomaly.
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NEUTRINO MASSES AND MIXING FROM A MINIMUM PRINCIPLE

Rodrigo Alonso

Department of Physics, University of California at San Diego, 9500 Gilman Drive,
La Jolla, CA 92093-0319, USA

We analyze the structure of quark and lepton mass matrices under the hypothesis that they
are determined from a minimum principle applied to a generic potential invariant under the
[U(3)]5⊗O(3) flavor symmetry, acting on Standard Model fermions and right-handed neutri-
nos. Unlike the quark case, we show that hierarchical masses for charged leptons are naturally
accompanied by degenerate Majorana neutrinos with one mixing angle close to maximal, a
second potentially large, a third one necessarily small, and one maximal relative Majorana
phase. The scheme presented here could be tested in the near future via neutrino-less double
beta decay and cosmological measurements.

1 Introduction

The Standard Model of particle physics has withstood every experimental check and has now
been confirmed in all of its fundamental aspects. The triumph of the Standard Model is also the
success of the gauge principle as a predictive, powerful and beautiful way of describing particle
interactions. The recent discovery of the Higgs particle brings the evidence of a new force of
range 1/mh and strength determined by fermion masses and mixings. As opposed to the three
gauge couplings of O(1), this force is described by at least 13 parameters ranging from O(1) to
O(10−6) and encoded in the Yukawa couplings. An explanation of this structure, explanation
which is absent in the Standard Model, will be the answer to what is known as the flavor puzzle.

The necessary extension of the Standard Model to account for massive neutrinos only adds
to this puzzle. Neutrinos are 6 orders of magnitude lighter than the lightest charged fermion,
and the mixing in the lepton sector is large as opposed to the small angles of the Cabibbo-
Kobayashi-Maskawa matrix.

This paper, a summary of the work in Ref. 1, explores the possibility of the spontaneous
breaking of a flavor symmetry as a natural explanation of the observed flavor structure of
elementary particles.

2 The flavor group

The gauge interactions of the Standard Model (SM) admit a large, global, flavor symmetry.
Matter fields in the SM are described by quark and lepton doublets, qL and `L, and by right-



handed singlets corresponding to up and down quarks and to electron-like leptons: UR, DR, ER.
With three quark and lepton generations, the flavor group is 2,3:

G0 = [U(3)]5 = U(3)q ⊗ U(3)U ⊗ U(3)D ⊗ U(3)` ⊗ U(3)E . (1)

Masses for the observed neutrinos can be generated with the see-saw mechanism, by intro-
ducing at least two generations of additional Majorana neutrinos, Ni. The latter are endowed
with a Majorana mass matrix with possibly large eigenvalues, and coupled to the lepton dou-
blets by Yukawa interactions. In analogy with the quark sector, here we assume three Majorana
generations. We also assume the maximal flavor symmetry acting on the Ni in the limit of
vanishing Yukawa couplings but non-vanishing Majorana masses, i.e. O(3). The flavor group
for this case is 4:

G = [U(3)]5 ⊗O(3) . (2)

The large flavor group in Eq. (2), of course, does not correspond to observed symmetries. In
the SM, global symmetries are explicitly broken by the Yukawa couplings of matter fields to the
SU(2)L scalar doublet. Explicitly the Yukawa interactions and neutrino mass terms read:

− LY = q̄LY DHDR + q̄LYUH̃UR + ¯̀
LYEHER + ¯̀

LYνH̃N + N̄ cM

2
N + h.c., (3)

where H is the scalar doublet and H̃ its charge conjugate. Note that the only subgroup of G
compatible with the above Lagrangian is baryon number, U(1)B, (hypercharge also acts in the
Higgs doublet, so its not strictly contained in G). For the quarks and charged leptons mass
matrices, we find:

MD = vYD , MU = vYU , ME = vYE , v = 〈0|H|0〉 . (4)

Integrating over the N fields and keeping the light fields only, one finds, to lowest order :

N̄ cM

2
N + ¯̀

LYνH̃N + h.c. −→ 1

2M
¯̀
LYνH̃H̃

TY T
ν `

C
L + h.c. (5)

which, upon spontaneous breaking of the gauge symmetry, gives the see-saw formula for the
light neutrino mass matrix:

mν =
v2

M
YνY T

ν . (6)

The G transformations on Y that make the Lagrangian formally invariant are as follows:

YU → UqYUUU , YD → UqYDUD , (7)

YE → U`YEUE , Yν → U`YνOT , (8)

with the U unitary and O real orthogonal, 3× 3 matrices.

The transformation properties of these coupling constants can be understood if they are
somehow the remnants of dynamical objects with actual transformation properties under the
symmetry. This is the option we will discuss in this paper, namely that the Yukawa couplings
are the vacuum expectation values of Yukawa fields, to be determined by a minimum principle
applied to some potential, V (Y ), invariant under the full flavor group G. In this case, one may
use group theoretical methods to identify the natural extrema and characterize the texture of
the resulting Yukawa matrices.

The simplest realization of the idea of a dynamical character for the Yukawa couplings is to
assume that

Y =
〈0|Φ|0〉

Λ
(9)



with Λ some high energy scale and Φ a set of scalar fields with transformation properties such
as to make invariant the effective Lagrangians and the potential V (Y ) under G. To avoid the
problem of unseen Goldstone bosons, G may be in fact a local gauge symmetry broken at the
scale Λ, with an appropriate Higgs mechanism, see e.g. Ref. 5.

The idea put forward here was considered as early as the sixties by N. Cabibbo, in the
attempt to determine theoretically the value of the Cabibbo angle, and group theoretical methods
were established in Refs. 6 and 7 to identify the natural extrema of the potential. We review
these ideas in the next section.

3 Natural extrema of an invariant potential

We summarize here the elements to identify the natural extrema of an invariant potential V (y),
that is those extrema that are less or not at all dependent from specific tuning of the coefficients
in the potential, compared to the generic extrema. We do not make any assumption about the
convergence of the expansion of the potential in powers of higher-dimensional invariants, as done
e.g. in Ref. 8,9.

The variables y are the field components, transforming as given representations of the invari-
ance group G. In order to be invariant, V (y) = V [Ii(y)], where Ii are the independent invariants
one can construct out of y. There are as many independent invariants, n, as physical (unaffected
by G transformations) parameters yj ; i, j = 1, .., n. The crucial point is that the y-space has no
boundary, while the manifold M, spanned by Ii(y), does have boundaries.

Consider a variation around a given point of the manifold M, this can be written as:

δIi(y) =
∑
j

∂Ii
∂yj

δyj ≡
∑
j

Jijδyj , (10)

where J is the Jacobian of the change of “coordinates”. For every point in y-space, infinitesimal
variations in all n directions are allowed since there is no boundary. In the bulk of the manifold
M, the columns of the Jacobian span a vector basis of dimension n and variations in all directions
are also allowed. However, for the points of M where the rank of the Jacobian, r, is less than
n there exit n − r directions in M space perpendicular to all columns of the Jacobian. This
directions are determined by the linear combinations of rows in J that adds to 0. For these
points variations in the aforementioned directions are not allowed: we have reached a boundary
of dimension r.

Boundaries are natural solutions for the minima of a potential since we have that the extrema
of V (y) are to be found by the variational principle:

δV =
∑
ij

∂V

∂Ii

∂Ii
∂yj

δyj =
∑
ij

∂V

∂Ii
Jijδyj = 0 . (11)

For arbitrary variations δyj one has a system of n equations. This set of equations is reduced
to n− r for an r-dimensional boundary. Note also that the boundaries are determined from the
Jacobian and completely independent of the potential.

Finally, it can be shown 6,7 that boundaries have associated unbroken subgroups of G of in-
creasing size for decreasing boundary dimension. In connection with the potential minimization,
two theorems will be of use in the following: i) V has always extrema on boundaries having as
unbroken subgroup a maximal subgroup (a subgroup that can be included only in the full group
G 6); ii) extrema of V with respect to the points of a given boundary are extrema of V (y) 7.

4 Quarks in three families

The counting of parameters in the quark sector goes as follows: 9 complex parameters for
each of the Yukawa matrices, YU and YD, minus the dimension of the group acting on them,



dim(SU(3)3 × U(1)2) = 26; that is a total of 10 parameters. Note that baryon number leaves
the Yukawa couplings intact. These 10 parameters are no other than the 6 quark masses and 4
mixing parameters in UCKM . The invariants can be classified in two types: unmixed invariants,

IU1 = Tr(YUY
†
U ) , IU2 = Tr[(YUY

†
U )2] , IU3 = Tr[(YUY

†
U )3] , (12)

and the same for YDY
†
D. The other type comprises the 4 “mixed” invariants:

IU,D = Tr(YUY
†
UYDY

†
D) , IU2,D = Tr[(YUY

†
U )2YDY

†
D) ,

IU,D2 = Tr[YUY
†
U (YDY

†
D)2] , I(UD)2 = Tr[(YUY

†
UYDY

†
D)2] .

(13)

Any other invariant can be expressed in terms of these via the Cayley-Hamilton formula 10.
Computing the determinant is straightforward and we refer to 14 for details, but here we will

use an alternative argument to determine the boundaries.
Unmixed invariants produce extrema corresponding to degenerate or hierarchical patterns

as in the chiral case illustrated in Ref. 7. Mixed invariants involve the CKM matrix U , e.g.:

IU,D = Tr(YUY
†
UYDY

†
D) ∝

∑
ij

UijU
∗
ij(m

2
U )i(m

2
D)j . (14)

Extremizing this invariant with respect to the unitary matrix, by the so-called Birkhoff-Von
Neumann theorem13, yields UCKM as a permutation matrix, i.e. a matrix with a 1 and all other
null elements in each row, the 1 being in different columns. Thus, permutation matrices provide
us the singular points on the boundary of the domain, without having to compute the rank of
the determinant. The upshot is that, after a relabeling of the down quark coupled to each up
quark, we end up with UCKM = 1.

In the limit of vanishing masses for the first two generations, this solution corresponds to the
little group U(2)q⊗U(2)U⊗U(2)D⊗U(1)2 that is a maximal subgroup of U(3)q⊗U(3)U⊗U(3)D.

5 Leptons in three families

For leptons, we need 15 invariants (dim(YE , Yν) − dim(U(3)2 × O(3)) = 36 − 21). We may
construct unmixed and mixed invariants, as in the quark case. We choose the unmixed ones as:

Unmixed,E : IE1 = Tr(YEY
†
E) , IE2 = Tr[(YEY

†
E)2] , IE3 = Tr[(YEY

†
E)3] , (15)

and three similar ones (Iν1−3) using Yν . The first type of mixed invariants, completely analogous
to the quark case, are:

Mixed, type 1 :
Iν,E = Tr(YνY

†
ν YEY

†
E) , Iν2,E = Tr[(YνY

†
ν )2YEY

†
E ] ,

Iν,E2 = Tr[YνY
†
ν (YEY

†
E)2] , I(νE)2 = Tr[(YνY

†
ν YEY

†
E)2] .

(16)

New invariants arise with respect to the quark case as the number of parameters has increased:

Mixed, type 2 :
Jσ1 = Tr(Y †ν YνY

T
ν Y

∗
ν ) , Jσ2 = Tr[(Y †ν Yν)2Y T

ν Y
∗
ν ] ,

Jσ3 = Tr[(Y †ν YνY
T
ν Y

∗
ν )2] .

(17)

Finally, we add two invariants:

Mixed, type 3 :
ILR = Tr

[
YνY T

ν Y ∗ν Y †ν YEY †E

]
,

IRL = Tr
[
YνY T

ν Y ∗EY T
E Y ∗ν Y †ν YEY †E

]
.

(18)

Let us introduce the bi-unitary parametrization for the neutrino Yukawa, Yν = ULyUR, with
y = diag(y1, y2, y3) and UL,R unitary. The impact of the mixed operators can then be simplified
and discussed in terms of the different types.



Type 1 invariants depend on UL but not UR, and the minimization of the former yields a
permutation matrix in analogy with UCKM but with the important difference that UL is not the
lepton mixing matrix. Type 2 invariants conversely only depend on UR; for example, invariant
Jσ1 reads:

Jσ1 = Tr(Y †ν YνY
T
ν Y

∗
ν ) =

∑
ij

(URU
T
R )ij(U

∗
RU
†
R)ijy

2
i y

2
j . (19)

Direct comparison with Eq. (14) reveals that URU
T
R is now a permutation matrix when extrem-

ized. To extract the consequences of this result we shall look at the neutrino mass matrix. First,
we use the freedom in the neutrino labeling to set UL = 1 in the basis where charged leptons are
ordered according to: YE = diag (ye, yµ, yτ ). Using the expression in Eq.(6), assuming degener-
ate eigenvalues for Yν for reasons given below, and taking one of the possible permutations for
URU

T
R leads to:

mν =
v2

M
YνY

T
ν =

v2

M
yURU

T
R y =

y2v2

M

 1 0 0
0 0 1
0 1 0

 . (20)

From the second identity in Eq. (20) we find that the absolute values of neutrino masses are
degenerate and equal to y2v2/M whereas the mixing matrix is:

U
(0)
PMNS =

 1 0 0

0 1/
√

2 1/
√

2

0 −1/
√

2 1/
√

2

 , Ω = diag(1, 1, i) , (21)

where Ω is the diagonal matrix of Majorana phases. One may fear that the degeneracy of neu-
trino masses makes the mixing matrix unphysical. This is certainly true at this stage for the
first two mass eigenstates, but not for their mixing with the third; there is a relative maximal
Majorana phase between them that makes them physically distinct. The maximal angle appear-
ing in Eq. (21) is therefore physical and can be taken as the atmospheric angle, experimentally
determined to be close to maximal.

This striking difference with quarks arose in spite of treating quark and leptons in the same
symmetry footing and it is a promising starting point. From an algebraic point of view, one
can say that this method predicts at first order that the quark mixing matrix is a permutation
matrix whereas the lepton mixing matrix is the “square root” of a permutation matrix.

The choice of degeneracy for the diagonal entries in Yν and therefore neutrino masses is not
chosen here for simplicity but for necessity. For arbitrary entries in y, the first two neutrino
eigenstates are not degenerate; this would make their relative angle in Eq. (21) physical and
equal to 0. The angle in the 1-2 sector is the solar angle and it is very far from vanishing.

We are therefore forced to degenerate neutrinos if we want to explain the mixing pattern.
The reason why one can do this is that, at first order for degenerate eigenstates, the solar
angle is unphysical and a “flat” direction. Perturbations in the neutrino mass matrix can then
introduce both a split in neutrino masses and a large solar angle. Let us show this explicitly
with selected perturbations in the neutrino mass matrix, for the general scenario we refer to the
original work 1:

mν =
v2y

M

 1 + σ ε ε
ε 0 1
ε 1 0

 , (22)

with ε, σ � 1 and real. A simple calculation leads to

UPMNS =


cos θ12 − sin θ12 0

sin θ12√
2

cos θ12√
2

− 1√
2

sin θ12√
2

cos θ12√
2

+
1√
2

 , tan(2θ12) = 2
√

2ε/σ , (23)



and the induced mass splinting between the first two eigenstates is 2
√

2y2v2ε/(sin(2θ12)M). A
large θ12 follows from its expression as a ratio of perturbations which need not be small.

For general perturbations the PMNS matrix features a generically large θ12 (that we cannot
compute in absence of firm predictions for the values of ε and σ, but that does not goes to
zero in the limit of vanishing perturbations), θ23 close to π/4, and θ13 generically small. The
spectrum is almost degenerate, with normal or inverted hierarchy according to the signs of the
perturbations, and mass splittings not correlated to the mixing matrix. Nonetheless, assuming
that the perturbations that cause the mass splitting are of the same order as those generating
θ13, one can estimate a lightest neutrino mass of 0.1 eV. This size is within reach of the next
generation of 0νν double beta decay experiments 11, and possibly of cosmological measurements
12. Note also that the size of the perturbations is not far from what could be deduced from the
charged lepton spectrum, treating mµ/mτ ≈ 0.06 as estimate of the sub-leading terms.

6 Conclusions and outlook

We have assumed that the structure of quark and lepton mass matrices derives from a minimum
principle, with the maximal flavor symmetry [U(3)]5⊗O(3) and a minimal breaking due to the
vevs of fields transforming like the Yukawa couplings. For leptons we find a natural solution cor-
relating large mixing angles and degenerate neutrinos. This solution generalizes to three familes
and arbitrary invariant potential the results found in Ref. 8,9. Subject to small perturbations,
the solution can reproduce the observed pattern of neutrino masses and mixing angles. Our
considerations lead to a value of the common neutrino mass that is within reach of the next
generation of neutrinoless double beta decay experiments.
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Neutrino-nucleus cross section measurements at MINERνA

Philip Rodrigues

Bausch and Lomb Building, University of Rochester, Rochester, NY 14627 USA

Measurements of neutrino-nucleus cross sections from the MINERνA experiment at Fermilab
are presented. These cross section measurements constrain major signal and background
processes that are important for neutrino oscillation experiments, such as T2K. In charged-
current quasielastic scattering, deviations from the prediction of a Relativistic Fermi Gas
model are found, and predictions of alternative models are compared with data. In charged-
current charged pion production, agreement between data and the simulated shape of the pion
kinematic cross sections is shown.

1 Introduction

A precise and accurate understanding of neutrino-nucleus interactions is vital to the success of
the current and future neutrino oscillation program worldwide. Neutrino oscillation experiments
aim to infer the oscillation probability P (να → νβ) as a function of neutrino energy by observing
the number of neutrinos of flavour νβ in a beam initially of flavour να. This oscillation probability
is a function of neutrino energy, but neutrino beams contain neutrinos of a range of energies. The
neutrino energy must therefore be inferred on an event-by-event basis based on the final-state
particles observed in the detector. Correctly modelling the relationship between neutrino energy
and the particles produced in neutrino-nucleus interactions is thus of paramount importance.

Figure 1 shows an example of recent neutrino oscillation results presented at this conference1

from the T2K experiment. They measure the oscillation probability P (νµ → νµ) by identifying
a sample of νµ interactions in Super-Kamiokande, which acts as their far detector. The number
of νµ events is reduced relative to the expectation based on measurements in their near detector,
demonstrating that the νµ have oscillated into other flavours. The figure shows the breakdown
of events into several interaction categories, according to the Monte Carlo. Correctly inferring
the oscillation probability P (νµ → νµ) from this event sample requires understanding the overall
rate, and the relation between neutrino energy and final state particles, for each of the interaction
types present in the sample. The major goal of the MINERνA experiment is to measure cross
sections relevant for neutrino oscillation studies, and I will show two such results in which
MINERνA is contributing to our knowledge of these important processes.

2 The MINERνA experiment

The MINERνA experiment at Fermilab is dedicated to improving our understanding of these
interactions in the few-GeV neutrino energy range. The MINERνA detector is located in the
NuMI beamline, as used by the MINOS and NOνA experiments, which is a conventional neu-
trino beam: 120 GeV protons strike a graphite target, producing secondary particles which are
focussed by two magnetic horns and allowed to decay in a 675 m-long helium-filled volume. A
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Figure 1 – The muon neutrino energy spectrum observed in the Super-Kamiokande detector by the T2K experi-
ment. The abscissa is the neutrino energy reconstructed by assuming quasi-elastic event kinematics. The bottom
panel shows the ratio of observed events to the number expected in the absence of neutrino oscillations.

beam dump, along with 300 m of rock, absorbs the remaining charged particles, leaving a beam
of neutrinos, which is more than 95% νµ, with a small contamination from νe.

By varying the relative positions of target and horns, and altering the horn current, the
beamline can be configured to produce a neutrino beam of various energies, or to produce a ν̄µ-
enhanced beam. For the results shown here, the beamline was configured to produce a neutrino
beam of peak energy 3.5 GeV, with data taken in both neutrino and antineutrino modes. Since
September 2013, the NuMI beam has been running in so-called “medium energy” mode, with a
peak neutrino energy of 6 GeV. Current uncertainties on the NuMI flux are at the level of 15%
or greater, which motivates the study of quantities that have minimal dependence on the flux,
such as shape-only comparisons of differential cross sections.

The MINERνA detector consists of triangular plastic scintillator bars with base 34 mm and
height 17 mm, read out by embedded wavelength shifting fibres attached to multi-anode PMTs,
and arranged in planes perpendicular to the beam direction. The direction of the bars in the
planes alternates between 0◦, +60◦, and −60◦ to the vertical, providing unambiguous three-
dimensional event reconstruction when information from the planes is combined. In the tracker
region, used as the fiducial region for the results presented here, the detector is totally active,
while the downstream end of the detector has a region with lead between the scintillator planes
for electromagnetic calorimetry, followed by a region with steel interspersed between the planes
for hadronic calorimetry. Upstream of the tracker region are planes of passive nuclear targets, a
water target, and a cryogenic helium target, which allow measurement of neutrino cross sections
on a range of materials. Downstream of the MINERνA detector is the magnetized MINOS near
detector, which acts as a spectrometer for muons exiting MINERνA.

3 Charged-current quasielastic analysis

The charged-current quasielastic (CCQE) process νµ + n → µ− + p (ν̄µ + p → µ+ + n for
antineutrinos) is the simplest charged-current interaction of a neutrino with a nucleon. The
process was studied in detail by bubble chamber experiments, which characterized the process
in terms of its dependence on the Lorentz invariant Q2, the square of the four-momentum
transferred to the nucleon, finding consistent results between experiments for the shape of the
differential cross section dσ

dQ2 . An example is shown in Figure 2, with data from a bubble chamber

at ANL 2.

In neutrino oscillation experiments, the quasielastic process is important as the the two-body
kinematics allow the neutrino energy to be reconstructed from the lepton kinematics alone, when
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of the nucleus. There is a clear disagreement both in shape and in normalization between the data and the
prediction.

the initial neutrino direction is known. In T2K, for example, CCQE interactions are used as the
main signal process (as shown in Fig 1) for exactly this reason, since final-state nucleons from
neutrino interactions are typically below Čerenkov threshold. Modelling the CCQE process for
oscillation experiments, based on the bubble chamber results for scattering off a single nucleon,
requires the addition of a model of the nucleus. The models that have been used in Monte Carlo
event generators for oscillation experiments so far model the nucleus as a Relativistic Fermi Gas
(RFG), taking each nucleon to be quasi-independent in a mean field.

Comparisons of this model with CCQE data from the MiniBooNE experiment 3 show dis-
agreements both in the overall cross section and the shape of dσ

dQ2 , as shown in Figure 2, which
have been the subject of copious theoretical study, mostly concentrating on nuclear effects, which
are known from electron scattering experiments to be poorly modelled by the RFG. A common
feature of theoretical models of CCQE scattering in MiniBooNE is the addition of multinucleon
effects, such as the formation of tightly-bound pairs of high-momentum nucleons, which the
neutrino can scatter off. These models, though qualitatively similar, make quantitatively differ-
ent predictions, and a key aim of the MINERνA CCQE measurement is to distinguish between
available models.

The MINERνA CCQE analysis 5,6 begins by selecting samples of CCQE events in neutrino
and antineutrino mode data. In both cases, the characteristic of the signal is a muon of the
correct charge, and minimal extra energy from the recoiling hadronic system. We require a
reconstructed neutrino interaction vertex in the fiducial volume of the tracker region, with a
muon matched to a track in MINOS of the correct charge, and that there be few isolated
shower-like energy deposits. We define a recoil energy region, which includes the tracker and
ECal regions of the detector, and excludes the region close to the neutrino interaction vertex.
The energy in this recoil region is summed calorimetrically, and we define a cut on this recoil
energy as a function of reconstructed Q2. These cuts provide event samples with purities of 47%
in neutrino mode and 77% in antineutrino mode, according to the simulation. The background
is constrained by a fit to a high recoil energy sideband, and subtracted. Unfolding to true
quantities and dividing by efficiency, acceptance, flux and number of targets, leads to a flux-
integrated differential cross section in Q2.

Figure 3 shows comparisons between our cross section results and the predictions of some
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Figure 3 – Differential cross sections in MINERνA CCQE, shown as area-normalized ratios to the prediction of the
GENIE generator on a logarithmic abscissa. Neutrino-mode data are shown on the left, and antineutrino-mode
data are shown on the right.

available models. Each prediction is scaled to the integral of the data, and divided by the
prediction from GENIE, our default Monte Carlo. A clear discrepancy is seen between the
MINERνA data and the GENIE prediction, corroborating the MiniBooNE result that the RFG
model is insufficient to describe CCQE scattering on carbon. Two other models are of particular
interest: the “NuWro RFG MA = 1.35” (green line) is a model in which the nuclear dynamics
are modelled by the simple RFG, but the axial form factor of the nucleon is modified in a way
which MiniBooNE found gave good agreement with their data. It is clear that this model is
disfavoured by the MINERνA data. Better agreement is seen with the “NuWro RFG MA = 0.99
+ TEM” (dashed red line), which is the prediction of the transverse enhancement model, an
empirical model of multinucleon effects based on a fit to electron scattering data, which has
been shown to also give good agreement with the MiniBooNE data.

A second measurable in the MINERνA CCQE analysis is the energy near the interaction
vertex, in the region which was excluded from the calculation of recoil energy. A qualitative
expectation from multinucleon models invoked to explain the MiniBooNE data is that a second
nucleon involved in the scattering process may be ejected from the nucleus, and this second
nucleon may be visible in the MINERνA detector. Figure 4 shows the distribution of total
energy in the vertex region in neutrino and antineutrino modes, showing an excess of energy in
data over the MC expectation in neutrino mode, but no such excess in antineutrino mode. This
pattern would be expected in scattering from correlated np pairs, which would become pp in the
final state in neutrino mode, but nn in antineutrino mode, the latter usually leaving no visible
energy in the detector.

4 Charged-current charged pion production

A second important scattering process for neutrino oscillation experiments is single charged
pion production, which can fake CCQE when the pion is not detected, either because the pion
is below a detection threshold, or because the pion is absorbed in the nucleus after production.
In the T2K νµ analysis shown in Figure 1, the “CC non-QE” component is largely composed of
single pion production events.

Precise modelling of this process depends on precise knowledge of the cross section for the
neutrino-nucleon process, and on modelling of the strong interactions of the pion as it leaves the
nucleus (“final state interactions” or FSI), which can change both the kinematics and identity
of the final-state particles. The understanding of both of these components has been called into
question by results from the MiniBooNE experiment 4, in which measurements of the charged-
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Figure 5 – MINERνA differential cross sections for charged-current single charged pion production in pion kinetic
energy (left) and pion angle with respect to the beam (right). Overall, reasonable agreement between the data
and predictions is seen.

current single charged pion production cross section disagree with models used in oscillation
experiments both in overall normalization, and in the shape of the pion energy spectrum, which
is sensitive to the presence and strength of FSI.

To select charged-current events with a single charged pion, we require a negatively-charged
muon matched to MINOS and a second track with energy deposit compatible with a pion
stopping in the detector. The hadronic recoil energy is reconstructed by summing the non-muon
energy in the detector, and added to the muon energy to reconstruct the neutrino energy, which
is required to be below 10 GeV. A cut on the reconstructed hadronic invariant mass, W <
1.4 GeV, produces a sample with similar kinematic coverage to the MiniBooNE measurement,
and vetoes high-multiplicity events. The resulting sample contains 3474 pion candidates. The
most significant background is feed-down from events with W > 1.4 GeV, which is constrained
with data in a fit to the W distribution.

Figure 5 shows the measured differential cross sections in pion angle and kinetic energy,
compared to the shapes of several available models. The models have fair agreement with the
data, except for the “GENIE 2.6.2 No FSI” and “Athar” models, which have no, or limited
treatment of final state interactions.



5 Conclusions

The MINERνA experiment is making important progress in understanding and constraining the
neutrino-nucleus cross sections that are important to neutrino oscillation experiments. In the
case of charged-current quasielastic scattering, we find, as MiniBooNE did, that the RFG model
is insufficient to describe neutrino scattering on carbon, and are able to discriminate between
models proposed to explain the MiniBooNE result. For charged-current charged pion production,
in contrast, we find reasonable agreement between our data and the models used in oscillation
experiments. These results have the potential to lead to reduced systematic uncertainties in
measurements of neutrino oscillations.
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Search for Neutrinoless Double-β Decay of 100Mo and latest Double-β decay
measurements using the final NEMO-3 dataset

S.Torre on behalf of the NEMO Collaboration
University College London, London WC1E 6BT, United Kingdom

The NEMO-3 detector, installed in the Laboratoire Souterraine de Modane, ran between
February 2003 and January 2011. The NEMO-3 experiment employed a tracker and calorime-
ter detector technology to fully reconstruct the topology of the events generated in thin foils
of active material. Thanks to its unique design, NEMO-3 studied the details of the Double-β
decay in seven isotopes (100Mo, 82Se, 116Cd, 150Nd, 96Zr, 48Ca and 130Te). We searched for
neutrinoless Double-β (0νββ) decay of 100Mo, the largest sample of NEMO-3, using the com-
plete set of collected data. With an exposure of 34.7 kg ·y, no evidence for the 0νββ signal has
been found, yielding the best limit for the light Majorana neutrino mass, 〈mν〉, mechanism
in this isotope. Taking into account nuclear model uncertainties this result is in the same
sensitivity range as recently reported constraints on 〈mν〉 for the isotopes of 136Xe and 76Ge.
The same dataset is used to constrain other lepton number violating mechanisms of the 0νββ
decay. In particular the most stringent constraints so far have been obtained for right-left
symmetry and SUSY models. We describe this measurement together with the latest results
obtained with all other isotopes.

1 Introduction

Neutrinoless Double-β decay (0νββ) is a process of fundamental importance for particle physics.
In this process two neutrons in the nucleus undergo simultaneous β-decay (ββ) without emitting
neutrinos, hence violating the conservation of lepton number. This process is predicted in several
extensions of the Standard Model that allow the lepton number violation. Observation of 0νββ
will also prove that neutrinos are Majorana particles and if dominated by the exchange of a
light Majorana neutrino between the two neutrons, the measurement of its rate will allow to
determine the absolute neutrino mass scale. In general several mechanisms can contribute to the
decay 1 and their knowledge is limited by large uncertainty on the structure of the nucleus 2. It
is possible to disentangle the different contributions by measuring the process in several isotopes
and exploit the kinematical information of the electrons in the final state.

The NEMO-3 employed a unique design in which the isotope is concentrated in thin foils
surrounded by a tracking detector and high resolution calorimeter. Measurement from the two
detectors allow the full reconstruction of the event topology. The NEMO-3 experiment has
been taking data from February 2003 and January 2011. The recorded data have been used



Table 1: Measurement of the half-life of Double-β decay of different isotopes using the NEMO-3 detector. For
each isotope we report the active mass of enriched material, the Q-value of the decay, the measured signal over
background and half-life.

Isotope Qββ [keV] Mass (g) S/B T1/2
[
1019 years

]
130Te 2533 454 0.5 70± 14 5

116Cd 2809 405 10 2.8± 0.3
82Se 2996 932 4 9.6± 1.0 6

100Mo 3034 6914 80 0.71± 0.05 6

96Zr 3350 9.4 1 2.35± 0.21 7

150Nd 3367 37 2.7 0.91± 0.07 8

48Ca 4271 7 6.8 4.4± 0.6

to investigate the properties of the Double-β decay and search for evidence of 0νββ in seven
isotopes: 100Mo, 82Se, 116Cd, 150Nd, 96Zr, 48Ca and 130Te. These proceedings are organised as
follows: in section 2 we present a description of the main characteristics of the NEMO-3 detector
and present a summary of the measurements of the half-life of the 2νββ decays; in section 3 we
describe the search for 0νββ decay of 100Mo, the largest sample in NEMO-3; in section 4 we
present the study of the decay of 100Mo into excited states of 100Ru.

2 The NEMO-3 experiment

The NEMO-3 detector3 was installed in the Modane underground laboratory under a rock over-
burden of 4800 m.w.e. The detector is organized in 20 sectors arranged in a cylindrical geometry
containing thin (40 − 60 mg/cm2) source foils of ββ emitters, for a total of 9 kg of seven dif-
ferent isotopes. The foils are suspended between two concentric cylindrical tracking volumes
consisting of 6180 drift cells operating in the Geiger mode. The tracking detector is surrounded
by a calorimeter made of large blocks of plastic scintillator (1940 blocks in total) coupled to
low radioactivity 3 in and 5 in diameter photomultiplier tubes. The tracking detector immersed
in a magnetic field is used to identify electron tracks and can measure the time of any de-
layed tracks up to 700µs after the initial event. This is used to tag electron-alpha (e-α) events
from the 214Bi − 214Po cascade. In addition to the electron and photon identification through
tracking and calorimetry, the calorimeter measures the energy and the arrival time of these
particles. For 1 MeV electrons the timing resolution is 250 ps (1σ) while the energy resolution
is FWHM = [14− 17] %/

√
E(MeV). A solenoid surrounding the detector produces a 25 G mag-

netic field to reject pair production and external electron events. The detector is shielded from
external gamma ray background by 18 cm of low activity iron and 30 cm of water with boric
acid to suppress the neutron flux. A radon trapping facility was installed at the LSM in au-
tumn 2004. The data taken by NEMO-3 are subdivided into two data sets hereafter referred to
as phase 1 (February 2003 - November 2004) and phase 2 (December 2004 - December 2010),
respectively.

Twenty calibration tubes located in each sector near the source foils are used to introduce
up to 60 radioactive sources (207Bi, 232U). The calorimeter absolute energy scale was calibrated
every 3 weeks with 207Bi sources which provide internal conversion electrons of 482 and 976 keV.
The linearity of the PMTs was verified in a dedicated light injection test during the construction
phase and deviation was found to be less than 1% in the energy range [0-4] MeV. The 1682 keV
internal conversion electron peak of 207Bi is used to determine the systematic uncertainty on
the energy scale: the data-Monte Carlo disagreement in reconstructing the peak position is less
than 0.2%. For 99% of the PMTs the energy scale is known with an inaccuracy lower than 2%.
Only these PMTs are used in the analyses. The relative gain and time variation of individual
PMTs is surveyed twice a day by a light injection system; PMTs that show a gain variation of



(MeV)MIN E
0.5 1 1.5 2 2.5 3

 E
v
e
n

ts
 /
 0

.0
7
5
 M

e
V

0

500

1000

1500

2000

2500

Data    27051 Evts

Mo
100
 ββν2

Natural Radioactive

Backgrounds

Mo  7 kg, 5 y100NEMO3  

)Θ cos(
1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1

 E
v
e
n

ts

0

500

1000

1500

2000

2500

3000

3500
Data    27051 Evts

Mo
100
 ββν2

Natural Radioactive

Backgrounds

Mo  7 kg, 5 y100NEMO3  

Figure 1 – Distribution of the energy of the least energetic electron (left) and cosine of the angle between the
two electrons at the vertex (right). The distribution is for ETOT > 2 MeV and is obtained with an exposure
of 34.7 kg · y. The solid histogram represent the expected spectrum consisting of 2νββ decays and radioactive
backgrounds determined by Monte Carlo simulations.

more than 5% compared to a linear interpolation between two successive absolute calibrations
with 207Bi are rejected from the analysis.

When searching for rare processes, the background estimation is of paramount importance.
An exhaustive program has been carried out to measure the backgrounds in the NEMO-3 de-
tector 4. The different background contributions are estimated exploiting the reconstruction
capabilities of the NEMO-3 detector to identify e−, e+, γ and α particles. The backgrounds are
classified depending on their location in the detector: the external backgrounds, including all
radioactive sources outside the tracking volume; the radon distributed in gas and deposited on
the wires of the tracker; the internal backgrounds due to radioactive impurities inside the source
foils, mainly due to 40K, 234mPa, 210Bi, 214Bi and 208Tl.

The unique design of the NEMO-3 experiment has allowed it to perform high precision
measurement of the rate of the Double-β decay with neutrinos (2νββ) in several isotopes. In
table 1 the measured half-lives are summarized: these measurements are the best to date on
these isotopes.

The knowledge of 2νββ is important as it constitutes the main background for 0νββ. The
measured rates help to constrain the nuclear models and nuclear matrix elements calculations,
hence reducing the uncertainty on the value of the lepton violation parameter.

3 Search for 0νββ of 100Mo

The final dataset collected by the NEMO-3 experiment has been analysed to search for evidence
of 0νββ 9. Two-electron events were selected with the following requirements. Two tracks with
a length greater than 50 cm and an electron-like curvature must be reconstructed. Both tracks
are required to originate from a common reconstructed vertex in the 100Mo source. The tracks
terminate in isolated scintillator blocks with a single energy deposit greater than 0.2 MeV. A
time of flight criterion requires that the two electrons should be emitted from the source foil.
There must be no photons or delayed tracks present in the event.

The contribution of radioactive backgrounds has been estimated in dedicated studies4, while
the background from 2νββ decay is found by fitting the energy sum distribution of two electrons
using the shape of the 2νββ spectrum. Figure 1 shows the distribution of the minimum energy of
the electrons and angle between the two tracks at the vertex. Figure 2 shows for ETOT > 2 MeV
the spectra of the 2e− energy sum. All distributions show a good agreement between the data
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Figure 2 – Distribution of the two-electron energy sum, ETOT and the ratio between the observed and expected
distributions from Monte Carlo simulations. The distribution is for ETOT > 2 MeV and is obtained with an
exposure of 34.7 kg · y. The solid histogram represent the expected spectrum consisting of 2νββ decays and
radioactive backgrounds determined by Monte Carlo simulations. The dashed histogram represents a hypothetical
0νββ signal corresponding to a half-life of 1.1× 1024 y.

Table 2: Limits at 90%C.L. on the half-lives and lepton number violating parameters 9. f =
(

Mq̃

TeV

)(
Mg̃

TeV

)
and Mq̃ and Mg̃ represent the squark and the gluino masses.

0νββ Process
Limit Expected (±1σ range) Lepton Number Violating
1024 y 1024 y Parameter

Mass Mechanism (〈mν〉) 1.1 1.0 [0.7− 1.4] 0.33− 0.87 eV

SUSY (λ
′
111) 1.1 1.0 [0.7− 1.4] (4.4− 6.0)× 10−2f

RH current (〈λ〉) 0.6 0.5 [0.4− 0.8] (0.9− 1.3)× 10−6

RH current (〈η〉) 1.0 0.9 [0.6− 1.3] (0.5− 0.8)× 10−8

Majoron (〈gee〉) 0.044 0.039 [0.0.27− 0.059] (2− 5)× 10−5

and MC and have been obtained using the shape of the 2νββ spectrum predicted by the Single
State Dominance model. The number of 2νββ events obtained by the fit corresponds to a 100Mo
half-life of T1/2(2νββ) = [6.93± 0.04(stat)]× 1018 y, in agreement with the previously published
results 6.

Figure 2 shows the tail of the ETOT distribution in the energy and the detail of the energy
window ETOT = [2.8 − 3.2] MeV around the Qββ-value of 100Mo 0νββ decay. After 34.7 kg · y
in this window we observe 15 events in the data, with an 18.0 ± 0.6 events expected from MC
simulation. The 0νββ detection efficiency in this window is found to be 4.7%.

As no event excess is observed in the data above the background expectation, a limit on the
0νββ decay of 100Mo is set using a modified frequentist analysis that employs log-likelyhood ratio
test statistics 10. The method uses the full information of the binned energy sum distribution
for signal and background (Figure 2), as well as the statistical and systematic uncertainties
and their correlations. We use this dataset to set limits on different lepton number violating
processes. In table 2 we summarize the limits on the half-lives and lepton number violating
parameters obtained using up to date NME calculations 9. The limit on the effective Majorana
mass is twice more stringent than the previous best limit for this isotope 6 and is within the
range constrained by other isotopes as shown in table 3, where we have used consistent Nuclear
Matrix Element and phase space calculations to derive the 〈mν〉 9. The limits on the other



Table 3: Limits at 90% C.L. on the half-lives and neutrino mass for different ββ isotopes. The constraints on
〈mν〉 are calculated using a consistent set of nuclear matrix element and phase space calculations 9.

Isotope
Exposure Half-life 〈mν〉
(kg · y) (1025 y) (eV)

100Mo 9 34.7 0.11 0.33− 0.87
130Te 11 19.75 0.3 0.31− 0.71
136Xe 12 89.5 1.9 0.14− 0.34
136Xe 13 99.8 1.1 0.19− 0.45
76Ge 14 21.6 2.1 0.26− 0.62

lepton violating parameters are the most stringent to date.

Results in table 3 provide also an interesting comparison between the technical approaches
taken in the study of the different isotopes. In particular NEMO-3 can overcome the limits posed
by the limited exposure and reconstruction efficiency by achieving unique background rejection
capabilities. No events are observed (and none expected) in the region of ETOT = [3.2−10] MeV
for NEMO-3 sources containing isotopes with Qββ-value below 3.2 MeV or without ββ emitter
isotopes during the entire running period, which corresponds to an exposure of 47 kg · y.

4 Investigation of Double-β decay of 100Mo to excited states of 100Ru

The ββ decay can proceed through transition to the ground state as well as to various excited
states of the daughter nucleus. Studies of the latter transitions allow one to obtain supplementary
information about ββ decay and test Nuclear Matrix Elements calculations. Because of the
smaller transition energies, the probabilities for ββ decay to excited states are substantially
suppressed in comparison with transition to the ground state.

The 0νββ transition to excited states of daughter nuclei provides a unique signature: in
addition to two electrons with the fixed total energy, one (0+ → 2+1 transition) or two (0+ → 0+1
transition) photons appear, with their energies being strictly fixed. In a hypothetical experiment
detecting all decay products with a high efficiency and a high energy resolution, the background
can be reduced to nearly zero.

Using NEMO-3 data we observed the decay of 100Mo to the excited state 0+1 of 100Ru. The
half-life is 5.7+1.3

−0.9 (stat)± 0.8 (syst)× 1020 y 16. No evidence was found of the decays to 2+1 state
and limits on its rate were set 16.

After the decommissioning of NEMO-3 we studied the decay of 100Mo to excited states of
100Ru in 2588 g of 97.5 % enriched metallic 100Mo. The foils have been analyzed using a 600 cm3

low-background HPGe detector 17. To increase the accuracy of the efficiency calculations special
calibration measurements using radioactive sources with well-known activity (238U, 152Eu and
138La) have been carried out.

Figure 3 shows the energy spectrum in the range of interest obtained after 2288 h of data
taking. The decay to the 0+1 excited state is accompanied by two γ-rays with energy of 539.5 keV
and 590.8 keV. These two lines are clearly visible in Figure 3 and contain 129± 14 and 110± 13
events, respectively. The two peaks contain a total of 239±19 events, corresponding to a half-life
of 100Mo to the first 0+ excited state 100Ru of 7.5±0.6 (stat)±0.6 (syst)×1020 y. This is the most
precise value yet obtained for this transition and is in agreement with previous measurements.

The decay to the 2+1 excited state is accompanied by the 539.5 keV γ-line. The decay to
the 0+1 excited state contribute to the same line: its contribution to the line was estimated to
be 112± 13 (using the observed number of events in the 590.8 keV peak region and taking into
account the difference in the efficiency). The excess of 17± 19 counts indicates that there is no
signal and we derive a limit on the half-life of T1/2 > 2.5 · 1021 y.
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Figure 3 – Energy spectrum from enriched Mo in the range [500 − 640] keV. The dashed line is the estimated
continuous background and colored lines are the fitted peaks at 539.5 and 590.8 keV.

5 Conclusions

The NEMO-3 experiment has successfully completed operations. The data collected has been
used to study in detail the properties of the Double-β decay with neutrinos and search for
evidence of the neutrinoless decay in seven isotopes. The unique capability of the detector to
reconstruct the full topology of the event and measure the properties of all particles in it has
been exploited to achieve excellent background rejection, measure the half-life of the 2νββ decay
of seven isotopes and produce the best limit on the half-life of the 0νββ decay of 100Mo. Using
the foils employed by NEMO-3 we have also performed the most precise measurement of the
decay of 100Mo into excited states of 100Ru.
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The GERDA Experiment and the Search for Neutrinoless Double Beta Decay

Björn Lehnert on behalf of the Gerda Collaboration
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The Gerda experiment (GERmanium Detector Array) investigates the neutrinoless double
beta decay in 76Ge and is among the leading experiments in the field. The experiment is
planned in two phases; the data taking of Phase I ended last summer after 21.6 kg ·yr exposure
with a background level of 1·10−2 cts/(kg · yr · keV) after pulse shape discrimination. A lower
half-life limit of T 0ν

1/2 > 2.1·1025 yr (90 % C.L.) was established. The transition to Phase II
with major upgrades and additional target mass is currently ongoing. The goal for Phase II
is a background level of 10−3 cts/(kg · yr · keV). With an exposure of 100 kg · yr a sensitivity
for a lower half-life limit of 1.4·1026 yr can be reached. This paper will introduce the Gerda
experiment with a focus on the recent results of Phase I data along with their implications
with respect to the controversial claim of 0νββ observation by a subgroup of the Heidelberg-
Moscow experiment.

1 Introduction

Double beta decay is a second order weak nuclear decay that can occur in specific configurations where
two consecutive single beta decays are energetically forbidden or otherwise strongly suppressed. There
are 35 candidate isotopes for double beta minus decay. The two neutrino double beta decay (2νββ) is
a Standard Model process and has been observed in 11 of these isotopes1,2. The final state particles of
the 2νββ are two neutrinos and two electrons sharing the decay energy. The experimental signature
is the sum of the electron energies in a continuous spectrum.

The existence of neutrinoless double beta decay (0νββ) is well motivated by many theories beyond
the Standard Model 3. The absence of neutrinos in the final state violates lepton number by two units
and is a powerful tool in the search for new physics. The lepton number violation (LNV) can be
generated by many proposed processes but is easiest motivated by the ”standard interpretation” with
light Majorana neutrinos. The rate Γ0ν or half-life T 0ν

1/2 of the decay is connected with strength of the

LNV parameter 〈η〉 by (
T 0ν
1/2

)−1
=

Γ0ν

ln(2)
= G0ν(Qββ , Z) ·

∣∣M0ν
∣∣2 · 〈η〉2 (1)

requiring a nuclear matrix element M0ν and a phase space factor G0ν(Qββ , Z). In the case of light
Majorana neutrinos exchange, 〈η〉 is the Majorana neutrino mass |mee| defined as the coherent sum
of the electron neutrino mass eigenstates:

|mee| =
∣∣∣m1|Ue1|2 +m2|Ue2|2ei(α2−α1) +m3|Ue3|2e−i(α1+2δ)

∣∣∣ . (2)



The virtual nature of this neutrino propagator makes this mass definition dependent on the CP
phase δ and the two Majorana phases α1 and α2. Thus, 0νββ can probe the Majorana nature of
neutrinos, the Majorana phases and the absolute neutrino mass scale assuming the standard interpre-
tation of 0νββ. The experimental signature is that the two final state electrons carry the available
decay energy. A peak is expected in the energy spectrum at the Q-value at e.g. 2039 keV for 76Ge.
The observation of this peak implies LNV independent of a model.

The nuclear matrix elements (NME) are calculated using theoretical nuclear models and have
different values for the various double beta decay isotopes. Large differences persist between different
theoretical approaches introducing uncertainties for the inference of the Majorana neutrino mass and
the conversion between half-life measurements of different isotopes.

The observation of 28.8±6.9 0νββ events in 76Ge has been reported by a subset of the Heidelberg
Moscow collaboration in 2004. They claim a half-life of T 0ν

1/2 = 1.19+0.37
−0.23·1025 yr 4. This claim has

been further investigated with a pulse shape analysis in 2006 5; however, the latter publication shows
internal inconsistencies 6 and is not considered for comparison by Gerda.

Today, there are a variety of neutrinoless double beta decay experiments investigation different
candidate isotopes. They are utilizing various detection techniques optimizing a large target mass with
a good energy resolution. Apart from the Gerda result, recently published limits for 0νββ are from
Kamland-Zen 17 and EXO-200 19 reaching lower half-live limits for 136Xe of 1.9·1025 yr and 1.1·1025 yr
(90 % C.L.) respectively.

2 The GERDA Experiment

The Gerda experiment is designed in two physics phases: Phase I was planed to demonstrate the
operation of HPGe detectors inside liquid argon (LAr) and to directly test the claim in 76Ge in a
model independent way. The data taking started in November 2011 and finished in May 2013. Phase
II is planed to start in 2014 and increases the sensitivity to half-lives around 1.4·1026 yr.

Gerda is designed with the concept of operating an array of bare HPGe detectors directly in
a cryogenic liquid as suggested in 7. This approach combines the advantages of a radio pure pas-
sive shielding and a scintillation based active shielding while providing the cryogenic cooling for the
operation of the detectors.

Figure 1 – Illustration of the Gerda setup 8. Germanium detector array not to scale.

The general setup is described in8 and illustrated in Figure 1. The outer vessel is a 590 m3 stainless
steel water tank instrumented with 66 PMTs and VM2000 reflective foil serving as a Cherenkov muon
veto and a passive shield from outside radiation. The underground location at the Laboratori Nazionali
del Gran Sasso (LNGS) provides an overburden of 3500 m w.e. and reduces the cosmic muon flux by a
factor of 106. The residual muons with a flux of 1.2 (h·m2)−1 are tagged by the muon veto with more
than 99.9 % efficiency. The inner vessel is a double-walled stainless steel cryostat containing 64 m3 of
grade 5 LAr.



The array of HPGe detectors is segmented in strings of 3 to 5 detectors and supported by low mass
Cu holders. The detector strings are lowered down into the cryostat from a clean room on top of the
superstructure. The clean room contains a glove box for detector operations in nitrogen atmosphere
and a two-arm lock system supporting one string on one arm and a combination of three strings on
another. For Phase I, eight enriched and one non-enriched semi-coaxial detectors were deployed in
the three-string arm. The one-string arm was equipped with two non-enriched semi-coaxial detectors
until July 2012 and then with five enriched Broad Energy Germanium (BEGe) detectors. Five of the
enriched semi-coaxial detectors were refurbished from the Heidelberg-Moscow (HdM) experiment and
three from the International Germanium experiment (IGEX). The non-enriched semi-coaxial detectors
were refurbished form the GENIUS Test Facility (GTF). The enriched BEGe detectors are costum
made for the Gerda experiment.

The front-end electronics consist of custom made charge sensitive preamplifiers placed at ≈ 30 cm
distance to the top of the detector strings inside the LAr. The charge signal is sampled with a 100 MHz
FADC. A window of 160µs is recorded in case of a trigger from any detector in the array. The trigger
threshold is equivalent of 40 - 100 keV. The raw DAQ output is transformed into ROOT format 11 and
propagated through a multi-tier analysis chain 12. A blinding procedure is applied on the raw data
conversion; events in the energy window Qββ±20 keV are not processed and remain hidden during the
analysis.

3 Phase I analysis

For the 0νββ analysis 13 the total Phase I data is used and separated between BEGe and semi-coaxial
detectors due to their different properties. The semi-coaxial data set is further divided into a golden
and silver data set due to a short increase in the background level at the time of detector operation
in July 2012 for the BEGe insertion. The three data sets amount to a total live-time of 492.3 d and
21.6 kg · yr of enriched germanium. A summary of the data sets is shown in Table 1.

The energy scale is monitored with weekly 228Th calibrations; the energy shift between consec-
utive calibrations is smaller than 1 keV at Qββ . The deviation of reconstructed peak positions from
the calibration curves is smaller than 0.3 keV. The calibrations are also used to monitor the energy
resolution which was stable over the time of the Phase I data taking. A comparison of the energy res-
olution of the 1524.6 keV 42K γ-line in the background spectrum shows a FWHM of 4.5 keV compared
to 4.3 keV as expected from the calibration curves; this small variation illustrates the good stability
of the energy scale between calibrations. The exposure-averaged energy resolutions are 4.8± 0.2 keV
and 3.2± 0.2 keV FWHM at Qββ for the semi-coaxial detectors and the BEGe detectors, respectively.

The spectrum of a subset of the Phase I data is shown in Figure 2 (left) for the enriched semi-
coaxial and BEGe detectors. The dominating features are from 39Ar at low energies, the 2νββ of 76Ge
and the 1524.6 keV 42K γ-line at intermediate energies and α-structures at high energies. Additionally,
γ-lines from 40K, 214Bi, 214Pb and the 228Th decay chain can be identified.

Figure 2 – Spectra of Phase I background data. Left: Full energy range devided into semi-coaxial data (top) and BEGe
data (bottom) 9. Right: Zoom of ROI with background model overlaid 9. Here events Qββ±5 keV are not shown.

39Ar is a pure beta emitter with an endpoint of 565 keV. Although dominating the total count
rate, it has no influence on the 0νββ ROI. The spectrum above 600 keV is decomposed into the before
mentioned contributions with a background model reported in 9. Above 600 keV, the 76Ge 2νββ



component is clearly visible. A dedicated analysis for 2νββ was performed with 5.04 kg · yr of Phase
I data and is reported in 10. The analysis yields a 2νββ half-life of T 2ν

1/2 =
[
1.84+0.09

−0.08 (fit) +0.11
−0.06 (syst)

]
·

1021 yr with a non preceded signal-to-background ratio of 4:1 for this process in 76Ge. The most
prominent γ-line originates from 42K which is part of a decay chain starting from 42Ar present in
natural argon. 42K has a Q-value of 3525.4 keV and beta-decays with 81.9 % probability into the
ground state. The decay branch with the 1524.6 keV γ-line has 17.6 % probability. Especially for
decays into the ground state, the resulting high energy β’s have the potential to penetrate the n+

dead layers of germanium detectors which are in the range of 2 mm for the semi-coaxial detectors
and 0.8 mm for the BEGe detectors. For the thin dead layer BEGe detectors, more than 50 % of the
background in the ROI is attributed to 42K surface event.

The events at higher energy originate from α decays on the p+ contact surface which has a dead
layer thickness of a few µm. The p+ contact area is larger in the semi-coaxial detectors including the
detector bore hole and thus making this detector type more prone to α contributions. See also the
spectral difference in Figure 2 (left). The main α component is identified as 210Po. The contribution
of the α background in the ROI is estimated between 10 to 15 % for semi-coaxial detectors. The
major background contributions at Qββ are identified as 214Bi and 208Tl in the detector holders. The
background contributions around Qββ are shown in Figure 2 (right) for the semi-coaxial data. The ul-
timate conclusion from the background decomposition is the validation of a flat continuous background
assumption in the energy window of ≈ 200 keV around Qββ and the absence of known peaks in the ROI.

The event topology of 0νββ are two electrons that deposit their energy almost always inside a
small volume inside a single detector. Events with energy depositions in more than one detector
and events within a muon veto trigger window of 8µs are removed from the data set. This removes
roughly 40 % of events around Qββ . A coincidence veto within 1 ms, designed to reject 214Bi - 214Po
events, removes two events. These cuts practically do not reduced the detection efficiency for 0νββ
nor introduce a dead time.

A pulse shape discrimination (PSD) cut is applied to discriminate surface and gamma background
in the surviving event sample 14. Gamma interactions around Qββ predominantly scatter inside one
detector and produce multi-site events that can be identified in the waveforms of the recorded charge
traces. Surface events such as β or α events pass the n+ or p+ surfaces and can be discriminated
from bulk events. The charge signal results in a slower or faster risetime for the n+ or p+ surface
respectively.

The PSD method for the BEGe detectors is the ratio A/E of the current pulse amplitude (A) and
the reconstructed energy (E). For a 0νββ survival efficiency of 0.92±0.02 more than 80 % of the counts
in the BI window are removed. The pulse shape analysis for semi-coaxial detectors is significantly less
effective due to a larger variety of pulse shapes for 0νββ-like events. A TMlpANN neutral network
is used to separate single and multi-site events. With a fixed single-site survival efficiency of 0.90,
about 45 % of counts in the BI window are remove. The performances are cross checked with two
independent methods and with 2νββ events 14.

The unblinding of the Qββ±20 keV window was performed in two steps: In a first step the 15 keV
wings of the window were unblinded to cross check the understanding of the background. Then, the
data set, all cuts and the statistical analysis were fixed prior to the second step: the processing of the
events inside remaining window of Qββ±5 keV.

4 Results on 0νββ

After the processing of the events in Qββ±5 keV, 7 events were found before PSD and 3 events after
PSD. This can be compared to 5.1 and 2.5 expected background events respectively. The observed
number of counts in the ROI is consistent with the background expectation and no signal is found.
See also Table 1 for the results of the individual data sets.

A profile likelihood fit is used to extract a lower half-life limit. The fit function is a gaussian peak
with a constant background. It is used on each data set with 1/T0ν

1/2 as a common parameter. The



Table 1: Summary of Phase I data sets for 0νββ analysis.

Data set exposure background level expected counts observed counts
[kg·yr] [10−2 cts /(keV·kg·yr] Qββ±5 keV Qββ±5 keV

w PSD w/o PSD w PSD w/o PSD w PSD w/o PSD

Golden 17.9 1.8± 0.2 1.1± 0.2 3.3 2.0 5 2

Silver 1.3 6.3+1.6
−1.4 3.0+1.1

−0.9 0.8 0.4 1 1

BEGe 2.4 4.2+1.0
−0.8 0.5+0.4

−0.3 1.0 0.1 1 0
Sum 21.6 5.1 2.5 7 3

width of the gaussian is fixed to the known energy resolution of each data set. The mean is centered
around Qββ±0.2 keV. The background is left unconstrained for each set in a 240 keV window from
1930 keV to 2190 keV. Excluded are ±5 keV windows around known γ-lines of 2104 keV from 208Tl
and 2119 keV from 214Bi.

The signal strength is not allowed to be negative: 1/T0ν
1/2 ≥ 0. Systematic uncertainties (such as

the peak position, the resolution and all efficiencies) are folded into the analysis a posteriori by Monte
Carlo: The result is the average limit of 10000 simulated experiments with randomly generated sets
of parameters in the allowed space of the systematic uncertainties. The best fit yields 0 counts and
the 90% quantile yields a lower half-life limit of

T 0ν
1/2 ≥ 2.1 · 1025 yr (90 % C.L.).

Without systematic errors the limit improves by 1.5 %. The sensitivity, defined as the median value
of a set of 10000 toy Monte Carlo experiments with the background only assumption, is T 0ν

1/2 ≥
2.4 · 1025 yr (90 % C.L.).

The results from the IGEX 15 and HdM 16 experiments can be included in this analysis as a 4th
and a 5th data set. A combined lower half-life limit for 76Ge is set to:

T 0ν
1/2 ≥ 3.0 · 1025 yr (90 % C.L.).

The 2004 claim4 is tested with the Gerda data. Two hypotheses are compared: TheH1 hypothesis
with a 0νββ half-life of 1.19+0.37

−0.23·1025 yr and the H0 hypothesis with the background only assumption.
5.9 signal and 2.0 background events are expected in Qββ±2σE for H1 in the Gerda data set after
PSD. Three events are observed and the spectral fit yields 0 signal events. The probability to observe
no event assuming H1 is p(data|H1) = 0.01; hence the claim is strongly disfavored. The Bayes factor
defined as B = p(data|H1)/p(data|H0) is B = 0.024. The combined result for 76Ge yields B = 2 ·10−4.

The results from 76Ge can be compared with the 136Xe results from Kamland-ZEN 17 and EXO
18,19 via the two NME values for each isotopes. This is illustrated in Figure 3. The half-lives for
136Xe and 76Ge are shown on the x and y axis, respectively. The conversion is performed via the
lines for different NME calculations. The half-life values for 0.2, 0.3 and 0.4 eV effective Majorana
neutrino mass are shown as blue, magenta and red markers respectively. The claim 4 is shown as a
green band. The combined 136Xe half-live is excluding the claim with > 97.5 % C.L. even for the most
unfavorable NME calculation 17. However, the shown conversion from a 136Xe to a 76Ge half-life is
assuming dominant light Majorana neutrino exchange and only 76Ge based experiment can test the
claim in a model independent way.

5 Conclusion and Outlook

A blind analysis for 0νββ was performed on the Gerda Phase I data set. An exposure of 21.6 kg·yr
with a background level of 0.01 cts /(keV·kg·yr) was reached after pulse shape. No signal is observed
and a new best lower half-life limit is set to 2.1 · 1025 yr (90 % C.L.). The previous claim of 0νββ is
compatible with Gerda data only with 1 % probability. The scrutinization of the claim is done in a
model independent way using partly the same germanium detectors.



Figure 3 – Comparison of recent results in 136Xe 17,18,19 and 76Ge 13. The diagonal lines show half-life conversions for
various NME calculations: EDF 20, ISM 21, IBM 22, pnQRPA 23, QRPA 24 and SkM-HFB-QRPA 25. The markers denote
the calculated half-lives for a Majorana neutrino mass of 0.2, 0.3 and 0.4 eV in blue, magenta and red respectively. The
green band shows the 2004 claim 4 with 68 % C.L. error band.

Phase II of the Gerda experiment will start in 2014 and use 30 additional BEGe detectors which
increase the target mass by 20 kg of enriched material. The background level is aimed to be lowered to
0.001 cts /(keV·kg·yr) with improved PSD performance of BEGe detectors and a LAr scintillation light
read out. The expected half-life sensitivity is 1.4·1026 yr after 100 kg·yr translating into a sensitivity
for the Majorana neutrino mass of 100 meV depending on the NME.
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STATUS OF THE CUORE AND CUORE-0 EXPERIMENT AT GRAN SASSO
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Sapienza Università di Roma and INFN Roma, P.le Aldo Moro 5,
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CUORE is a 741 kg array of TeO2 bolometers for the search of neutrinoless double beta decay
in 130Te. The detector is being constructed at the Laboratori Nazionali del Gran Sasso, Italy,
where it will start taking data in 2015. If the target background of 0.01 counts/(keV kg y) will
be reached, in 5 years of data taking CUORE will have an half life sensitivity of about 1026

y. CUORE-0 is a smaller experiment constructed to test and demonstrate the performances
expected for CUORE. The detector is a single tower of 52 CUORE-like bolometers that started
taking data in spring 2013. The status and perspectives of CUORE are discussed and the first
CUORE-0 data are presented.

1 Introduction

The study of neutrino properties is one of the fundamental challenges in particle physics nowa-
days. Fifty years of investigations established that neutrinos are massive but the absolute mass
scale has not yet been measured. Moreover its true nature is still unknown: is the neutrino
a Dirac particle like all the elementary fermions or a Majorana particle thus coinciding with
its own antiparticle? The only way to probe the neutrino nature is through the observation of
Neutrinoless Double Beta Decay (0νββ), a very rare spontaneous nuclear transition in which a
nucleus (A, Z) decays into nucleus (A,Z+2) with the emission of two electrons and no neutri-
nos. Observation of 0νββ would establish unambiguously the Majorana nature of the neutrino.
CUORE-0 1 is a cryogenic detector that uses an array of TeO2 bolometers to search for 0νββ in
the 130Te of the bolometers themselves. 130Te is an attractive isotope for a 0νββ search because
of its relatively high Q-value at 2528 keV 2 and its very high natural isotopic abundance at
34.2%. CUORE-0 also serves as a technical prototype for CUORE 3,4 (Cryogenic Underground
Observatory of Rare Events) which will consist of 19 towers identical to the single CUORE-0
tower. CUORE-0 is the first tower produced on the CUORE assembly line, and its successful
commissioning represents a major milestone towards CUORE. CUORE is in the advanced stages
of detector construction and is scheduled to begin data taking in 2015.

2 The CUORE-0 detector

CUORE-0 1 is composed by 52 TeO2 crystals arranged in a 13 planes single tower and housed
in the cryostat situated in the Hall A of Laboratori Nazionali del Gran Sasso (LNGS) of INFN.
Crystals are held, by means of polytetrafluoroethylene (PTFE) pieces, inside a copper frame
that acts as thermal bath to cool the bolometers to a base temperature of 13-15 mK. Each crystal
weighs 750 g, which results in a total detector mass of 39 kg (11 kg of 130Te) and is instrumented
with a single neutron transmutation doped (NTD) germanium thermistor5 for the signal readout
The typical signal amplitude ∆T/∆ E is 10 - 20 µ K/MeV. A silicon Joule heater8 is also glued to



the crystal for the offline correction of thermal gain drift caused by temperature variation of the
individual bolometer. Crystals were manufactured by the Shangai Institute of Ceramics following
a strict radio purity control protocol 6 to limit bulk and surface contaminations introduced
in crystal production and sent to LNGS by sea to minimise cosmogenic activation. A few
crystals from each batch were instrumented as bolometers for characterization tests. The 238U
(232Th) bulk contamination was measured to be less than 6.7×10−7 Bq/kg (8.4×10−7 Bq/kg)
at 90 % C.L. The surface contamination was found to be less than 8.9 × 10−9 Bq/cm2 (2.0
× 10−9 Bq/cm2) at 90 % C.L. The detector assembly procedure was designed to minimize the
recontamination of clean components. Tower assembly took place in a dedicated class 1000 clean
room and, to prevent radon contamination, all steps were performed under nitrogen atmosphere
inside glove boxes. All tools used inside the glove boxes were cleaned and certified for radiopurity.
The assembled tower was enclosed in a copper thermal shield and mounted in the cryostat that
was used for CUORICINO 9,10. CUORE-0 also uses the same external lead shield, borated-
polyethylene neutron shield, Faraday cage and electronic of its predecessor 11. The signals are
amplified, filtered by 6-pole active Bessel filter12 and then fed into an 18-bit National Instrument
PXI analog-to-digital converter (ADC). The filter cutoff and the ADC sampling frequency are
set to 12 Hz and 125 Hz, respectively. The trigger is software generated on each bolometer.
When it fires, one second of data preceding the trigger and the 4 seconds following are saved to
disk. In addition to the signal triggers, each bolometer is pulsed periodically at 300 s intervals
with a fixed and known energy through the heater. Random noise events are also acquired. The
energy calibration is performed before and after each subset of runs, which lasts about a month,
by exposing the array to two thoriated tungsten wires (50 Bq activity) inserted in immediate
vicinity of the refrigerator.

3 CUORE-0 data analysis and performances

CUORE-0 data analysis chain comprises: matched filter amplitude evaluation 13,14, gain correc-
tion8, energy calibration, pulse shape analysis and time coincidence analysis among the bolome-
ters. Noisy time periods due to cryogenic or electronic instabilities are rejected. The shape of
the pulse is used to discard pile-up events. Since 86% of 0νββ events are fully contained in a
single crystal, single site events are selected applying a 100 ms anti-coincidence window around
each event.

10

2
10

3
10

Calibration

500 1000 1500 2000 2500
2

10

1
10

1

10

1 2 2

2

2

2
2

2
2

3

4
5 5

5

6 6

Background

Energy [keV]

E
v
en

t 
R

at
e 

[c
o
u
n
ts

/k
eV

/k
g
/y

]

Energy [keV]

2470 2480 2490 2500 2510 2520 2530 2540 2550 2560 2570

E
v

en
ts

 [
/5

k
eV

]

0

2

4

6

8

10

12

14

16

Co
60

Salted Peak
DBDνNOT 0

E
v

en
t 

R
at

e 
[c

o
u

n
ts

/k
eV

/k
g

/y
]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Figure 1 – Left: CUORE-0 calibration (top panel) and background spectrum (bottom panel). γ-ray peaks from
known radioactive sources in the background spectrum are labeled as follows: (1) e+e− annihilation; (2) 214Bi;
(3) 40K; (4) 208Tl; (5) 60Co; and (6) 228Ac. Right: blinded 0νββ energy region of interest. The peak at 2506
keV is due to the sum of the two γs from Co. The peak at 2528 keV is the salted 0νββ peak.

Cut efficiencies are evaluated on the 2615 keV 208Tl γ line, except for the anti-coincidence
cut, for which the 1461 keV γ line from 40K is used. Taking into account the trigger and



0νββ confinement efficiency an overall detection efficiency 80.4 ± 1.9% is achieved. The calibra-
tion is performed for each channel using a third order polynomial function with zero intercept.
The left panel in Fig.1 shows the energy spectrum obtained using the 232Th calibration source
and the background spectrum for the sum of all channels corresponding to an exposure of 7.1
kg y (2.0 kg y of 130 Te).208Tl,40K and 60Co γ peaks are attributed to contamination in the
cryostat, while the 214Bi ones are attributed to 222Rn in the air around the cryostat during the
initial runs. The energy resolution in the ROI, defined as the FWHM of 2615 keV γ ray peak
is determined by a fit to the summed background spectrum of all channels and found to be 5.7
keV. The 0νββ region is blinded. Our blinding procedure is a form of data salting, where we
randomly exchange a blinded fraction of events within ±10 keV of the 2615 keV γ ray peak with
events within ±10 keV of the 0νββ Q-value. The exchange probability varies between 1 and
3% and is randomized run by run. Since the number of 2615 keV γ ray events is much larger
than that of possible 0νββ events, the blinding algorithm produces an artificial peak around
the 0νββ value and blinds the real 0νββ rate of 130Te. This method of blinding the data pre-
serves the integrity of the possible 0νββ events while maintaining the spectral characteristics
with measured energy resolution and introducing no discontinuities in the spectrum. The energy
spectrum in the 0νββ ROI in shown in Fig.1 (right). The spectrum is fitted with two gaussians,
centred at the nominal 60Co sum peak and 0νββ peak and with FWHM fixed to 5.7 keV. The
flat background rate in the ROI is measured to be 0.071± 0.011 counts/(keV kg y). The two
major sources of background are degraded α particles from surface contamination on the copper
and crystals and Compton scattered 2615 keV γ rays that originate from the cryostat. Degraded
α particles with a decay energy of 4 to 8 MeV may deposit part of their energy in the 0νββ ROI.
These α events form a continuous energy spectrum extending from their decay energy to well
below 0νββ region. The α background rate in the ROI is estimated by counting events in the
“α flat continuum region”, which is defined to be from 2.7 to 3.9 MeV excluding the 190Pt peak
region from 3.1 to 3.4 MeV. This energy range is above almost all naturally occurring γ rays,
in particular the 2615 keV γ rays from 208Tl decay. Left plot of Fig.2 shows the α background
energy spectrum of CUORE-0 (shaded red) and Cuoricino (black). The measured α background
rate for CUORE-0 is 0.019±0.002 counts/(keV kg y), which improves on the Cuoricino result
(0.110± 0.001 counts/(keV kg y)) by a factor of 6. The γ background in the ROI is consistent
with the one observed in CUORICINO, which took data in the same cryostat.
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Figure 2 – Left: background spectrum of CUORE-0 (red with shades) and Cuoricino (black) in the α region.
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0νββ decay of 130Te assuming an energy resolution of 5 keV FWHM. The solid green line shows the sensitivity
for the target background rate of 0.01 counts/( keV kg y), while the dashed blue line shows a speculative future
scenario in which the background is ten times lower



4 CUORE

CUORE will be made of 19 CUORE-0 like towers (Fig.3 left) housed in a single custom made
dilution refrigerator (Fig.3 right). The single tower assembly process is the same as CUORE-
0 and is divided in 4 main steps: gluing of thermistors and heaters to crystals, assembly of
instrumented crystals into a tower, attachment of readout cables, wire bonding of the chips to
the readout cables. All the steps are performed in glove boxes under nitrogen atmosphere to
prevent radon contamination. The gluing of semiconductor chips to crystals is performed by
a semi-automated robotic system to achieve precise and uniform results. A matrix of uniform
Araldite Rapid bicomponent epoxy glue spots is dispensed by a cartesian robot on an upturned
chip placed on a precision positioning device. A crystal is fetched by a robotic arm and placed
on a cradle above the chips separated by a distance of 50 µm. The chip-equipped crystals are
then assembled into a tower with 500 ultraclean copper pieces and PTFE spacers. The tower
is built one floor at a time, descending into a dedicated storage garage as it grows in size.

Figure 3 – The CUORE array(left) and the CUORE cryostat (right) with major components highlighted.

Once a tower is built, two sets of flexible printed circuit board (PCB) cables on opposite
sides are glued to a rigid copper backing using Araldite standard bicomponent epoxy. The cables
are made of wire traces etched from copper sheet on polyethylene naphthalate (PEN) substrate.
They are 2.4 m long to provide electrical connections from the bottom floor of the tower up to
the cryostat’s mixing-chamber plate. The readout traces terminate in bonding pads located on
horizontal arms extending from either side of the readout cables at each tower floor. The last
step is to connect the crystals’ chips to the PCB cable traces with 25 µm gold wires. This is
accomplished using a modified Westbond 7700E manual wire bonder which has been oriented
vertically and mounted on motor-driven rails to enable precise horizontal motion. Each gold
wire is first ball bonded to a chip pad and then wedge bonded to a copper pad, and then the
wedge bond is reinforced with a security ball bond. Two wires are bonded for each electrical
connection to provide redundancy. After bonding work on a tower is complete, protective copper
covers are installed over the PC. Completed towers are stored in nitrogen-flushed canisters to
await future installation in the cryostat. CUORE tower assembly started in January 2013 and is
expected to end Summer 2014. Given its large detector mass and its excellent energy resolution



CUORE will be one of the most sensitive 0νββ decay experiments. The CUORE sensitivity 15

is shown in the right plot of Fig.2 assuming an energy resolution of 5 keV FWHM and target
background rate of 0.01 counts/( keV kg y) (green line). In 5 years of live time CUORE will
reach a 1σ (90% C.L.) sensitivity of 1.6 × 1026y, (9.5×1025 y) on the half-life of 0νββ decay of
130Te.
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THE AMS-02 DETECTOR AFTER 1000 DAYS ON THE INTERNATIONAL
SPACE STATION
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The Alpha Magnetic Spectrometer, AMS-02, is a general purpose high energy particle physics
detector. It was launched into space with the Space Shuttle STS-134 mission and installed
onboard the ISS in 2011, on May 19th, to conduct a unique long duration mission (up to
the lifetime of the ISS) of fundamental physics research in space. The experimental challenge
of this spectrometer is the accurate measurement of the Cosmic Rays (CR) composition and
energy spectra, up to the TeV scale, that could reveal the presence of primordial anti-matter or
give the signature of exotic sources, as for example secondaries from dark matter annihilation.
More than 45 billion events have been collected by the instrument in the first 1000 days of
data taking. In this contribution, the published results and the highlights of the on-going
analyses will be discussed.

1 The AMS-02 Detector

The accurate measurement of the energy spectra for all different species composing the cosmic
radiation up to the TeV is the experimental challenge of the AMS-02 instrument, conceived to
search for primordial-antimatter through the detection of anti-nuclei and to probe the nature of
dark matter through the measurement of possible excesses of anti-matter fluxes (e.g. positron,
anti-protons) coming from DM annihilations. To reach its scientific goals, the instrument -
whose schematic layout is reported in Fig.1 - has been conceived with a large redundancy in the
measurement of particle properties with complementary techniques by different sub detectors.
The apparatus is built around a magnetic spectrometer made of nine planes of precision silicon
tracker and a permanent magnet. A transition radiation detector (TRD), four planes of time
of flight counters (TOF), an array of anti-coincidence counters (ACC) surrounding the inner
tracker, a ring imaging Čerenkov detector (RICH), and an electromagnetic calorimeter (ECAL)
add completeness and redundancy to the whole detector. Details about the performances of the
different sub-detectors can be found in the first published result 1 and in the reference therein,
in the following sub-sections (1.1 - 1.4) we will just briefly summarise the detector capabilities
exploited in the presented results (sec.3).



Figure 1: Left - Schematic view of the AMS-02 spectrometer. Right - A 660 GeV electron measured by the AMS
detector on the ISS in the bending (y-z) plane. Tracker planes measure the particle charge and momentum.
The TRD identifies the particle as an electron. The TOF measures the charge and ensures that the particle is
downward-going. The RICH independently measures the charge and velocity. The ECAL, independently identifies

the particle as an electron and measures its energy.

1.1 Rigidity measurement and Charge Confusion

The Silicon Tracker is made of nine layers of double-sided microstrip silicon detectors. Thanks
to its coordinate resolution of 10 (30) µm in the bending (non-bending) direction and a lever arm
of ∼ 3 m, it has a Maximum Detectable Rigidity, MDR, of ∼ 2 TeV for single charged particles
as presented in Fig.2 (left) reporting the rigidity resolution for proton particles estimated with
a Monte Carlo simulation of the full detector and validated with beam test (red point in the
figure) before launch. Continuous monitoring of the tracker stability is performed in flight with
a internal laser alignment system and by cosmic rays allowing to maintain the tracker alignment
uncertainties at the few microns level to reach in space the same performances verified on
ground. The accuracy of the rigidity measurement crucial to measure the momentum of all
the non-electromagnetic particles (see Sec.1.2) as protons and nuclei, up to the TeV. From
the sign of the rigidity is possible to distinguish between matter and anti-matter. Given the
orders of magnitude in the relative abundances between matter and anti-matter in the various
species (protons/anti-protons ∼ 104, electrons/positrons ∼ 10, Helium/anti-Helium > 109),
the misidentification of particles charge sign, Charge Confusion (CC), may have a relevant
effect on the accuracy of the measurements. The CC can be generated by to two main effects:
the spillover and the wrong hit pickup. The spillover is the dominant source of CC for high
momentum particles: the curvature radius of the track inside the magnetic field increases with
increasing particle momentum and, due to the finite measurement resolution of the trajectory,
it becomes more probable to reconstruct the trajectory with a flipped curvature sign. At lower

Figure 2: Left - Rigidity resolution as estimated by Monte Carlo protons. The MDR is ∼ 2 TeV. The result from
450 GeV Test Beam protons is superimposed (full red circle) validating the simulation. Right - Charge confusion
for electrons and positrons. The expectation from Monte Carlo (red dashed line) and the measurement, directly

from ISS data (full black circles), are shown.



Figure 3: Left - The AMS-02 Electromagnetic CALorimeter. Its deep corresponds to 17 X0. Right - The ECAL
resolution as a function of energy (red dashed line) superimposed with the results from Test Beam electrons (black

points).

energies, the largest source of CC is related to spurious hits in the tracker - related to noise or
interactions in the detector material - which are erroneously associated to the particle track in
the pattern recognition, inducing a wrong reconstruction of its trajectory hence of its rigidity
value and charge sign. This effect can be mitigated searching for the effects of the interactions
in the other sub detectors, once their topology in the instrument is known they can be either
rejected or statistically subtracted based on their characteristic distributions. In Fig.2 (right)
the CC for electrons and positrons, as a function of energy is shown. The expectation from
MC is compared with the CC measured directly from data: to measure the amount of CC, a
template fit approach has been adopted by looking at the activity in the detector and at the
energy/rigidity ratio.

1.2 Energy measurement

High accuracy measurement of the particle energy is achieved for electromagnetic components of
the cosmic radiation by means of the ECAL. The calorimeter consists of a multilayer sandwich
of lead and scintillating fibers with an active area of 648×648 mm2 and a thickness of 166.5
mm corresponding to 17 radiation lengths. The ECAL is composed of nine superlayers, each
18.5 mm thick. In each superlayer the fibers run in one direction only, for a total of 10 (8) x (y)
measurements. Each layer is read out independently by a photomultiplier. Such a sampling of
the longitudinal development of the shower ensures a very good resolution that, after 100 GeV,
is below the 2%. The energy resolution of the ECAL has been measured at beam tests and is
well described, as a function of energy (in GeV), by σ(E)/E =

√
(0.104)2/E + (0.014)2. The

resolution as a function of energy is shown in Fig.3 superimposed with the results coming from
Test Beam electrons.

1.3 Electron-proton separation

The two key detectors for the lepton-hadron separation are the TRD and the ECAL. These
detectors allow the rejection of the overwhelming background coming, mainly, by CR protons,
and are used to perform the measurement of the leptonic components.
The TRD consists of 5248 proportional tubes of 6 mm diameter arranged in 16-tube modules.
The 328 modules are mounted in 20 layers. Each layer is interleaved with a 20 mm thick fiber
fleece radiator (LRP375) with a density of 0.06 g cm3. There are 12 layers of proportional tubes
along the y axis located in the middle of the TRD and, along the x axis, four layers located on
top and four on the bottom. The tubes are filled with a 90:10 Xe:CO2 mixture.
The TRD exploits the differences in the energy deposit released in its layers by same momen-
tum light (e) and heavier (p) particles. The observed signals in all TRD layers associated to



Figure 4: Left - TRD estimator built by means of a Log Likelihood Ratio, for electrons (blue points) and protons
(red points). Right - The achived proton rejection, as a function of the electron momentum, with a 90% efficiency

cut on the TRD estimator.

the reconstructed particle are combined in a log-likelihood estimator for the electron (Pe) and
proton (Pp) hypothesis. The two likelihoods can be used (for example by means of a likelihood
ratio approach, as shown in Fig.4 (left)) to separate electrons from protons, either cutting, or
statistically estimating the proton component in the sample. The achieved proton rejection, as
a function of the electron momentum, is shown in Fig.4 (right).
The 3D imaging capability of the ECAL detector is exploited to distinguish between hadrons

and leptons. A statistical estimator (Boosted Decision Tree algorithm2), has been deployed by
means of the different characteristics between electromagnetic and hadronic showers. The es-
timator combines 19 variables from the imaging reconstruction of the electromagnetic shower.
The distribution of the BDT estimator for electrons and protons is shown in Fig.5 (left). The
achieved proton rejection with a 90% efficiency cut on the BDT, combined with a cut on the
matching between energy in ECAL and momentum in the spectrometer, E/p < 0.75, is shown
in Fig.5 (right).

Figure 5: Left - ECAL Boosted Decision Tree estimator for protons (red) and electrons (blue). Right - The
achieved proton rejection with a 90% efficiency cut on the BDT combined with a E/p 0.75 < cut.

1.4 Z reconstruction

Redundant measurements of the incoming particles nuclear charge (Z) are performed by all AMS
sub-systems with different accuracies. Inside the TRD, the ionisation energy loss in the Xe/CO2
gas mixture of each of the 20 layers is proportional to Z2 and can be used to measure the nuclear
charge. The same technique is used also in the 4 layers of plastic scintillators of the TOF and
in the nine tracker layers. In the RICH, instead, the value of the charge is determined by the
number of photons counted in the Cherenkov ring. Even in the ECAL, the energy loss for MIPs
can be used to measure the Z inside the 18 layers of scintillating fibers .
In the Silicon tracker, thanks to its double sided nine layers and the high dynamic range of
the Front End electronics, the energy loss can be measured with high accuracy. In Fig.6 (left)
the distribution of events, as reconstructed by the Tracker Charge estimator, is shown. The
peaks coming from the various species are clearly visible. The overall Silicon Tracker resolution



Figure 6: Left - Distribution of the events as reconstructed by the Tracker Charge Estimator. The various
abundances are not corrected for detector efficiencies, and H and He are pre-scaled. Right - Distribution of
the events as seen by the Tracker L1 Charge Estimator, for an almost pure Boron sample inside AMS. The

fragmentation of the heavy nuclei, with charge greater than Boron, is clearly observed and measured.

for the charge is ∼ 0.1 c.u., and this is crucial to measure the relative abundances of all the
nuclei up the Iron (Fe). Each single layer, if used as a standalone detector, as however a very
good resolution, ∼ 0.3 c.u.. Such a good resolution with a single measurement is very important
especially for the first tracker layer. Being at the top of the instrument, it allows the detection
of the events entering the detector with a certain charge and arriving in the lower sub-detectors,
as the inner tracker, with a different (lower) one. This capability of tagging the fragmentation
is very important for an accurate measurement of all the nuclei, especially the less abundant
species where fragmentation in the detector of other species could spoil their flux measurement
accuracy.

2 The Data sample

The detector is operating since May the 19th of 2011 on board the International Space Station.
The detector is thus orbiting around the Earth at an altitude of ∼ 400 km from ground and
performs a complete orbit in ∼ 92 minutes. In Fig.7 the acquisition rate as a function of the
geographical coordinates (left) and the corresponding live time (right), is shown. Up to the April
of 2014, in about 1000 days in orbit, the detector collected ∼ 45 billion events. The current
analyses are based on the statistics collected up to the end of November 2013, this corresponds
to the exposure time shown in Fig.8. The observed drop in exposure at low energy is related to
the effect of the geomagnetic field on the trajectories of incoming cosmic particles, for a given
position along the orbit only particles with energy above the corresponding rigidity cutoff can
reach the detector from outer space. At high energy, the time exposure is just determined by the
integrated data taking time of the fully operational detector. A duty cycle of ∼ 80% is obtained
in AMS, which is a remarkable results for a space experiment.

Figure 7: Left - Acquisition rate as a function the geographical coordinates. The average acquisition rate ∼
500 hz. Right - LiveTime as a function the geographical coordinates. The minimum LiveTime is ∼ 70%.



Figure 8: Texp/1000 days ∼ 80%

3 Results

During the first year of AMS-02 operation the main task of the collaboration has been the careful
calibration of all subsystems. The objective was to keep the detector performances stable in
time and at the design level in spite of the thermal excursions due to day/night effect in the 92
minutes orbits and the temperature seasonal variations with the sun changing position. After
this first commissioning phase, the data analysis was focused on the scientific program: in the
following the first published results and some highlights on the ongoing analyses will be briefly
discussed.

3.1 Positron fraction

The AMS-02 precision measurement of the positron fraction in the energy range 0.5 - 350 GeV
1 is shown in Fig.9, the positron fraction is steadily increasing from 10 to 250GeV. This is not
consistent with only the secondary production of positrons. The behaviour above 250GeV will
become more transparent with more statistics which will also allow improved treatment of the
systematics. The accuracy of the AMS-02 detector and the high statistics available allowed the
reported positron fraction spectrum to be clearly distinct from earlier works3,4,5.

Figure 9: Positron fraction in the energy range 0.5 - 350 GeV measured by the AMS02 experiment. The results
from previous works are reported for comparison.

3.2 Positrons and Electrons fluxes

To have the complete picture of the CR leptonic components, the measurement of the absolute
fluxes is required. A preliminary measurement of the electron and positron fluxes are shown in
Fig.10. The e− measurement (left) extends up to 500 GeV and is in good agreement with the
previous works by the PAMELA and HEAT experiments 3,6. The differences at low energies can
be attributed to the effect of solar modulation.
The positron flux measurement (right), extends up to 350 GeV, and clearly shows a change in the



Figure 10: Left - Electron flux up to 500 GeV. The result is superimposed to previous works. Right - Positron
flux up to 350 GeV superimposed with the previous results from other experiments.

spectral index at the higher energies which is compatible with the positron fraction measurement.
A preliminary measurement of the e++e− flux up to 700 GeV has also been performed by means
of an independent analysis and is shown in Fig.11. The e+ + e− flux measurement has different
systematics with respect to the separate fluxes and gives an important consistency check to the
separate flux analyses, in addition it presents the advantage that can be directly compared with
the results from purely calorimetric experiments like FERMI and ATIC 7,8.

Figure 11: All-electrons flux up to 700 GeV superimposed with the previous results from other experiments.

3.3 Protons and Helium fluxes and Boron-to-Carbon ratio

In Fig.12 are shown the preliminary AMS-02 measurements of proton and helium fluxes: the
higher accuracy of the AMS-02 results in an extended energy interval clearly appears from the
direct comparison with former results superimposed in the same figure. No break is observed in
the proton spectral index as reported by previous experiments 12. The AMS measurement is the
first high accuracy direct spectrometric measurement of p and He fluxes up to rigidities of 1.8
and 3 TV, above these energies only direct calorimetric measurements or indirect ground based
measurements are available and the precision of the AMS measurements could help to shed a light
on the current discrepancy, in terms of fluxes, for the results coming from these two completely
different techniques. An highlight of the AMS-02 potential in observing nuclear species, is
presented in Fig. 13 where the preliminary result on the Boron-to-Carbon ratio measurement is
reported. The Boron-to-Carbon ratio is depending on the details of the interactions and diffusion
of CR in the interstellar medium: the higher level of accuracy of the AMS-02 results, which is
evident from the comparison to previous experiments, will help in constraining the propagation
models of the CR inside the galaxy

4 Conclusions

Data recorded in the first ∼ 1000 days of mission by the AMS experiment have been analyzed and
the preliminary measurement of the energy spectra of protons, Helium, electrons and positrons



Figure 12: Left - Protons flux as measured by AMS-02 up to 1.8 TeV. Results from previous experiments shown
for comparison. Right - Helium flux up to 3 TeV. Results from previous works superimposed.

Figure 13: Boron-to-Carbon ratio up to 670 GeV/n. Results from previous experiments are shown for comparison.

have been presented, together with the positron fraction and the preliminary measurement
of the B/C ratio. AMS-02 represents the first experiment with the capability to study all the
different CR species and anti-matter with high accuracy and in an extended energy range. These
unique features will allow AMS-02 to shed light on new phenomena and improve the current
understanding of CR origin and propagation.
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PeV NEUTRINOS FROM ULTRA-HIGH-ENERGY COSMIC RAYS
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We investigate the possibility that the recently detected TeV-PeV neutrino events by IceCube
can originate from extragalactic ultra-high-energy cosmic ray interactions with the cosmic
microwave background or the UV/optical/IR background. This is done by simulating the
propagation of the cosmic rays from their sources to the observer, including the production
and propagation of secondary neutrinos and gamma rays. For this purpose we use the publicly
available simulation package CRPropa 2.0. We find that in all the scenarios considered here
the simulated neutrino flux level remains at least one order of magnitude below the flux level
indicated by the IceCube events, thus showing it is difficult to interpret the IceCube events
in terms of a cosmogenic neutrino flux.

1 Introduction

When ultra-high-energy cosmic rays (UHECRs) traverse the universe they interact with extra-
galactic background light like the cosmic microwave background (CMB) and the UV/optical/IR
background (IRB). One possible interaction with the CMB or IRB is photopion production. In
this case the process p+γ → n+π+ will produce neutrinos from the decay of the neutron as well
as from pion decay. When the UHECRs are nuclei instead of protons these nuclei can be pho-
todisintegrated by photons from the CMB or IRB. In this way single neutrons can be separated
from the nuclei, which will again decay and produce neutrinos. The nuclei themselves could also
become unstable in this way and emit neutrinos in their decay. Here we investigate whether the
recently observed neutrinos by IceCube with energies between 30 TeV and 2 PeV [1] could have
originated from such interactions. This proceeding is based on Ref. [2], done in collaboration
with Silvia Mollerach and Esteban Roulet.

The IceCube collaboration first detected two PeV neutrino events [3], the highest energy
neutrino events observed up till now. After improving their sensitivity and extending their
energy coverage down to around 30 TeV, 26 additional events were observed [4]. With one
year more of data this increased to a total of 37 events [1]. These observations reject a purely
atmospheric origin for all events at the 5.7σ level. The best-fit E−2 astrophysical spectrum with
a per-flavor normalization (1 : 1 : 1) to these events suggests a flux level of E2

νdΦν/dE = 10−8

GeV cm−2 s−1 sr−1 in the 100 TeV - PeV range.

To simulate the propagation of UHECRs and their secondary neutrinos and gamma rays,
we used the publicly available simulation package CRPropa 2.0 [5], as was done in Ref. [2].
CRPropa includes all relevant interactions as well as cosmological and source evolution and
redshift scaling of the background light intensity in one dimensional (1D) simulations.



2 Neutrino fluxes from UHECR protons

For UHECR protons interacting with the CMB, the average neutrino energy from neutron
decay for a typical neutrino production redshift of z = 1.2 is Eν ≈ 6×1015 eV, while the average
neutrino energy from the pion decay chain is Eν ≈ 1018 eV [2]. Wide peaks around these energies
are expected due to a wide ∆ resonance, a wide thermal spectrum of CMB photons as well as
due to contributions from a wide range of redshifts.

For UHECR protons interacting with the IRB, the neutrino energy from neutron decay
is typically Eν < 1014 eV, while the average neutrino energy from the pion decay chain is
Eν ≈ 8× 1015/[(1 + z)(Eγ/eV)] eV, with Rmax the energy of the background photon. The later
is expected to give the dominant contribution to the neutrino flux in the PeV range [2].

Here we show the resulting spectra by simulating the propagation of UHECR protons from
their sources to the observer with CRPropa 2.0. We use 1D simulations including pair pro-
duction, pion production and all relevant decay channels. Furthermore, for all simulations,
cosmological and source evolution as well as redshift scaling of the background light intensity
are included. The IRB considered, including its redshift evolution, is the ’best-fit model’ of
Ref. [6]. For this case a pure proton spectrum with a spectral index of α = 2.4, a minimum
energy of 2×1016 eV and a sharp cutoff at Emax = 200 EeV has been injected at the sources. A
continuous source density following a redshift evolution (for the density times CR emissivity) ac-
cording to the gamma-ray burst evolution has been adopted. This source evolution corresponds
to the SFR6 model derived in Ref. [7] and is here referred to as GRB2.
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(a) Proton sources, α = 2.4, Emax = 200 EeV, GRB2
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(b) Including cascade photons

Figure 1 – Pure proton injection at the sources, with a spectral index at injection of α = 2.4 and a maximum
energy of Emax = 200 EeV. The GRB2 source evolution model has been implemented. (a) In the left panel in
red points the measured Pierre Auger UHECR spectrum is shown, while in black points the simulated UHECR
spectrum is given. The lines show the bounds on the all-flavor neutrino flux by IceCube (dashed dotted), Pierre
Auger (straight) and Anita (dashed). The green area indicates the flux level of the IceCube events. The magenta
points show the simulated neutrino flux. (b) The same spectra, bounds and flux level are given in the right panel
as well. Furthermore, the diffuse gamma-ray flux observed by Fermi and the simulated gamma-ray flux from
UHECR interactions are shown.

The results are shown in fig. 1. The simulated CR spectrum has been normalized at 10 EeV
to the spectrum measured by the Pierre Auger Collaboration [8] as presented during the ICRC
2013 [9]. This spectrum has a 14% systematic uncertainty on the energy scale, which is not shown
in the figures. The overall shape of the simulated spectrum is in reasonable agreement with the
measured spectrum. The all-flavor neutrino spectrum has been normalized accordingly. The
bounds on the all-flavor neutrino flux obtained by IceCube [10], Pierre Auger [9] and Anita [11]
are displayed as well. It is clear that the simulated neutrino flux remains far removed from the
neutrino bounds as well as from the IceCube flux level.

Additionally, in fig. 1(b), the cascade photons originating from UHECR interactions with
the CMB and IRB are shown. They nearly reach the diffuse gamma-ray flux level observed by



Fermi [12].
The neutrino flux is expected to increase when, instead of the GRB2 source evolution, a

stronger source evolution as for instance the AGN evolution model of Ref. [13] (here referred
to as FRII) is implemented. This is confirmed by the simulation results in fig. 2. In this case,
instead of α = 2.4, a spectral index of α = 2.2 at the sources was set, as this, for this scenario,
produces a closer resemblance to the measured UHECR spectrum. All other parameters have
remained the same.

However, as visible from fig. 2, not only the neutrino flux but the photon flux increases with
a stronger source evolution as well. Whereas the simulated neutrino flux is still far removed
from the IceCube flux level, the gamma-ray flux is on the verge of conflicting with the diffuse
gamma-ray flux level observed by Fermi.

Compared with Ref. [2] the Pierre Auger UHECR spectrum, Pierre Auger neutrino limit,
IceCube neutrino flux level and IceCube neutrino limit have been updated. Furthermore, for
these simulations an updated version of CRPropa 2.0 (CRPropa v2.0.4) was used, which includes
an improved energy interpolation for the pion production.
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Figure 2 – Pure proton injection at the sources, with a spectral index at injection of α = 2.2 and a maximum
energy of Emax = 200 EeV. The FRII source evolution model has been implemented. The same simulated spectra,
measurements, limits and flux level are shown as in fig. 1(b).

3 Neutrino fluxes from iron nuclei

When considering nuclei heavier than protons, photodisintegration can play an important role.
If a nuclei photodisintegrates completely, about half of the emitted nucleons will be neutrons,
which then decay to produce neutrinos. The energy of these neutrinos, for interactions with the
CMB background, will typically be around Eν ≈ few ×1014 eV [2]. Photopion production of
nuclei on the CMB and IRB is possible as well, however its threshold energy is a factor A times
higher than in the pure proton case, where A is the mass number of the nucleus. This does give
rise to the production of PeV neutrinos by photopion production of IRB photons, but at a level
which is expected to be lower than that achievable in proton scenarios [2].



This statement is confirmed by fig. 3, which was obtained by simulating pure iron injection
at the sources, with a spectral index of α = 2.0 and a sharp cutoff at Emax = 5200 EeV. In this
case the GRB2 source evolution model was implemented. All other simulation parameters are
the same as in the proton injection cases. The shape of the simulated spectrum is in reasonable
agreement with the measured spectrum above the ankle.
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Figure 3 – Pure iron injection at the sources, with a spectral index at injection of α = 2.0 and a maximum energy
of iron of Emax = 5200 EeV. The GRB2 source evolution model has been implemented. The same spectra, limits
and flux level are shown as in fig. 1(a). Compared with fig. 1(a) the neutrino flux has decreased due to the heavier
composition.

4 Neutrino flux for low Emax and mixed composition

Note that a lower maximum energy can drastically reduce the neutrino peak at around 1018 eV,
but is not expected to significantly reduce the PeV neutrino flux for the pure iron injection case.
In fig. 4 a mixed-composition scenario is shown with proton and iron injected at the sources, a
spectral index at injection of α = 2.0, a maximum rigidity of Rmax = Emax/Z = 5 EV (with Z
the charge of the injected nucleus) and the GRB2 source evolution model. The ratio between
injected proton and iron nuclei is np/nFe = 250 at a given energy per nucleon E/A. It is clearly
visible that the EeV neutrino peak has been reduced drastically due to the low maximum energy,
while the neutrino flux at the PeV level has instead increased with respect to the one in fig. 3
due to the additional proton primaries. In this case the shape of the simulated spectrum is
in reasonable agreement with the full measured spectrum, while in the pure iron case it only
resembled the spectrum above the ankle.

5 Conclusions

For all the scenarios presented here the simulated neutrino flux remains at least one order of
magnitude below the flux level indicated by the events measured by IceCube. When implement-
ing stronger source evolution models the expected neutrino flux can be enhanced. However,
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Figure 4 – Proton and iron injection at the sources, with a ratio of np/nFe = 250 at a given E/A. The spectral
index at injection is α = 2.0 and the UHECRs are injected up to a maximum rigidity of Rmax = 5 EV. The
GRB2 source evolution model has been implemented. The same spectra, limits and flux level are shown as in the
previous cases. The neutrino flux at EeV energies is reduced drastically due to the relatively low Rmax, while at
PeV energies it has increased compared to the pure iron case of fig. 3 due to the additional proton component.

when taking into account the secondary gamma-ray flux, it is clear that the source evolution
can not be enhanced too much in order not to exceed the diffuse gamma-ray flux observed by
Fermi. Going to a heavier composition than pure proton injection only decreases the neutrino
flux at the PeV level. So for all the scenarios considered here it is difficult to interpret the
IceCube events in terms of a cosmogenic neutrino flux, unless the IceCube events are a strong
upward fluctuation of the expected neutrino rates.
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NEUTRINOS PROBE SUPERNOVA DYNAMICS
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In the delayed explosion scenario of a core-collapse supernova (SN), the accretion phase shows
pronounced convective overturns and a low-multipole hydrodynamic instability, the so-called
standing accretion shock instability (SASI). Neutrino signal variations from the first full-
scale three-dimensional SN simulations with sophisticated neutrino transport are presented
as well as their detection perspectives in IceCube and Hyper-Kamiokande. We also discuss a
novel neutrino-hydrodynamical instability emerging from these simulations: “Lepton-number
Emission Self-sustained Asymmetry” (LESA). LESA most conspicuous manifestation is the
lepton-number flux (νe minus ν̄e) emission primarily in one hemisphere.

1 Introduction

Bethe and Wilson’s delayed neutrino-driven explosion mechanism remains the standard SN paradigm.
At core bounce a shock wave forms, it looses all its energy dissociating atoms within the iron shell
and is then revived by neutrino heating after ∼ 100 ms 1.

During the accretion phase, hydrodynamic instabilities play an important role. These phenom-
ena include convection in the proto-neutron star, large-scale convective overturn below the stalled
shock wave, and the standing accretion shock instability (SASI), involving sloshing motions of the
shock front as well as spiral modes (see 2 and references therein). We add a new phenomenon to
this list: the “Lepton-number Emission Self-sustained Asymmetry” (LESA). LESA most conspic-
uous manifestation is the lepton-number flux (νe minus ν̄e) emission primarily in one hemisphere,
but it also involves a dipole deformation of the strength of PNS convection and of the large-scale
convective overturn below the stalled shock 3.

Our current portfolio of simulated 3D models includes an 11.2M� model showing violent large-
scale convection but no signs of SASI activity, a 20M� model with a long SASI phase, and a 27M�
model in which episodes of SASI alternate with phases of dominant large-scale convection 2,3,4. On
the other hand, all models exhibit LESA, with different orientations of the emission dipole. The
clearest case is the 11.2M� model, where LESA is not overlaid with SASI activity.

The next galactic SN may reveal these effects in gravitational waves as well as in neutrinos. In
fact the SASI activity strongly modulates the neutrino emission, and the detection of such fast time
variations of the neutrino signal will offer a unique chance to probe stellar core collapse5,6. IceCube7

is among the most promising facilities for this task, detecting a large number of Cherenkov photons
triggered by neutrinos. Moreover, Super-Kamiokande8, or the next-generation Hyper-Kamiokande
(Hyper-K)9 will monitor the neutrino signal without background and provide event-by-event energy
information.

We here discuss the neutrino signal variations due to hydrodynamical instabilities from the first
full-scale three-dimensional SN simulations with sophisticated neutrino transport as their detection
perspectives.



2 Numerical supernova models

The 3D modeling uses the Prometheus-Vertex hydrodynamics code, including state-of-the-art
neutrino interaction rates and relativistic gravity and redshift corrections (see 2,3 for more details
and references therein). The adopted description assumes the neutrino momentum distribution
to be axisymmetric around the radial direction, implying that the neutrino fluxes are radial. The
detectable energy-dependent neutrino emission from the hemisphere facing an observer is therefore
determined with a post-processing procedure that includes projection and limb-darkening effects.

3 Detection perspectives of the hydrodynamical instabilites

In the largest operating detectors, IceCube and Super-K, neutrinos are mainly detected by inverse
beta decay, ν̄e + p → n + e+. We represent the neutrino energy spectra in the form of Gamma
distributions10,11 and estimate the neutrino signal as described in4, assuming an overall background
rate of Rbkgd = 1.48× 103 ms−1 (comparable to the signal rate for a SN at 10 kpc).

IceCube will register O(106) events above background for a SN at 10 kpc. While the future
Hyper-K, with a fiducial mass of 740 kton, will provide a background-free signal of roughly 1/3
the IceCube rate. Moreover Hyper-K will give us event-by-event energy information (which we do
not use).

To get a first impression of the neutrino signal modulation we consider the 27M� model 2.
Figure 1 shows the expected rate in IceCube and Hyper-K. This model shows clear SASI activity
at 120–260 ms. At ∼220 ms a SASI spiral mode sets in and remains confined to an almost stable
plane not aligned with the polar grid of the simulation. The first SASI episode ends abruptly
with the accretion of the Si/SiO interface, followed by large-scale convection with much smaller
and less periodic signal modulations. After about 410 ms, SASI activity begins again until the
end of our simulation. In the top panel, we select an observer located in the SASI plane in a
favorable direction and show the expected IceCube signal. While the second panel of Fig. 1 is for
a direction orthogonal to the plane of the first SASI episode (i.e., the signal modulation is smaller
than before).

Neutrinos change their flavor as they propagate from the SN core to the detector. Other than
the Mikheev-Smirnov-Wolfenstein (MSW) neutrino flavor conversions, neutrino-neutrino interac-
tions occur while neutrinos propagate through the SN envelope. However, since we still miss a
detailed picture of the impact of neutrino-neutrino interactions on the SN neutrino signal due to
the non-linear nature of the problem, we choose to show the two extreme scenarios in Fig. 1. One
case assumes the signal caused by unoscillated ν̄e (i.e., ignoring flavor conversions), while the other
one assumes complete flavor conversion so that the signal is caused by ν̄x (with ν̄x a combination
of ν̄µ and ν̄τ ). Note as both cases reveal large signal modulations with a clear periodicity and,
therefore, assuming that the observed signal will be anything in between these two extreme cases,
SASI modulations will be clearly detectable.

In the third panel of Fig. 1 we show the IceCube ν̄e signal in 5 ms bins, including a random shot
noise realization since the main limitation to observing signal modulations are random fluctuations
in the detected neutrino time sequence. The SASI modulation of the neutrino signal will be clearly
visible for a SN up to 20 kpc (roughly the edge of the expected galactic SN distance distribution
12).

In the bottom panel of Fig. 1, we show the expected signal in Hyper-K. For SN distances
beyond some 10 kpc, the future Hyper-K detector would be superior to IceCube. In fact in spite of
its smaller signal rate (about 1/3 of IceCube), its lack of background implies a better signal-to-noise
ratio because of reduced shot noise for those distances where IceCube is dominated by background
fluctuations. To exploit the full Hyper-K potential, its event-by-event energy determination should
be used as well.

The observed signal is strictly dependent on the location of the observer and, for fixed location
of the observer, the detected rate oscillates with time. Due to the modulation of the emitted
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Figure 1 – Detection rate for the
27 M� SN progenitor, upper panels
for IceCube, bottom one for Hyper-
K. The observer direction is chosen
for strong signal modulation, except
for the second panel (minimal modu-
lation). Upper two panels: IceCube
rate at 10 kpc for ν̄e (no flavor con-
version) and for ν̄x (complete flavor
conversion). The lower two panels in-
clude a random shot-noise realization,
5 ms bins, for the indicated SN dis-
tances. For IceCube also the back-
ground fluctuations without a SN sig-
nal are shown.

 

 

0.2

0.4

0.6

0.8

1

 

 

0.6

0.7

0.8

0.9

1

Figure 2 – Relative amplitude of the ν̄e rate modulation (see Eq. 1) on a sky-plot of observer directions during the
first SASI episode (120–250 ms) of the 27M� model (on the left) and during the SASI episode (140–300 ms) of the
20M� model (on the right).

neutrino signal, locations with the highest detection rate became afterwords the ones with lowest
rate and viceversa. In order to quantify the chances to detect SASI, in Fig. 2 (left panel) we show
the relative amplitude of the IceCube detection rate during the first SASI episode. In a given
direction we define the relative time-dependent rate and consider its root mean square deviation
for the first SASI episode ([t1, t2] = [120, 250] ms), observing that the signal rate, averaged over all
directions is not modulated:

σ ≡
(∫ t2

t1
dt

[
R− 〈R〉
〈R〉

]2
)1/2

. (1)

The time integrated analysis still reveals a dominant sloshing direction, which is responsible for
two signal “hot spots” in two opposite directions, surrounded by directions with much smaller
modulations. Almost the 50% of the locations an observer will detect SASI.

Figure 3 shows the IceCube rate for the other two analyzed progenitors (11.2 and 20M�) in op-
timal observing directions. For the heavier case, a strong SASI phase appears for t ∈ [140, 300] ms.
For this progenitor, the signal large-amplitude modulations are more pronounced than for the
27M� progenitor, only one SASI phase occurs. Moreover, the SASI plane is different from the one
of the 27M� SN progenitor and this is clearly shown in Fig. 2 (compare the left with the right



0 50 100 150 200 250 300
0

200

400

600

800

1000

Time [ms]

R
a
te

 [
1
/m

s
]

20 M
sun

11 M
sun

 
x

 
e

IceCube

Figure 3 – IceCube rate for optimal
observing directions for the 11.2 and
20M� models at 10 kpc, as in the top
panel of Fig. 1.

panel).

The 11.2M� model exhibits neutrino-driven convection without any clear signs of large-
amplitude coherent SASI motions (see Fig. 3). The detection rate for this progenitor is smaller
than for the other two progenitors because of a lower luminosity.

The power spectrum of the IceCube event rate for our three SN models shows a clear peak
at ∼80 Hz for the 27 and 20M� progenitors where strong SASI appears. Note that for both the
two heavier progenitors the SASI frequencies are similar because of similar neutron star radii (the
same equation of state is used) and mean shock radii in the first 250 ms.

4 Lepton-number Emission Self-sustained Asymmetry

To provide an impression of this new and intriguing phenomenon, Fig. 4 shows the distribution of
lepton-number emission (νe minus ν̄e) for the 11.2M� model over the stellar surface at post-bounce
times of 148, 169, 210, and 240 ms. In each panel, the lepton-number flux is normalized to the
instantaneous average. The positive dipole direction is indicated with a black dot, the negative
direction with a cross. We also show the track of the positive dipole direction as a dark-gray line.
While at 148 ms the dipole pattern is not yet strong, the subsequent snapshots reveal a strong
dipole pattern with large amplitude: In the negative-dipole direction, the lepton-number flux is
around zero, and even negative in some small regions, whereas in the positive direction it is roughly
twice the average and even larger in some small regions. Once the dipole is strongly developed, its
direction remains essentially stable and shows no correlation with cartesian axes of the numerical
grid.

To quantify the time evolution of our new effect we consider the lowest-order multipole compo-

Figure 4 – Lepton-number flux (νe minus ν̄e) for our 11.2M� model as a function of direction for the indicated times
post bounce. The flux in each panel is normalized to its average, i.e., the quantity (Fνe − Fν̄e)/〈Fνe − Fν̄e〉 is color
coded. The lepton-number emission asymmetry has clear dipole character at later times. The black dots indicate
the positive dipole direction of the flux distribution, the black crosses mark the negative dipole direction. The dipole
track is shown as a dark-gray line.
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nents of the lepton-number flux as a function of emission direction. Figure 5 shows the evolution
of the monopole and the dipole of the lepton number for our three progenitors. The total lepton-
number emission is at first off-scale, corresponding to the usual prompt νe burst, and then decreases
monotonically with small modulations caused by large-scale convection. The monopole evolution
strongly depends on the accretion rate and varies between the models, whereas the maximum dipole
amplitude is similar in all cases and shows a similar initial growth phase. In all models, the dipole
component becomes discernible at about 50 ms, grows for 100–150 ms, and later decreases, more
or less in parallel with the overall decline of the lepton-number emission. In this later phase, the
dipole amplitude sometimes exceeds the monopole, meaning that in the negative dipole direction,
the lepton-number flux is somewhat negative (excess of ν̄e over νe emission). The overall dipole
strength is similar in all three progenitor models, at the peak reaching a value of 3–4 × 1056 s−1.
The dipole persists (and can even grow) during the indicated phases of pronounced SASI activity.
The dipole directions are different in all cases, bear no correlation to the numerical grid, and they
drift only slowly even during SASI phases (marked in Fig. 5 by horizontal bars). Moreover, the
LESA dipole direction is not even correlated with the main direction of SASI sloshing.

When a stable dipolar pattern emerges, it reaches maximum amplitudes of around 10% for νe
and 15% for ν̄e at roughly 180 ms after bounce. A positive amplitude for νe is correlated with a
negative one for ν̄e and vice versa, and local maxima (minima) of the νe emission generally coincide
in time with minima (maxima) of the ν̄e emission. The dipole asymmetry is large in the νe and ν̄e
fluxes, whereas heavy-lepton neutrinos, νx, exhibit at most a few-percent effect. The νx emission
is slightly enhanced in the direction of small lepton-number (high ν̄e) flux. Both luminosity and
number fluxes clearly show the emission dipole (anti-)aligned with the lepton-number dipole axis.
In contrast to the individual luminosities and number fluxes, the sums Lνe + Lν̄e and Nνe + Nν̄e ,
vary only on the few-percent level.

The observations suggest that the LESA phenomenon must physically depend on a complicated
interplay of different effects. The initial growth over 100–150 ms parallels the growth of large-
scale convection in the gain region, suggesting gain-region convection as the primary engine. On
the other hand, the persistence throughout SASI episodes and the near-universal dipole strength
suggest that LESA must also be anchored to deeper regions. It indeed originates in the PNS
convection region. In fact the global accretion asymmetry is maintained by anisotropic neutrino
heating in the gain layer behind the stalled SN shock, because ν̄e leave the neutrinosphere with
higher mean energy than νe. Therefore, neutrino heating is stronger on the side of lower lepton-
number flux, despite the nearly isotropic energy flux of νe plus ν̄e. Stronger neutrino heating
enhances convective overturn in the postshock layer, pushes the shock to a larger stagnation
radius and thus produces a dipolar deformation of the shock surface. This shock deformation
in turn deflects the accretion flow falling through the shock and, in the time-averaged sense,
amplifies the accretion flux to the hemisphere of the PNS facing away from the greater shock



radius. Anisotropic neutrino heating therefore establishes a feedback mechanism between the
neutrino-emission asymmetry on one side and shock deformation and accretion asymmetry on
the other. It thus mediates a complex, mutual dependence between lepton-number transport by
neutrino fluxes and convection inside the PNS on the one hand and anisotropic convective overturn
in the gain layer on the other.

The feedback, which involves neutrinos as crucial players, allows the global dipolar asymme-
try to become a self-sustained phenomenon, which exists in quasi-stationary conditions despite
the presence of vigorous convective overturns and even through phases of violent SASI activity.
Stochastic fluctuations of this convective overturn or of the convection in the PNS mantle are
probably responsible for initiating the development of the hemispheric asymmetry. The convective
SN core seems to be generically unstable against such a dipolar mode of asymmetry.

LESA could have important implications for a variety of physical processes in the SN core,
most importantly nucleosynthesis in the neutrino-heated ejecta, and potentially NS kicks and
neutrino-flavor conversion.

5 Conclusions

The first 3D SN simulations with sophisticated neutrino transport are available for 11, 20 and
27 M� SN progenitors. They show pronounced spiral SASI activity for the two more massive
progenitors, while the lighter one is dominated by large-scale convective overturn activity.

Such detectable instabilities appear to be dependent on the progenitor properties. If detected
by IceCube and the future Hyper-K, the neutrino signal of the next galactic SN will offer a unique
opportunity to diagnose different types of hydrodynamical instabilities and to test the supernova
explosion mechanism.

Besides the traditional hydrodynamical instabilities, for all the three progenitors, we find a
new phenomenon: “Lepton-number Emission Self-sustained Asymmetry” (LESA). LESA manifests
itself most conspicuously in the lepton-number flux (νe minus ν̄e), whose dipole amplitude can reach
100% of its 4π directional average, i.e., in one direction the lepton-number flux can exceed twice
the average. LESA could have important implications for a variety of physical processes in the SN
core, as nucleosynthesis in the neutrino-heated ejecta, and potentially NS kicks and neutrino-flavor
conversion.
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Searches for Dark Matter and High-Energy Neutrinos with IceCube
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The spectrum of cosmic rays includes the most energetic particles ever observed. The mech-
anism of their acceleration and their sources are, however, still mostly unknown. Observ-
ing astrophysical neutrinos can help solve this problem. Because neutrinos are produced in
hadronic interactions and are neither absorbed nor deflected, they will point directly back to
their source. High-energy neutrinos may also be produced in other processes, such as WIMP
annihilation, and the detection of such particles would allow insight into these processes. Here
we report on searches for high-energy neutrinos (> 100 TeV) at the IceCube neutrino observa-
tory, which have recently produced the first evidence for a flux beyond standard expectations
from neutrinos generated in the Earth’s atmosphere. Additional focus is given to indirect
searches for dark matter with IceCube.

1 Introduction

The IceCube neutrino detector1 is a cubic-kilometer Cherenkov array deployed in the glacial ice at
the geographical South Pole. It detects neutrinos by observing Cherenkov light from secondary
charged particles created in neutrino-nucleon interactions in the ice or bedrock. The observed
events have two main topologies: track-like events from charged-current interactions of νµ,
creating muons with typical ranges of well over a kilometer at the relevant energies (> 100 GeV)
and cascade-like events due to the hadronic and leptonic showers created in charged-current and
neutral-current interactions of νe and ντ . Using timing information from the photomultiplier
tubes (PMTs) in each digital optical module (DOM) deployed in the array, the event directions
and deposited energies can be reconstructed. The main systematic errors are due to uncertainties
in modeling the natural glacial ice and in determining the absolute energy scale. For cascade
events, the uncertainties on deposited energy are on the order of 15%, while the typical median
angular resolution is on the order of 10◦ − 15◦ (for events of about 100 TeV). The angular
resolution for track events is much better due to their extension, typically < 1◦ depending on
the exact event topology and energy.

2 High-Energy Astrophysical Neutrinos

High-energy neutrinos can be produced in astrophysical objects by the decay of charged pions
from cosmic rays interacting with radiation or gas. These neutrinos travel long distances undis-
turbed by either magnetic deflection or absorption, making them a unique tracer of cosmic ray
acceleration.

aFull author list available at http://icecube.wisc.edu/collaboration/authors/2014/05.

http://icecube.wisc.edu/collaboration/authors/2014/05


2.1 PeV Neutrinos

IceCube found two cascade-type events with deposited energies of about 1 PeV in an analysis
designed to look for extremely high-energy neutrinos from the GZK mechanism2. These events
represent an excess of 2.8σ above expected backgrounds in the two-year dataset studied by this
analysis (May 2010 to May 2012). Even though their energies are too low to be GZK neutrinos,
these events were the highest-energy neutrinos detected until then.

2.2 High-Energy Starting Event Search

A follow-up analysis specifically looking for high-energy neutrino events interacting inside of the
detector was designed, aiming to lower the energy threshold of the GZK analysis in order to
characterize the flux leading to the previously observed PeV events. Looking for such starting
events suppresses the background from downgoing atmospheric muons generated in cosmic ray
air showers. This analysis has first been performed on the same 2-year dataset3 as the GZK
analysis and has recently been extended to a third year of data4.

In addition to reducing the expected number of background events from atmospheric muons
in three years to 8.4±4.2 (estimated from data by tagging known background events in the outer
layer of the detector), the veto condition used in the analysis reduces some of the atmospheric
neutrino background for the most downgoing events. At the highest energies, atmospheric
neutrinos are very likely to be accompanied by high-energy muons from the same air shower
reaching the detector depth5,6. These muons will trigger the veto and thus such atmospheric
neutrino events are rejected. The number of expected atmospheric neutrino background events
from model assumptions is 6.6+5.9

−1.6 in three years of data. After unblinding, a total of 37 events
have been observed in the three-year data sample on top of the expected backgrounds. An
atmospheric-only explanation is disfavored by 5.7σ using the energy and angular distribution of
the events.

Fig. 1 show the energy and declination distributions of the observed events compared to
background expectations and best-fit power-law benchmark astrophysical fluxes. For a bench-
mark E−2 spectrum, the best-fit per-flavor flux normalization (assuming a 1:1:1 flavor ratio) is
E2Φν(E) = 0.95 · 10−8 GeV cm−2 s−1 sr−1. When fitting for the spectral index in addition, the
per-flavor spectrum is E2φ(E) = 1.5 × 10−8(E/100TeV)−0.3 GeVcm−2s−1sr−1. As expected, a
supression in the northern hemisphere from absorption of the highest-energy neutrinos in the
earth can be observed. Overall, the declination distribution is compatible with expectations
from an isotropic flux.
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When looking at the full event directions and their directional uncertainties, no significant



clustering was found. Fig. 2 shows the event directions in Galactic coordinates. The cluster close
to the Galactic Center is the most significant cluster when looking at all cascade-type events
and has a p-value of 7%. In addition searches for clustering with the Galactic plane, a catalog
of pre-defined source locations, a time-clustering search with GRBs and a self-clustering search
using the event times all yielded no significant results.
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each location. Figure from 4.

To increase the number of high-energy events, a high-energy extension of the IceCube detec-
tor is currently being designed. Such a detector upgrade would include a surface array to veto
cosmic ray background events and an increased number of in-ice photodetectors. This will in-
crease the volume for starting events (for veto-based analyses) and the effective area for incoming
tracks. It also improves the angular resolution while reducing the background contamination.

2.3 Up-going Muon Track Diffuse Search

Recently, an analysis looking for upgoing track-like events entering the detector looking at two
years of data (May 2010 to May 2012) has also detected an excess of events above background
expectations at energies above about 100 TeV.7 Since there is almost no overlap in the event
selection of this analysis with the starting event selection described in the previous section, this
provides an independent confirmation of the previous claim. In this analysis, the background-
only hypothesis is rejected by 3.9σ and a best-fit of a astrophysical E−2 benchmark spectrum
yields results compatible with the starting-event analysis.

3 Indirect Dark Matter Searches

While the existence of dark matter is well established experimentally due to astrophysical and
cosmological evidence, its exact nature is still unknown. Many models beyond the Standard
Model predict stable or very long-lived weakly-interacting particles that are promising candidates
for dark matter. In many models, WIMPs (Weakly Interacting Massive Particles) are their
own anti-particles and can self-annihilate. They may be captured in gravitational wells (such
as the Sun) where they eventually accumulate until an equilibrium between capture and self-
annihilation is reached. The products from self-annihilation are dependent on the particular
model, but in general a flux of neutrinos is expected. Such a flux would appear as an excess



coming from a variety of of sources: the Sun8, the Earth9, the Galactic Halo10 and Galatic
Center as well as extragalactic sources such as dwarf spheroidal galaxies and galaxy clusters11.
For setting limits, two benchmark annihilation spectra are used to cover the range of possible
models: hard spectra from the W+W− channel and soft spectra from the bb̄ channel. The
expected neutrino energies are typically below or around 100 GeV and can be detected at the
lower end of the energy range accessible to IceCube.

3.1 Solar WIMPs

The capture of WIMPs in the Sun is sensitive to the WIMP-proton elastic scattering cross-
section. Searches for them complement direct searches on Earth. As they scale with the averaged
dark matter density along the solar circle, they are more sensitive to low WIMP velocities and
they depend only weakly on the underlying WIMP velocity distribution8. The study discussed
here used the 79-string configuration of IceCube during the last season before completion of the
detector, using data collected from May 2010 to May 2011 with a livetime of 318 days. For the
first time, this search extended to the Southern Hemisphere. It used the DeepCore infill array to
lower the energy threshold to about 35 TeV. Due to the different characteristics of the dominant
backgrounds, the dataset was split into a winter and summer set with the Sun being below
and above the horizon, respectively. The winter dataset was further split into low-energy and
a high-energy subsets. The winter low-energy set and the summer dataset used the DeepCore
array to lower the energy threshold while adding most of the detector as an active muon veto.
The winter high-energy dataset did not use any particular containment requirement. All three
subsets are independent and do not overlap. The final search was conducted using a combined
likelihood function. After unblinding and comparing with expected background distributions
from atmospheric muons and neutrinos, the observed number of events from the direction of
the Sun was consistent with the background-only hypothesis and upper limits on the neutrino
flux could be translated into limits on the spin-dependent and spin-independent WIMP-proton
scattering cross-sections as a function of the WIMP mass. These limits, compared to results
from direct detection experiments are shown in Fig. 3.

Figure 3 – 90%CL upper limits on σSI (left) and σSD (right) for the W+W− and bb̄ channels. Systematic
uncertainties are included. The shaded region represents an allowed MSSM parameter space (MSSM-25) taking
into account recent accelerator, cosmological and direct DM search constraints. Results from Super-K, COUPP
(exponential model), PICASSO, CDMS, XENON100, CoGeNT, Simple and DAMA are shown for comparison.
Figures from 8.

3.2 Galactic and Extra-Galactic Sources

Galactic and extra-galactic dark matter searches looking for a signal from WIMP self-annihilation
probe the thermal average of the annihilation rate, proportional to the product of the annihi-



lation cross-section with the relative WIMP velocity 〈σv〉. These searches are complementary
to solar WIMP searches (and to direct searches) probing the WIMP-nucleon cross-section. Like
for the solar WIMP searches, the background of downgoing atmospheric muons can be rejected
using veto techniques or by looking for events in the upgoing direction in these analyses. Two
searches for a WIMP signal from the Galactic Center were performed on data from the 79-string
configuration of IceCube: one search focussing on a lower-energy event sample based on the
DeepCore infill detector (30 GeV to 500 GeV) and a second analysis using a larger part of the
detector with a focus on higher energies. Fig. 4 shows the IceCube sensitivity on 〈σv〉 compared
to other analyses and experiments12.

Figure 4 – 90%CL limit (w/o systemetics) for WIMP annihilation in the GC into µ+ µ− (solid blue) compared
to other analyses / experiments. All lines are calculated for the NFW halo model. Shown are also the regions of
parameter space which provide a good fit to PAMELA (gray) and Fermi LAT (green) CR electron and positron
data.

A Galactic Halo analysis searches for a large-scale anisotropy in the distribution of incoming
neutrinos using a selection for upgoing events to reject atmospheric muon backgrounds. Using
the large field of view of IceCube, a multipole expansion is used to look for a characteristic
anisotropy expected due to the difference in dark matter density in the direction of the Galactic
Center compared to the anti-center.

4 Conclusion

The IceCube Neutrino Telescope has reached the sensitivity required to start probing many
models of astrophysical neutrino production. There is an increasing evidence for an astrophys-
ical high-energy neutrino flux beyond the expectations from purely atmospheric backgrounds.
Further observations with the current detector and future detector extensions are required to
detect and study the still unidentified sources of this flux.

IceCube also has a rich program of indirect searches for dark matter from a variety of sources.
Some of the current limits, such as the spin-independent limit set by the solar WIMP analysis,
are among the most sensitive available to date.
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Results from the first underground run of the LUX experiment
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The LUX dark matter experiment had its first underground run in 2013. From a total exposure
of 85.3 live-days, we found no evidence of signal above expected background. The analysis
of data allowed us to set a minimum upper limit on the WIMP-nucleon spin-independent
elastic cross section of 7.6×10−46 cm2 at 33 GeV/c2 WIMP mass (90% C.L.) which is three
times lower than any competing experiment. The improvement in the sensitivity is even
more significant at low masses and challenges the interpretation of excesses as signal in other
experiments. This improvement in limits was mainly due to the large mass of the detector and
the high efficiency detection of scintillation photons, enabling lowering of the energy threshold.

The Large Underground Xenon (LUX) experiment’s main objective is to study the nature of
dark matter by detecting (or excluding) WIMP-nucleon elastic scattering interactions ?. The
LUX detector has been operating in the Sanford Underground Research Facility (S.U.R.F.) in
Lead, South Dakota, USA at a depth of 1478 m (∼4300 m of water equivalent) since 2012. The
results reported here were obtained during the first underground run in which WIMP search
data were acquired during 85.3 live-days from April 21st until August 8th 2013 2.

LUX is a double phase (gas/liquid) time-projection chamber with a total of 370 kg of xenon
of which 250 kg are within the sensitive dodecagonal volume with effective radius 23.5 cm and a
liquid height of 48 cm (between the cathode and the gate). A particle interacting in the liquid
volume produces, through either an electronic or a nuclear recoil, primary scintillation, S1 signal,
and charge through the ionization of the xenon atoms 3. In the liquid phase, an electric field of
181 V/cm drifts the charge towards the liquid-gas interface. Higher electric fields are applied
across the liquid/gas interface (and 5mm either side) of 3.1 kV/cm and 6.0 kV/cm respectively.
This extracts the electrons from the liquid to the gas phase with an efficiency of (65±1)%. In the
gas they produce electroluminescence, the S2 signal, with about 24.5 photoelectrons (phe) per
extracted electron. Both S1 and S2 are detected by 122 photomultipliers (PMTs) with a quantum
efficiency of 30-40% for xenon scintillation light (λ ∼178 nm) 4. The PMTs are arranged in two
equal arrays, one at the top and the other at the bottom of the detector.

To increase the light collection, all the inner surfaces of the LUX detector are covered by
PTFE which in liquid xenon has a reflectivity >95% for the xenon scintillation light. The single
photon detection efficiency for S1 light was determined to be 14% at the center of the detector,
varying from 11% to 17% between the top and the bottom of the active volume respectively.
The (x,y) coordinates of the interaction point are obtained from the S2 signal pattern in the top
PMT array. The (x,y) position resolution for the fiducial region at the low energies of interest
for the WIMP search is between 4-6 mm, being better for higher energies. The difference in time
between S1 and S2 gives the event depth since the electron drift velocity is known (1.51±0.01
mm/µs at 181 V/cm) 2.



Figure 1 – Left: Detector response for electronic recoils (tritium, panel a) and nuclear recoils (AmBe and 252Cf,
panel in the fiducial volume b). Right: events passing all the cuts observed in the fiducial volume during the
85.3 live-days of data taking. In the WIMP-search S1 window (i.e. 2-30 phe S1), there are 160 events. In all the
panels the gray contours indicate constant energy-lines using an S1 and S2 combined energy scale. The solid and
dashed lines are the mean and the ±1.28 σ countours of the electronic (blue lines) and nuclear (red lines) recoil
bands used in the analysis. The dot-dashed magenta line delineates the approximate location of the minimum S2
cut and the vertical dashed cyan lines shows the 2-30 phe range used for the signal estimation analysis (see 2).

The electron lifetime and the light yield were monitored weekly using a 83mKr internal source
(9.4 keV and 32.1 keV energy depositions5). The 83mKr was injected into the xenon gas circulation
system and allowed to spread uniformly throughout the active volume. This source was also
very useful for generating the response functions of the PMTs required for the (x,y) position
reconstruction 6, and for determining the position dependent corrections.

The xenon was purified by constant circulation through a hot zirconium getter at a flow of
229 kg/day. A finite electron drift length, due the electron capture by residual electronegative
impurities varied between 87±9 cm and 134±15 cm during the WIMP search.

To ensure low activity in the detector all the materials used in the LUX detector were
screened at the counting facilities at Soudan and LBL 7 and only low-radioactivity materials
were employed. Moreover, the detector is immersed in a 7.6 m diameter by 6.1 m tall water tank
for shielding from the external radioactivity.

In the analysis of the WIMP search data we applied only a few simple cuts. We selected single-
scattered events (one S1 + one S2) with the S1 signal area between 2 phe (above threshold in
two different PMTs) and 30 phe and the S2 signal area between 200 (∼8 extracted electrons) and
3300 phe. We removed periods of livetime when the detector was not stable or was dominated by
single electron background 2. The majority of the events that remain are located near the walls,
whereas only events within the central fiducial region of the detector are considered as potential
sources of signal. That region was defined as a cylinder concentric with the detector axis with
radius equal to 18 cm and a drift time between 38 and 305 µs comprising a xenon mass of
118.3±6.5 kg. After all the cuts, 160 events were found in the region of interest defined between
2 and 30 phe S1 2. These events are consistent with electronic recoil background originated by
the following sources 8: i) γ-rays from the internal components ii) cosmogenic decay of 127Xe,
the rate of which decreased by a factor of 3 during the underground run, iii) beta decay of 214Pb
and iv) the decay of 85Kr, the rate of which mass fraction in xenon had been previously reduced
to 4 ppt by gas charcoal chromatography. All of these sources of background produce electronic
recoils that can be statistically separated from a nuclear recoil by the ratio S2 over S1.

The detector response to low-energy electron recoils (ER) was obtained with a tritiated
methane β− internal source (endpoint 18.6 keV) injected into the xenon gas circulation system.
The top-left panel in fig.1 shows log10(S2b)/S1 as a function of S1 (the subscript "b" means
that S2 was determined using the bottom PMTs signals only). The detector response to nuclear



recoils (NR) was obtained with AmBe and Cf-252 external sources (see bottom-left panel of fig.1).
From these calibrations, the ER leakage below the mean of the NR band (solid red contour in
left side panels of fig.1) is expected to be 0.6% which corresponds to 0.64±0.16 events for the
160 observed events. The distribution of the events in the log10(S2b)/S1 vs S1 space is shown
in the right panel of fig.1.

The scintillation and ionization yields of nuclear recoils as a function of energy were described
with NEST 9 which is based on the canon of existing experimental data. This included the effect
of the electric field quenching which reduces the scintillation yield by 18-23% compared with zero
field. Below 3 keV for a nuclear recoil the scintillation and ionization yields were set conservatively
to zero because there were no experimental data below this value (see 4). However, more recent
results from an in situ calibration with mono-energetic neutrons from a DD neutron generator
clearly showed that below 3 keV both the scintillation and ionization yields are larger than zero
10, enhancing the sensitivity of LUX for low energy nuclear recoils.
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Figure 2 – 90% confidence limit on the spin-independent elastic WIMP-nucleon cross section for the first under-
ground run of the LUX detector (blue curve) compared with other experimental dark matter searches. (see 2 for
details).

A Profile Likelihood Ratio (PLR) analysis was used to compare or reject the null (background-
only) hypothesis and signal plus background hypothesis. The likelihood for both the signal and
background is modeled as function of the radius, z, S1 and S2/S1. We obtained a p-value of 0.35
under the null-hypothesis meaning that no significant signal was observed. Using the current
PLR analysis we draw 90% confidence spin-independent WIMP exclusion limits as a function
of WIMP-nucleon cross-section and WIMP mass. These results, shown in fig. 2, which still
does not include any new information on low energy nuclear recoils below 3 keV, exhibit a clear
improvement over all the WIMP masses. The best sensitivity is obtained for a WIMP mass of
33 GeV/c2 where we achieved a sensitivity of 7.6×10−46 cm2. The improvement is especially
significant for low WIMP masses and it excludes 6-10 GeV WIMPs with cross-sections suggested
by earlier experiments such as DAMA, CoGeNT and CDMS-II Si 11.

In conclusion, LUX has achieved the most sensitive upper limits for coherent WIMP scatter-
ing. This sensitivity was achieved mainly due its large mass, low activity of the materials, high
light collection and new techniques for calibration and data analysis. We could not identify any
signal due WIMP particles. We expect to improve significantly on these limits in a new one year
run that will start in 2014.
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Constraints on Light WIMPs from SuperCDMS
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Massachusetts Institute of Technology, Department of Physics, Cambridge, MA 02139, USA

The SuperCDMS experiment searches for weakly interacting massive particles (WIMPs) us-
ing cryogenic germanium detectors that measure ionization and phonon energy. Several direct
searches for WIMPs have recently reported excesses of events above their background expec-
tations, which could be interpreted as WIMPs with masses in the 8-20 GeV/c2 range. The
excellent intrinsic signal-to-noise of SuperCDMS detectors and their powerful background re-
jection make SuperCDMS an ideal experiment to further test these signal hints. We present
the results of two recent SuperCDMS analyses targeting this mass range: the first using Luke-
Neganov amplification of the ionization signal to lower the effective energy threshold, and
the second using multivariate methods to optimize background rejection in a larger 577 kg-d
exposure.

There is overwhelming observational evidence from astrophysics and cosmology that 85% of
the universe is in the form of non-luminous, non-baryonic, dark matter whose particle nature
is unknown. Weakly interacting massive particles (WIMPs) are a well-motivated class of dark
matter candidates, which persist as thermal relics from the early universe and can be detected
by searching for keV-scale nuclear recoils in terrestrial experiments. Experiments worldwide
are currently searching for WIMPs using a variety of techniques that probe masses between
1 GeV/c2 and 10 TeV/c2.

1 The Light WIMP Scenario

Well-motivated supersymmetric extensions of the standard model provide WIMP candidates
favoring masses > 50 GeV/c2 when global fits are performed using data from colliders and
cosmology.1,2,3 The absence of experimental signals of supersymmetry, however, has motivated
the development of alternative models which accommodate WIMPs over a much larger mass
range. Models such as asymmetric dark matter,4,5 in which the dark matter has an asymmetry
of matter over antimatter that sets its relic density, can accommodate WIMPs with significantly
lighter masses in the range 1-10 GeV/c2, a regime that can still be probed by existing direct
detection experiments.

Complementing the theoretical possibility of light WIMPs, the DAMA/LIBRA,6 CRESST,7

CoGeNT,8 and CDMS II (Si)9 experiments have recently reported excesses of events over their
background expectations. If interpreted as a signal, these excesses would correspond to WIMPs
with masses in the range 8-20 GeV/c2. There is considerable tension, however, with null results
from CDMS II (Ge),10 XENON10,24,25 XENON100,11 and more recently LUX.12 Although it is
difficult to simultaneously reconcile all of these results, it is important to recognize that astro-
physical uncertainties and the full set of nuclear operators in an effective field theory treatment
of WIMP-nucleon scattering can greatly reduce the tension between null results and signals in



Figure 1 – Left panel: SuperCDMS iZIP detector mounted in housing, showing the pattern of phonon and ioniza-
tion sensors photolithographically patterned on the top surface. Right panel: Diagram showing the electron/hole
(red/blue) propagation for bulk (left) and surface (right) events. Phonons (green) are produced by the initial
recoil and charge carrier propagation (Neganov-Luke phonons) and provide some sensitivity to the event position.
Inset shows a magnified image of the interleaved charge and phonon sensors on the top and bottom surfaces.

experiments that use different target elements.13,14 For this reason, it is extremely valuable to
continue probing the low mass region with a variety of target elements.

2 The SuperCDMS Experiment and Detectors

SuperCDMS at Soudan is an upgrade to the CDMS II experiment, which used similar cryogenic
Ge detectors instrumented with phonon and ionization sensors. The ratio of the ionization and
phonon energies, called the “ionization yield,” is a powerful discriminator of the electron recoils
caused by background gammas from the nuclear recoils caused by a WIMP signal. SuperCDMS
features 600 g detectors instead of the 250 g Ge detectors previously used. In total, the array
has 15 detectors with a total target mass of 9 kg.

The larger SuperCDMS detectors, known as iZIPs, employ a new interleaved sensor layout
which provides improved rejection of events near the surfaces of the detector.15 These “surface
events” have a reduced ionization yield that can mimic nuclear recoils and were the limiting
background of the CDMS II experiment. Ionization electrodes are held at +2 V (-2 V) on the
top (bottom) face of each detector, while phonon sensors are at 0 V. This configuration induces
a signal in the ionization readout on both sides when an event is in the bulk of the detector, but
readout on only one side for events near the surface.

Position information is also contained in the phonon signal of the iZIP.16 The phonon readout
is fast enough that the sensors are able to measure non-equilibrium phonons before they down-
convert and become uniform throughout the crystal. Positioning is possible because phonon
sensors are partitioned into four channels on each face of the crystal, one of which is an outer
guard ring for rejecting events on the sidewalls. Charge carriers produce Luke-Neganov phonons
as they propagate through the crystal.18 Similar to the ionization, Luke-Neganov phonons pro-
duced by charges from surface events tend to produce a larger signal on one side of the detector,
while events in the bulk have similar phonon signal on both sides. This position-dependence of
the phonons is essential for probing low energy recoils: because of quenching, only ∼15-30% of
the recoil energy of a nuclear recoil is converted into ionization,17 while the full recoil energy
is recovered in phonons with negligible quenching. This means that phonon-based readout has
much better signal-to-noise at energies below about 5 keVnr, where the ionization readout loses
sufficient resolution to be useful.
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Figure 2 – Left panel: Energy spectrum of events in the 6 kg-d exposure of CDMSlite (taken from ref. 19). Right
panel: The 90% confidence upper limit from CDMSlite (solid dark red) and SuperCDMS low-energy analysis
(solid black, with 95% C.L. systematic uncertainty band in gray). The pre-unblinding expected sensitivity in the
absence of a signal is shown as 68% (dark green) and 95% (light green) C.L. bands. The disagreement between the
limit and sensitivity at high WIMP mass is due to the events in T5Z3. Closed contours shown are CDMS II (Si)9

(dotted blue, 90% C.L.), CoGeNT8 (yellow, 90% C.L.), CRESST7 (dashed pink, 95% C.L.), and DAMA/LIBRA6

(dash-dotted tan, 90% C.L.). 90% C.L. exclusion limits shown are CDMS II (Ge)23 (dotted dark red), CDMS II
(Ge) low-threshold10 (dashed-dotted red), LUX12 (solid green), XENON10 S2-only24,25 (dashed dark green), and
EDELWEISS low-threshold26 (dashed orange) (taken from ref. 20).

3 Constraints on Light WIMPs

For heavy nuclei used in dark matter searches, such as Ge or Xe, lighter WIMPs produce lower-
energy recoils. To improve the sensitivity at low WIMP masses, an experiment can therefore
lower its energy threshold to integrate more of the WIMP recoil spectrum, and/or it can reduce
the background at the lowest energies to which it is sensitive. SuperCDMS has used both
approaches to improve light WIMP exclusions in two recent analyses.

3.1 CDMSlite

By applying a high bias voltage (∼ 70 V) to a detector, the effective energy threshold of the
experiment can be significantly reduced by exploiting the Luke-Neganov effect. Luke-Neganov
phonons are produced in proportion to the number of charge carriers in each event

ELuke = NeheVb, (1)

where Neh is the number of charge carriers and Vb is the bias voltage across the crystal. As
the bias is increased, the phonon readout therefore acts as an amplifier of the ionization signal,
allowing lower energies to be measured with a fixed hardware threshold. The trade-off of this
high-voltage mode, called CDMSlite,19 is that electron and nuclear recoils can no longer be
discriminated because the phonon readout is used to measure ionization: the energy threshold
is lowered but the background discrimination based on ionization yield is also lost.

As a proof of concept of Luke-Neganov amplification in a dark matter experiment, an ex-
posure of 6 kg-d was acquired on a single detector operating in the CDMSlite mode. A bias
voltage of 69 V was used, corresponding to a factor 24x amplification of the ionization readout
(limited to 12x due to readout electronics). With this voltage, an analysis threshold of 170 eVee
or 840 keVnr (for k = 0.157 Lindhard energy scale) is achieved (100% efficient above threshold).
The average background rate in the energy range of 0.2 and 1 keVee (0.8 to 4.2 keVnr) relevant
to light WIMP interpretations of CDMS II (Si) and CoGeNT is 5.2 ± 1 counts/keVee/kg-d.
Because of the lack of background discrimination in this energy range, a conservative 90% C.L.
upper limit set without background subtraction requires the WIMP-nucleon cross section to be



< 3.5 × 10−41 cm2 at 8 GeV/c2. The energy spectrum of the data, shown in Figure 2, appears
to be in moderate tension with the CDMS II (Si) and CoGeNT best-fit WIMP models, but
the conservative upper limit cannot completely exclude the parameter space associated with
those analyses because background subtraction is not used in the CDMSlite limit. Acquisition
of larger exposures is ongoing in order to better characterize the background and improve the
analysis techniques.

3.2 Low-energy analysis of SuperCDMS data

The large exposure of data taken with iZIPs operated in the normal bias configuration (±2 V)
can also stringently constrain light WIMPs because of the position-sensitivity and background
rejection of the detectors.20 The position sensitivity of the phonon readout can be used to reject
backgrounds from passive material surrounding the detectors, which preferentially interact in
the detector surfaces. And the simultaneous measurement of ionization and phonon energy in
this mode can reduce much of the background from electron recoils in the bulk of each detector.

Data from seven detectors with low energy thresholds were analyzed, totaling 577 kg-d
of exposure after removing periods of poor or abnormal detector performance. Trigger and
analysis energy thresholds vary between detectors and as a function of time, but extend as low
as 1.5 keVnr. Events consistent with nuclear recoils were blinded and not analyzed until the
final event selection was determined.

There are three primary backgrounds at low-energies in SuperCDMS: gammas from ra-
dioactivity in the passive material surrounding the detectors, L-shell electron-capture lines near
1 keVee, and surface events from 210Pb decay products that primarily originate in the copper
housings surrounding the sidewalls of the detectors. The energy spectra for each background
source was determined using Geant4 simulations of the contamination and decay chains, while
the detector response in the ionization and phonon channels was modeled using a data-driven
pulse simulation. The various backgrounds can be efficiently separated in high-energy sidebands
(> 10 keVee) where the signal-to-noise is excellent. Events from calibration and low-background
data in these sidebands were treated as templates of each background type and summed with
randomly sampled noise to mimic the response of the detector.

The event selection for this search consists of three tiers of requirements. The first tier
removes poorly reconstructed and noise-induced events. The second tier requires that events
be consistent with WIMPs in ionization and phonon topology, as well as removing events that
scatter in multiple detectors, which are unlikely to be WIMPs. The third tier of event selection
uses a boosted decision tree (BDT) to optimize the 90% C.L. upper limit on the WIMP-nucleon
cross section, given the model of known backgrounds and the detector response.

The BDT was trained on four discriminator variables chosen for their ability to tag each
type of background: ionization energy, total phonon energy, radial phonon partitioning, and z
phonon partitioning. The latter two variables correspond respectively to the fraction of energy
measured by the outer phonon channels and the fraction of energy measured by the phonon
channels on the top face versus the bottom face. The ratio between the ionization and phonon
energies can identify electron recoils, while the phonon partition information can identify the
surface events from 210Pb decay products. Each BDT reduces the 4-dimensional parameter
space to a single discriminant variable. The acceptance region of the BDT output parameter
was set for each WIMP mass and detector by simultaneously optimizing the expected 90% C.L.
upper limit on the WIMP-nucleon cross section. Separate BDTs were trained for each detector
to discriminate the backgrounds from the signal produced by a 5, 7, 10, and 15 GeV/c2 WIMPs.
The final event selection was taken to be the logical OR of the BDTs for each WIMP mass—an
ad hoc technique that provides good sensitivity to a broad range of WIMP masses.

Before unblinding, 1190 ± 85 events were expected to pass all selection criteria before the
BDT, while 6.2 + 1.1 - 0.8 were expected also to pass the BDT event selection. After unblinding,
1218 events pass all criteria before the BDT, and 11 events pass the BDT, as shown in Figure
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Figure 3 – Left panel: BDT output for data (black), background model components (stacked colors), and a
10 GeV/c2 WIMP (σ = 6 × 10−42 cm2) summed across the seven detectors used in the low-energy analysis of
SuperCDMS data. Bottom panel shows the residual between the data and background model, with the background
model systematic error shown in tan bars. Right panel: Grey points are all single-scatter events within the
ionization fiducial volume that pass data quality selections. Large encircled shapes are the 11 candidate events
passing the BDT selection, labeled by detector. Shaded regions correspond to 95% contours for 5, 7, 10, and
15 GeV/c2 WIMPs after applying all selection criteria (taken from ref. 20).

3. Including systematic errors on the background model, the p-value for observing 11 or more
events is 0.07, so no evidence of a WIMP signal can be claimed. Within the region of events
consistent with WIMPs, this demonstrates a background rejection of 99.1% at a spectrum-
averaged exposure of 10% for a 10 GeV WIMP (signal acceptance of 22% above threshold).

Observed background rates are generally consistent with expectations on all detectors, except
for one detector called T5Z3, which has three events while only 0.13 + 0.06 - 0.04 are expected.
These three events are at energies significantly above those expected from known background
sources. This detector has a shorted ionization guard electrode which significantly modifies its
electric field, and although the background model correctly accounted for the lack of data from
this channel, we discovered after unblinding that the modified electric field biases the selection
of template events causing some mismodeling of the background. Detailed simulations and
calibrations of different electric field configurations are in progress to better understand these
effects.

Conservatively treating the 11 events as potential WIMPs, a 90% C.L. upper limit was com-
puted using the optimal interval method 21 and standard halo parameters,22 shown in Figure
2. The limit excludes WIMP interpretations of CDMS II (Si), DAMA/LIBRA, and CRESST
under standard halo assumptions. Because both SuperCDMS and CoGeNT have a Ge target,
this result furthermore excludes the CoGeNT result in a model-independent fashion. A WIMP
at the CoGeNT best-fit mass and cross section would produce approximately 210 events pass-
ing the BDT event selection in SuperCDMS. In addition, the SuperCDMS low-energy search
significantly improves the reach of non-Xe based experiments in the 4-20 GeV/c2 mass range.

4 Conclusions and Outlook

The combination of the SuperCDMS dedicated low-mass WIMP searches and LUX have now
severely constrained WIMP interpretations of dark matter anomalies at low masses. Significant
improvement in the sensitivity of the CDMSlite approach may be possible by using background
subtraction and exploiting the position-sensitivity of the iZIP to Luke-Neganov phonons. Im-
proved pulse reconstruction algorithms27,28 and refinements to the background modeling also
should provide significant increases in sensitivity for low-energy WIMP searches in the normal
bias configuration. The SuperCDMS approaches have demonstrated sensitivity to very low re-
coil energies as well as background rejection at the > 99% level in the 1.5 to 10 keVnr energy



range. These two analyses also introduce the method of Luke-Neganov amplification and BDTs
into direct dark matter searches for the first time. When combined with larger experimental
masses and well-understood improvements in the materials screening planned for a proposed
100 kg experiment at SNOLAB, these methods will continue to advance sensitivity at WIMP
masses near a few GeV/c2.
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Under the hypothesis that the MSSM neutralino accounts for the observed dark matter den-
sity, we investigate how light this particle is still allowed to be after the latest LHC data.
In particular, we discuss the impact of searches for events with multiple taus and missing
transverse momentum, which are a generic prediction of the light neutralino scenario.

1 Introduction

The LHC collaborations have performed a large number of searches for supersymmetric particles
employing the first run data at

√
s = 7 + 8 TeV. A remarkable outcome of these analyses is that

they started to test directly the electroweak sector of the theory, setting in several cases con-
straints on the purely electroweakly interacting new particles – such as sleptons, charginos and
neutralinos – way beyond the previous bounds set by LEP. This allows us to probe the parameter
space of the Minimal Supersymmetric Standard Model (MSSM) that features a neutralino as
a perfect dark matter (DM) candidate, since the properties of electroweakly interacting SUSY
particles have a crucial role in the determination of the neutralino relic density. In particular,
the question we want to answer to is:

how light can neutralino dark matter be after the
√
s = 7 + 8 TeV run data?

We address here this problem in a framework defined by the following assumptions: (i) the field
content of the MSSM only; (ii) conserved R-parity and a neutralino as the lightest supersym-
metric particle; (iii) a standard thermal history of the universe, that implies that the neutralino
relic density has to fulfill the upper bound from CMB observations, which reads at 3σ: 1

ΩDMh
2 ≤ 0.124 . (1)

As we are going to discuss, the above requirement translates into certain conditions on the SUSY
spectrum, in particular implying that some particles must be relatively light, hence giving a
handle to test light neutralino dark matter at the LHC.

2 Light neutralino dark matter in the MSSM

Since we are interested in light dark matter (much below 100 GeV) and chargino searches at
LEP constrain Wino and Higgsino masses to be M2, µ & 100 GeV, the lightest neutralino χ̃0

1

must be mainly Bino. A Bino-like neutralino is typically overproduced in thermal processes in
the early universe so that an efficient annihilation mechanism is needed in order to reproduce

aSpeaker



Figure 1 – Relevant neutralino annihilation processes mediated by a light stau.

the observed relic abundance. As a consequence, the bound in (1) selects specific regions of the
SUSY parameter space and thus sets certain conditions on the spectrum. In principle, there are
several ways to achieve a large enough annihilation cross-section, but if we concentrate on the
following mass range for the neutralino:

mχ̃0
1
. 30 GeV, (2)

the number of options drastically reduces. It has been shown, 2,3,4 that the conditions in (1, 2)
can be satisfied if the annihilation of neutralinos takes place through the t-channel exchange of a
tau slepton. A combination of LEP, LHC and indirect observables exclude all other possibilities,
for instance the mediation of a 100÷200 GeV CP-odd scalar. 5 The only other possibility left 6 is
a scenario with a very light sbottom and an O (1) GeV mass splitting between the neutralino and
a sbottom – in order to evade sbottom searches at LEP – as well as a tuned left-right sbottom
mixing such that the Z -̃b-̃b interaction is strongly reduced, so that the Z width constraints do not
apply. Besides this corner of the parameter space that is very difficult to test, the relic density
bound on light neutralino DM implies the presence of a stau with a mass of few hundreds GeV
at most. The diagrams in figure 1 show that a right-handed stau is preferred, having twice the
hypercharge of the left-handed one, and the process gets more efficient if the Yukawa interaction
Higgsino-tau-stau contributes. For that to occur, a sizeable Higgsino component in χ̃0

1 is required
and thus the Higgsinos cannot be too heavy. Furthermore, a large value of tanβ is preferred.b

The consequence of the above discussion is twofold: (a) the constraint on the relic abundance
implies the presence of further light particles, the right-handed stau, two Higgsino-like neutrali-
nos and charginos; (b) the framework is completely defined by a handful of parameters that
controls the calculation of the annihilation cross-section. We can thus work within a simplified
setup described by

mτ̃R , M1, µ, tanβ, (3)

that are respectively the soft SUSY-breaking stau and Bino masses, the supersymmetric Higgsino
mass and the usual ratio of vevs that controls the size of the Yukawas couplings of the leptons.
All other SUSY parameters can be neglected, in particular the other superpartners might be in
principle much heavier than those involved in the DM annihilation.

We performed a scan of the above defined parameter space, 4 applying all the relevant
phenomenological constraints, including LEP measurements of the invisible Z width and limits
from direct searches for staus, charginos and neutralinos at LEP. The result is displayed in figure
2, where the points that satisfy (1, 2) are shown in the plane of the physical masses of the lightest
stau and the heaviest Higgsino-like neutralino.c The points in blue indicate mχ̃0

1
≤ 20 GeV, in

particular they can feature a neutralino as light as 10÷ 12 GeV. The left panel corresponds to
µ > 0 (left), the right one to µ < 0 (right). From the figure we see that, as anticipated, both τ̃1

b A further contribution, not shown in figure 1, is given by a mixed left-right stau exchange. In this case, the
annihilation can occur in the s-wave without the need of a chirality flip in an external tau line. However, it is not
as effective as the other contributions discussed here in the case of very light neutralinos. 7

cWe remind that, being all controlled by µ, m
χ̃±
1
≈ mχ̃0

2
≈ mχ̃0

3
.



Figure 2 – Points with a light neutralino DM displayed on the mτ̃1 -mχ̃0
3

plane for µ > 0 (left) and µ < 0 (right).

and the Higgsinos have to be rather light in order the relic density constraint to be fulfilled by
a light neutralino. In particular:

mτ̃1 . 200 GeV, mχ̃0
3
. 400 GeV. (4)

Comparing the two panels, we can also see that satisfying the bound of (1) for µ < 0 (right
panel) requires somewhat lighter Higgsinos. This is due to a destructive interference among the
diagrams in figure 1.

Before moving to the next section and discussing how this spectrum can be tested at the LHC,
let us briefly mention further possible constraints from DM experiments (direct and indirect).
The prediction for the spin-independent scattering cross-section with nuclei is affected by the
uncertainties of light quark masses and hadronic matrix elements. Moreover, it substantially
depends on parameters that do not enter the calculation of the relic abundance, such as the CP-
odd scalar mass and the squark masses. Taking this into account, the scattering cross-section
in our scenario approximately ranges between 10−44 and 10−46 cm2. 4 The most stringent limit,
provided by LUX, is about 10−45 cm2 in the DM mass range we are considering, 10 GeV .
mχ̃0

1
. 30 GeV. 8 Therefore, we can conclude that the sensitivity of direct detection experiments

started to reach the typical cross-section of a light neutralino DM without being capable of fully
probing this scenario. For what concerns indirect detection experiments, similar conclusions can
be drawn. The most sensitive search for DM annihilation into taus has been performed by the
Fermi-LAT collaboration employing gamma-ray data from dwarf satellite galaxies. The limit
they obtain on the annihilation cross-section is 〈σann.v〉 & 2×10−26 cm3/s,9 while the prediction
of our scenario typically ranges between 10−26 and 10−27 cm3/s.

3 LHC tests of light neutralinos

As discussed above, the relic density constraint in (1) translates to a well-defined spectrum,
where at least the following states must be lighter than few hundreds GeV:

τ̃1, χ̃
0
2, χ̃

0
3, χ̃

±
1 . (5)

The rest of the spectrum is not constrained by the DM relic abundance and can be in principle
heavier. As a consequence a model-independent test of the light neutralino parameter space must
rely on direct electroweak production of the above-listed particles. This takes place through the
electroweak Drell-Yan mechanism (s-channel Z/γ exchange) and the relevant modes are:

pp→ τ̃+1 τ̃−1 +X, pp→ χ̃0
i χ̃

0
j +X, pp→ χ̃0

i χ̃
±
1 +X, pp→ χ̃+

1 χ̃
−
1 +X, (6)



Figure 3 – Different values for BR(h→ χ̃0
1χ̃

0
1) on the mτ̃1 -mχ̃0

3
plane for µ > 0 (left) and µ < 0 (right).

where i, j = 2, 3.d The subsequent decays depend on the hierarchy of the particles listed in (5). If
mχ̃±

1
' mχ̃0

2,3
> mτ̃1 > mχ̃0

1
, as it occurs in most of the plane shown in figure 2, the Higgsino-like

neutralinos dominantly decay to a tau and an on-shell stau. The stau always decays to a tau
and a neutralino. As a consequence, the resulting decay chain is:

χ̃0
2,3 → τ±τ̃∓1 → τ+τ−χ̃0

1. (7)

As a consequence, production of Higgsino pairs, e.g. χ̃0
2χ̃

0
3 and χ̃0

2,3χ̃
±
1 , gives final states with 4 or

3 taus plus missing ET . Multi-tau events are therefore a generic feature of light neutralino DM
and thus a very powerful handle to test this scenario. In section 3.2, we are going to show how
a recent ATLAS search for events with multiple hadronically decaying taus can be employed
to set a strong constrain on the light neutralino parameter space. On the other hand, in the
corner of the plane of figure 2 where the Higgsinos are lighter than the stau, we expect a reduced
sensitivity. This case is however strongly constrained by the limits posed by LHC experiments
to invisible decays of the scalar, to which h→ χ̃0

1χ̃
0
1 contributes in our case, as we discuss in the

following.

3.1 Invisible h decay

As discussed above, the relic density bounds requires sizeable Higgsino components in χ̃0
1. Thus

the neutralino can couple with h and large branching ratios for the decay h → χ̃0
1χ̃

0
1 can be

induced. The lighter the Higgsinos, the larger we expect BR(h→ χ̃0
1χ̃

0
1) to be. The decay width

is given by

Γ(h→ χ̃0
1χ̃

0
1) =

GFM
2
Wmh

2
√

2π

(
1−

4m2
χ̃0
1

m2
h

)3/2 ∣∣Chχ̃0
1χ̃

0
1

∣∣2 , (8)

Chχ̃0
1χ̃

0
1

=
(
N12 − tan θW N11

)(
sinβ N14 − cosβ N13

)
, (9)

where N1i refer to the gaugino/Higgsino components in the neutralino: χ̃0
1 = N11B̃ + N12W̃ +

N13H̃d +N14H̃u. In the limit M2 � µ, the Higgsino components can be simply written as:

N13 =
MZsW
µ

[
sβ + cβ

M1

µ

]
, N14 = −

MZsW
µ

[
cβ + sβ

M1

µ

]
. (10)

As we can see, these parameters – and thus Γ(h → χ̃0
1χ̃

0
1) – grow for a smaller Higgsino mass

µ, as expected. Moreover, there is a non-trivial dependence on the relative sign of M1 and µ.

dIn principle, production of χ̃0
1χ̃

0
1 could be also searched for in mono-jet + missing ET events. The sensitivity

of this channel at
√
s = 8 TeV is however too low to set any constraint. 10



Figure 4 – ATLAS multi-tau limit on our mτ̃1 -mχ̃0
3

plane for µ > 0 (left) and µ < 0 (right). Orange points

correspond in addition to BR(h→ χ̃0
1χ̃

0
1)<20%.

Choosing Mi > 0 without loss of generality, we then see that for µ > 0 we expect a larger
effect than for µ < 0, for which a partial compensation among the terms in (10) occurs. The
resulting prediction for BR(h → χ̃0

1χ̃
0
1) is shown in figure 3. We observe a reduction of the

invisible width in the µ < 0 case, as expected from the above mentioned cancellations in (10).
However, the branching ratio is sizeable for light Higgsinos in both cases. As we can see, one
always finds BR(h→ χ̃0

1χ̃
0
1)>30 (20)% for µ > 0 (µ < 0) in the region where multi-tau searches

are kinematically disfavoured because χ̃0
2,3 → τ τ̃1 can not occur on shell. Hence this region is

strongly disfavoured by the fits of BRinv
h ≡ BR(h→ invisible) to the observed decay rates, that

give: 11

BRinv
h . 20% (95% CL). (11)

3.2 Multi-tau limits

As we have discussed above, the spectrum predicted by the light neutralino DM scenario can
be tested at the LHC through multi-tau plus missing ET events. The ATLAS collaboration has
recently performed a search for new physics in a final state with at least two hadronically decaying
taus and large missing transverse momentum employing 20 fb−1 of data at

√
s = 8 TeV. 12 The

null result has been interpreted by the collaboration in different simplified models. We have
recast the limits into our parameter space,4 as defined in (3). In order to do so, we generated the
signal events employing Herwig ++,13 computed the K-factors with Prospino 214 and simulated
the detector response by means of Delphes 3.15 We applied the same cuts and defined the same
signal regions as the ATLAS analysis. 12 We validated our analysis by reproducing the ATLAS
exclusion on the M2-µ plane. 4 We could then estimate the limit in our parameter space. The
result is shown in figure 4. As we can see, the ATLAS search sets a very strong constraint on
the portion of the plane where the Higgsinos can decay to a real stau, excluding Higgsinos up to
≈ 380 GeV and staus up to ≈ 230 GeV. Very few points consistent with neutralino DM escape
this bound, especially if we combine it with the limit on the invisible h branching ratio (11): for
µ > 0, those lying in the corner with heavy Higgsinos & 320 GeV and a stau mass very close
to the LEP bound; for µ < 0, some points that feature a small Higgsino-stau mass splitting –
thus giving soft taus in the final state – with BRinv

h ≈ 20 %. In terms of the neutralino mass,
the limit we obtained is:

mχ̃0
1
& 24 (22) GeV. (12)

for the case µ > 0 (µ < 0). Clearly, a mild improvement of the sensitivity of multi-tau searches
and of the upper bound on BRinv

h would probe the surviving corners of figure 4, thus fully testing
light neutralino DM up to 30 GeV.



4 Conclusions

We discussed how searches for electroweakly interacting SUSY particles can be employed to
constrain models with light neutralino DM. We have shown that neutralinos with a mass up
to 30 GeV are good DM candidates only provided that staus and Higgsinos have masses of the
order of few hundreds GeV. This is a consequence of the requirements set to the spectrum by
the observed relic abundance. As the calculation of the relic density depends on few parameters,
we could define a manageable simplified model to study the light neutralino parameter space.
The obtained spectra generically predict cascade decays resulting in multi-tau signals. The
reinterpretation of an ATLAS search, in combination with information on h→ invisible, allowed
us to set a constraint on the neutralino DM parameter space that is tighter than those from
direct and indirect DM searches. The results for the case µ < 0, that was not considered before
because disfavoured by the anomalous magnetic moment of the muon, were presented here for
the first time. The outcome is qualitatively similar to the case with positive µ that we previously
studied.

Acknowledgments

L.C. would like to thank the Moriond organizers for the financial support and the opportunity
of presenting this talk.

References

1. P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5076 [astro-ph.CO].
2. D. Albornoz Vásquez, G. Bélanger and C. Bœhm, Phys. Rev. D 84 (2011) 095015.
3. P. Grothaus, M. Lindner and Y. Takanishi, JHEP 1307 (2013) 094.
4. L. Calibbi, J. M. Lindert, T. Ota and Y. Takanishi, JHEP 1310 (2013) 132.
5. L. Calibbi, T. Ota and Y. Takanishi, JHEP 1107 (2011) 013; J. Phys. Conf. Ser. 375

(2012) 012041.
6. A. Arbey, M. Battaglia and F. Mahmoudi, Eur. Phys. J. C 72 (2012) 2169.
7. G. Bélanger et al., Phys. Lett. B 726 (2013) 773; A. Pierce, N. R. Shah and K. Freese,

arXiv:1309.7351 [hep-ph].
8. D. S. Akerib et al. [LUX Collaboration], Phys. Rev. Lett. 112 (2014) 091303.
9. M. Ackermann et al. [Fermi-LAT Collaboration], Phys. Rev. Lett. 107 (2011) 241302.

10. C. Han et al., JHEP 1402 (2014) 049.
11. P. P. Giardino et al., arXiv:1303.3570 [hep-ph]; A. Falkowski, F. Riva and A. Urbano,

JHEP 1311 (2013) 111.
12. ATLAS Collaboration, ATLAS-CONF-2013-028.
13. M. Bahr et al., Eur. Phys. J. C 58 (2008) 639 [arXiv:0803.0883 [hep-ph]].
14. W. Beenakker et al., Phys. Rev. Lett. 83 (1999) 3780 [Erratum-ibid. 100 (2008) 029901]

[hep-ph/9906298].
15. S. Ovyn, X. Rouby and V. Lemâıtre, arXiv:0903.2225 [hep-ph].
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The discovery of the scalar boson completes the experimental confirmation of the particles
predicted by the Standard Model, which achieves to describe almost all phenomena observed
in nature in terms of a few symmetry principles and a handful of numbers, the constants
of nature. Neutrino oscillations are the only confirmed piece of evidence for physics beyond
the Standard Model found in the laboratory. They can easily be explained if the neutrinos
have partners with right handed chirality like all other fermions. Remarkably, right handed
neutrinos can simultaneously explain long standing puzzles from cosmology, namely Dark
Matter and the baryon asymmetry of the universe. I discuss how close this minimal extension
of the Standard Model by right handed neutrinos can bring us to a complete theory of nature
and what else may be needed.

1 Introduction

One way to define the ultimate goal of fundamental science is the much-anticipated theory of
everything. However, given the fact that we are limited in our ability to make observations by
time, space and the sensitivity of our senses and instruments, it is clear from the beginning
that this goal cannot be achieved - even if one day we can consistently describe all phenomena
we know, we can never be sure that there are no phenomena which have escaped (and will
always escape) our notice because they are too far away, involve very feeble interactions with
the particles we know, occur only at very short distances or happened in a very distant past.
Hence, we may pursue a less ambitious, but nevertheless challenging and possibly achievable
goal, a “theory of everything we know” or complete effective theory of nature. Such a theory
should

1) describe all phenomena observed in nature and

2) be testable experimentally.

We shall interpret condition 2) in a strong sense and demand that the existence of all particles
can be confirmed experimentally and we can study their interactions. In the following we define
a complete effective theory as one that fulfils both conditions.

It is immediately clear that there is no guarantee that such theory exists. If, for instance,
neutrino masses are generated by physics at energy scales ∼ 1016 GeV, the (expected) scale of
grand unification, then we will most likely never be able to study the mechanism behind this
observed phenomenon experimentally. In fact, many popular and well-motivated theories do not
fulfil criterion 2), including grand unification and most realisations of supersymmetry. Hence,
a theory as anticipated here can only be found if nature is kind enough that all phenomena

aTUM-HEP-942/14



within reach of our instruments can be explained by physics that is also within reach of our
instruments. Even if this is the case the issue of a full (non-perturbative) theory of quantum
gravity remains.b Leaving this aside, we in the following consider a theory as “complete” in the
sense of 1) and 2) and treat it as fundamental for all practical purposes if it can be a valid
effective field theory up to the Planck scale.

The Standard Model of particle physics (SM) and theory of general relativity (GR) in com-
bination come impressively close to fulfilling both conditions 1. To date, there are only four
experimental and observational facts which cannot be understood in this framework,c

(I) the spacetime geometry of the observable universe

(II) flavour violation in neutrino experiments,

(III) the baryon asymmetry of the universe (BAU) and

(IV) the composition and origin of the observed dark matter (DM).

In addition to this evidence for the existence of “new physics”, there are a number of anomalies
in experimental data that have not (yet?) led to a claim of discovery and may also be explained
by systematics.Moreover, there are aspects of the SM that can be considered unsatisfying from
an aesthetic viewpoint, such as the hierarchy between the electroweak and Planck scale, the
strong CP problem, the factorisation of the gauge group and the flavour structure. We do not
discuss these here. Instead, we focus on one particular candidate for a complete theory, which
is motivated by the principle of minimality or Ockham’s razor.

2 A “complete” theory of nature

All matter particles in the Standard Model (SM) except neutrinos have been observed with both,
left-handed (LH) and right-handed (RH) chirality. The lack of a RH counterpart implies that
neutrinos are massless in the SM, while the observed neutrino flavour oscillations (II) clearly
suggest that at least two neutrinos are massive. This provides strong motivation to assume
that RH neutrinos νR exist. These new particles in addition can simultaneously explain the
observed DM 2 and BAU 3. It has been suggested in 4 that they may indeed explain all observed
phenomena (II)-(IV) simultaneously for a review see e.g. Refs.5 and references therein, while the
geometry (I) of the universe can be explained without adding any new particles 6. We consider
the most general action that only contains SM fields and RH neutrinos with renormalisable
interactions

S =

∫
d4
√
−g
[
LSM −

M2

2
R− ξΦ†ΦR (1)

+ iνR 6∂νR − lLFνRΦ̃− νRF †lLΦ̃† − 1

2
(νcRMMνR + νRM

†
Mν

c
R)

]
.

Here flavour and isospin indices are suppressed. LSM is the SM Lagrangian, F is a matrix of
Yukawa couplings and MM a Majorana mass term for νR. lL = (νL, eL)T are the left handed
SM lepton doublets, Φ is the Higgs doublet with Φ̃ = (εΦ)†, where ε is the antisymmetric SU(2)

bWe have not observed any phenomenon that require such theory, hence we can formally pass both criteria
without it. On the other hand, a truly fundamental theory of nature (whatever that means) should include a
quantum theory of gravity not only for self-consistency, but also because it seems likely that there exist physical
systems for which it is required and which some day may be accessible to (at least indirect) observation, including
black holes and the very early universe.

cThe observed current acceleration of the universe’s expansion is often included in this list, but can in fact be
accommodated in the framework of SM+GR: All observations to date can be explained in terms of a cosmological
constant Λ, which is simply a free parameter in GR. Whatever is the microphysical origin of Λ lies outside our
current observation, hence knowledge of it is not required to pass conditions 1) and 2).



tensor, and νcR = CνR
T , with the charge conjugation matrix C = iγ2γ0. For n flavours of νR,

the eigenvalues of MM introduce n new mass scales in nature, which we shall label MI . In
analogy with the LH sector we consider the case of n = 3 flavours of RH neutrinos. This is
the minimal number required to generate three non-zero light neutrino masses. We work in a
flavour basis where MM = diag(M1,M2,M3). The action (1) is written in the Jordan frame, M
is a mass scale that can be related to (and almost equals) the Planck mass MP in the Einstein
frame. The difference between Jordan and Einstein frame, which are connected by the conformal
transformation gµν → gµν(M2 + ξφ2)/M2

P with φ2 ≡ Φ†Φ, only matters in section 3. Elsewhere
we use the same symbols as in (1) for the canonically normalised fields and follow the notation
notation of Ref. 5.

3 The geometry of the universe and Higgs inflation

If the universe contained only radiation and matter, then the cosmic microwave background
(CMB) radiation from different directions in the sky would originate from regions that were
causally disconnected at that time of emission. This makes it difficult to understand why
the CMB temperature is the same up to Gaussian fluctuations δT/T ∼ 10−5 in all directions
(“horizon problem”). Moreover, the inferred overall spatial curvature is zero or very small,
which means that it was extremely close to zero at earlier times (“flatness problem”). Both
problems can be understood if there was a phase of cosmic inflation, i.e. accelerated expansion,
in the universe’s very early history 7. Inflation also predicts Gaussian temperature/density
perturbations 8 with nearly flat spectrum, characterised by a spectral index ns close to one, in
good agreement with observation. In the model (1) inflation can be realised through the potential
energy of the Higgs field6, which leads to a negative equation of state if it dominates the universe.
The Higgs expectation value χ in the Einstein frame is related to φ in the Jordan frame via
the conformal transformation. To explain the flatness and homogeneity of the universe inflation
must last & 50− 60 e-folds, implying that the effective potential U(χ) must be sufficiently flat
that χ “rolls slowly” while moving towards the minimum. Moreover, U(χ) must not have any
wiggles at values below the scale of inflation. If radiative corrections to U(χ) are negligible, the
model (1) is consistent with CMB observations if ξ ' 47000

√
λ and predicts a spectral index

ns ' 0.97 and scalar-to-tensor ratio r ' 0.003 for CMB temperature fluctuations 6. Here λ
is the Higgs self-coupling. In this scenario, hot big bang initial conditions for the radiation
dominated era are generated through particle production and subsequent thermalisation during
oscillations of χ around its minimum. The reheating temperature is 1013−1014 GeV, though this
value is subject to some theoretical uncertainty, as the reheating process involves a complicated
interplay between perturbative and non-perturbative dissipation, and a detailed analysis requires
a consistent treatment of all medium effects in the primordial plasma 9. Radiative corrections
introduce a critical mass scale mcrit = 129.6 + 2.0yt−0.93610.0058 −0.5αs−0.11840.0007 GeV, where yt = yt(µt)
is the top Yukawa at µt = 173.2 GeV in the MS scheme and αs is the strong coupling at the
Z-mass. Inflation happens if the Higgs mass mH is larger than mcrit, see references in Ref. 10.
While the above conclusions remain almost unchanged for mH > mcrit, calculations become
rather sensitive to quantum corrections in the vicinity of mH = mcrit

10. This uncertainty can
be parametrised by two numbers that enter the relation between the inflationary and low energy
values of the running masses. With the top quark mass varied within two standard deviations
from its best fit experimental value, there exist values of these unknown parameters for which
(1) with ξ ∼ 10, r & O[10−1] and mH = 125.6 GeV leads to Higgs driven inflation 10.

4 Neutrino masses and the seesaw mechanism

For MI > eV there are two distinct sets of neutrino mass eigenstates. We represent them by
flavour vectors of Majorana spinors ν and N . The elements of ν = V †ν νL − U †νθνcR + c.c have



light masses ∼ mν = −θMMθ
T �MM (in terms of eigenvalues) and are mainly superpositions

of the “active” SU(2) doublet states νL. They can be identified with the observed neutrino mass

eigenstates. The elements of N = V †NνR + ΘT νcL + c.c have masses of the order of MI and are
mainly superpositions of the “sterile” singlet states νR. Here c.c. stands for the C-conjugation
defined after (1), Θ� 1 is the mixing matrix between active and sterile neutrinos and θ ≡ ΘUTN .
Vν is the usual neutrino mixing matrix and Uν its unitary part, VN and UN are their equivalents
in the sterile sector. More precisely, Vν ≡ (1− 1

2θθ
†)Uν with θ ≡ mDM

−1
M , mD ≡ Fχ (χ = 174

GeV at temperature T = 0). The unitary matrices Uν and UN diagonalise the mass matrices
mν ' −θMMθ

T and MN = MM + 1
2

(
θ†θMM + MT

Mθ
T θ∗
)
, respectively. This setup is known

as seesaw mechanism 11 Experimentally the scale of the MI is almost unconstrained. Neutrino
oscillation experiments at energies E � MI only involve the light states νi and probe the
specific combination mν = −FM−1M F T . If mH/MI � 1, then the NI tend to give large radiative
corrections to mH , and the observed light Higgs mass mH ∼ 10−17MP

12. can only be explained
if either the model parameters are “fine tuned” or one introduces additional new physics to
stabilise mH (e.g. supersymmetry). This hierarchy problem is absent if MI < mH . We restrict
ourselves to this regime here. Another motivation for this choice comes from the criterion 2): It
is very difficult to find the NI -particles in the laboratory in foreseeable time if they are heavier
than the electroweak scale.

5 Baryogenesis via leptogenesis

The observable universe at present contains no significant amounts of antimatter, see 13 for a
discussion. In the standard model of cosmology the absence of antimatter is explained as the
result of an almost complete mutual annihilation of matter and antimatter in the early universe
after pair creation processes came out of thermal equilibrium. The matter we observe today
is only a small remnant that survived this process due to a tiny excess YB ' 8.6 × 10−11 14 of
matter over antimatter. The inflationary period described in section 3 and subsequent reheating
produce a dense primordial plasma that contains matter and antimatter in equal amounts, hence
YB has to be generated dynamically at later times. This process of baryogenesis requires baryon
number (B) violation, C and CP violation and a deviation from thermal equilibrium 15. In the
model (1) the latter is realised during the production 16,4 or the freezeout and decay 3 of NI

in the early universe. We focus on the experimentally accessible mass range MI ∼ GeV, in
which the BAU is generated during NI production. The asymmetry has to be generated at
temperatures T > Tsph ∼ 130 − 140 GeV 17, where sphaleron processes rapidly violate baryon
number B 18. The violation of total lepton L number is suppressed by MI/T � 1, but there
can be significant asymmetries Yα in the individual flavours. For MI/T � 1 the helicity states
of the Majorana fields NI effectively act as ”particles” and ”antiparticles”, and one can assign
approximately conserved lepton charges to the sterile flavours. Flavour dependent scatterings
transfer a part δL of the lepton asymmetry into the RH fields, where they are hidden from
the sphaleron processes that partly transfer the remaining net asymmetry −δL into B. Once
the NI come into equilibrium the Yα and B get washed out. If this process is incomplete at
the time of sphaleron freezeout at T = Tsph, then a net B 6= 0 remains protected from further
washout at lower temperatures. This mechanism is explained in more detail in Refs. 5,29,25. Due
to the great importance of flavour and finite density effects it is most conveniently treated in
the nonequilibrium quantum field theory approach to leptogenesis19, though crucial results have
previously been found in a detailed analysis using density matrix equations 4. The left panel
in figure 1 shows that the masses and mixings required to explain the BAU with n = 3 lie
well within reach of the BELLE II and LHCb experiments. Hence, these experiments have the
potential to unveil the common origin of matter in the universe and neutrino masses 20.

However, if one aims to address all problems (I)-(IV) in the framework of (1), then one
mass eigenstate N1 must compose the observed DM and be very long lived. This implies that
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Figure 1 – Masses and mixings of N2 for normal neutrino mass hierarchy. Left panel: For values of |Θµ2|2
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eV, m2 = 9.05 × 10−3 eV m3 = 5 × 10−2 eV and all known neutrino parameters fixed to the best fit value in
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I |ΘµI |2 from the past experiments 23 PS191, NuTeV, NA3,

CHARMII as given in 24. They are stronger than those from neutrinoless double β-decay or violation of lepton
flavour and universality 26. The blue lines indicate the current bounds on U2

µ from LHCb (dotted) and BELLE
(dashed) 27. These can improve significantly (at least an order of magnitude) with the upgrade to BELLE II and
the LHC’s 14 TeV run, see discussion in Ref. 20. For larger masses baryogenesis is possible 28, but it is hard to
find the NI in experiments. Right panel: With n = 2 RH neutrinos baryogenesis can only be successful if their
massesM2 and M3 are degenerate. The observed BAU can be generated for mixings U2 ≡ tr(θ†θ) in the region
between the solid blue “BAU” lines. The regions below the solid black “seesaw” line and dashed black “BBN”
line are excluded by neutrino oscillation experiments and big bang nucleosynthesis, respectively. The areas above
the green lines of different shade are excluded by direct search experiments, as indicated in the plot. Plot taken
from 29.
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Figure 2 – Constraints on the mass and mixing of the DM candidate N1 as explained in the plot. Along the solid
black production curves the observed ΩDM is explained for Yα = 0 (upper curve) and the maximal Yα = 1.24×10−4

found in 29 (lower curve). We do not display a lower bound on M1 from structure formation, which should lie
somewhere between 1 keV and 10 keV, as it is a matter of ongoing discussion. Plot taken from 32.

its coupling is so feeble that it gives no significant contribution to the neutrino mass matrixd

mν and has a negligible abundance in the primordial plasma at T > Tsph. The latter fact
implies that effectively only two RH neutrinos N2,3 participate in baryogenesis. In this scenario,
which is effectively n = 2 as far as baryogenesis and the seesaw are concerned, it is much
more difficult to explain the observed BAU. The sources and washout rates for the asymmetries

dThis fixes the absolute scale of neutrino masses because it implies that one light neutrino is (almost) massless.



Yα are proportional by different combinations of the same Yukawa couplings FαI .
e For n = 2

the strengths of the NI couplings to all active flavours α are essentially governed by just one
parameter 33,25. Hence, they are “tied together” and a large asymmetry generation at T � Tsph
necessarily implies a large washout for all flavours at T & Tsph.f The BAU can be explained if all
NI -interactions are sufficiently small to prevent a complete washout at T > Tsph, see right panel
in figure 1, while the source term is resonantly enhanced by a degeneracy in the masses M2 and
M3 at the level < 10−3 29,25. A mass splitting of this size is stable against radiative corrections34

and could be explained by an approximate lepton number conservation 35. A detection of N2,3

in existing experiments is unlikely in this scenario, and experimental confirmation of this model
requires dedicated search experiments, see e.g. 36.

6 Sterile neutrino Dark Matter

For sufficiently small |ΘαI |, the NI -particles are collisionless and can be very long lived, hence
they are obvious decaying DM candidates. The main decay channel is N → ννν and leaves no
astronomically observable signature, but the radiative decay N → νγ predicts a narrow photon
emission line at energy M1/2 from DM dense regions. Until 2014 the non-observation of such line
could considerably constrain the mass and mixing,30 see figure 2. Recently a tentative signal has
been reported that can be interpreted as emission from the decay of a sterile neutrino N1 with
M1 ' 7 keV31,32. This interpretation, which certainly requires further confirmation at this stage,
is fully consistent with the predictions of the minimal model (1) and all known constraints29. The
main constraints come from the requirements to predict the correct DM abundance ΩDM and be
consistent with structure formation, see e.g. 5 and references therein. Even though N1-particles
in the universe are so feebly coupled that they have never reached thermal equilibrium, their
distribution is proportional to an equilibrium distribution if Yα = 0 because they are thermally
produced via mixing 2,37. This production is most efficient at T ∼ 100 MeV 38. For Yα 6= 0 the
MSW effect can lead to a level crossing between the νi and N1 dispersion relations in the thermal
plasma, which results in a resonant producing of N1 that adds a non-thermal component to the
momentum distribution 39. The superposition of the thermal and non-thermal spectra can be
approximated as a combination of a warm and a cold DM component 39,40. The observation of
structures on scales < 100 Mpc in the spatial matter distribution imposes a bound on the mean
free path λDM of N1, as freely streaming DM would wash out and strongly suppress small scale
structures. For a thermal spectrum there is a unique relation between λDM ∼ 1Mpc(keV/M1)
and M1

41, but for a non-thermal spectrum it is very difficult to perform numerical simulations
42 that make predictions for the distribution of matter in the universe today based on the initial
N1 spectra at T ∼ 100 MeV, and the bounds from structure formation suffer from considerable
uncertainties. If one takes the most conservative viewpoint, then the Yα = 0 scenario is already
excluded (see e.g. 5) and the required Yα ∼ 10−4 can only be produced in the late decay of N2,3

in the minimal model discussed here if (1) exhibits considerable parameter tunings 29. Since the
parameter space in figure 2 is constrained in all directions, the combination of observations with
future X-ray telescopes 43 and a better understanding of structure formation can in principle
falsify or confirm this DM scenario.

eThe source term is e.g. given in 28 and ∝ Im(FαIF
∗
βIFβJF

∗
αJ), the washout rate is Γα = (FF †)ααγavT , where

γav is a numerical coefficient that depends on MI/T
21.

f In contrast, for n = 3 there are considerable regions in parameter space where the |FαI | are very different in
size, leading to a flavour asymmetric washout. For instance, the NI interactions with muons can be large enough
to yield observable branching ratios (e.g. (trF †F )1/2 & 10−4 at M2 = 2 GeV) while the coupling to electrons is
small enough to avoid a complete chemical equilibration 20.



7 Conclusions

In a minimal extension of the SM there exist parameter choices for which all established obser-
vations in fundamental physics can be explained with only three new particles, RH neutrinos,
and a non-minimal coupling of the Higgs field to gravity. This model in principle could be a
valid and complete effective field theory up to the Planck scale.
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LATEST RESULTS OF CAST AND FUTURE PROSPECTS

THEODOROS VAFEIADIS ON BEHALF OF THE CAST COLLABOTRATION

European Organization for Nuclear Research (CERN),
Geneva, Switzerland

CERN Axion Solar Telescope (CAST) is currently the most sensitive axion helioscope designed
to search for axions and axion-like particles produced in the Sun. CAST completed successfully
the second part of CAST phase II where the magnet bores were filled with 3He gas at variable
pressure scanning axion masses up to 1.2 eV In the absence of signal it has set the best
experimental limit on the axion-photon coupling constant over a broad range of axion masses.
In 2013 CAST has improved its sensitivity to solar axions with rest mass below 0.02 eV by
upgrading the Micromegas detectors and it will continue in 2014 with the implementation of
a second X-ray optic and a new type detector (InGRID). In addition, CAST has extended its
sensitivity into the sub-keV energy range using a silicon detector (SDD), to search for solar
chameleons. Thus, CAST also became sensitive to dark energy particles. A new generation
axion helioscope (IAXO) aims to improve the current axion-photon coupling by 1-1.5 orders
of magnitude. This will be possible by building a dedicated magnet and dedicated optics and
X-ray detectors.

1 Introduction

Axions are hypothetical particles arising in models that may solve the CP problem in quantum
chromodynamics. The underlying Peccei-Quinn symmetry 1 is spontaneously broken at a scale
fa. Axions are practically stable pseudoscalars with phenomenology determined by the scale fa.
Most of axion experimental searches relies on the axion coupling to two photons, allowing for
axion-photon conversion in external electric or magnetic fields.

The CAST experiment is based on the axion helioscope technique 2 where a magnet is
oriented towards the Sun. Axions could be generated in the solar interior via the Primakoff
process where a photon converts into an axion in the electric field of a charged particle, and
back-converted into photons in a laboratory magnetic field. The differential solar axion flux at
the Earth is given by

dΦa

dEa
= 6.02 × 1010

(
gaγ

10−10 GeV−1

)2

E2.481
a e−Ea/1.205

[
cm−2s−1keV−1

]
, (1)

where gaγ is the axion-photon coupling constant, and Ea is the axion energy (the mean axion
energy is 4.2 keV). The probability of axion-photon conversion in the general case of a uniform
optical medium inside a transverse and homogeneous magnetic field, which extends for length
L is 3:

Pa→γ =

(
B gaγ

2

)2 1

q2 + Γ2/4

[
1 + e−ΓL − 2e−ΓL/2 cos(qL)

]
, (2)

with Γ the inverse photon absorption length of the medium, and the momentum transfer q given



by

q =

∣∣∣∣∣m2
γ −m2

a

2Ea

∣∣∣∣∣ , (3)

with mγ being the effective photon mass in the medium,

mγ

[
eV

c2

]
= 28.77

√
Z

A
ρ

[
g

cm3

]
, (4)

given as a function of the density ρ, the atomic number Z and atomic mass A of the medium.

The conversion probability 2 is maximal when the coherence condition qL < π is satisfied.
Therefore, the experimental sensitivity is restricted to a range of axion masses. If the medium
inside the magnetic field is vacuum (Γ = 0, mγ = 0), the sensitivity is limited to masses
ma <

√
2πEa/L (for the CAST experimental setup, ma < 0.02 eV). In order to extend the

sensitivity to higher axion masses, the conversion region has to be filled with a medium which
provides an effective photon mass mγ . As a result, the coherence is restored for a narrow mass
window around ma = mγ .

The expected number of photons reaching an X-ray detector can be calculated as

Nγ =

∫
dΦa

dEa
Pa→γS t dEa , (5)

where S is the effective area, and t the observation time.

2 CAST experimental setup

The main component of the CAST experiment is the 10 m long, twin aperture LHC prototype
dipole magnet, with the magnetic field of 9 T. The magnet is comprised of two straight cold bores
of 42 mm aperture. The operating temperature is 1.8 K which is provided by a full cryogenic
station. The magnet is mounted on a moving platform which allows it to move from −8◦ to
+8◦ in the vertical direction and from -40◦ to +40◦ in the horizontal, allowing it to follow the
Sun for approximately 1.5 h during the sunrise and 1.5 h during the sunset, throughout the
year. Four low-background X-ray detectors (until the end of 2012 three Micromegas and one
pn-CCD + X-ray telescope) are installed in each end of the cold bore tubes to identify the
converted photons exclusively at times of alignment between the magnet and the core of the
Sun (tracking), providing an axion signature. The remaining hours of the day the magnet stays
idle in a horizontal parking position and reference background measurements are taken.

3 CAST scientific program

The CAST experiment has been searching for solar axions since 2003. During 2003 and 2004, it
operated with vacuum inside the magnet bores (Phase I). From the absence of excess in the X-
ray signal, while pointing to the Sun, it set the best experimental limit 4,5 for the axion-photon
coupling constant for axion masses up to 0.02 eV. To extend the sensitivity to higher axion
masses, the experiment underwent a large upgrade in 2005 in order to operate with a buffer gas
of variable density in the magnet bores (Phase II). The first part of Phase II was completed
with 4He as buffer gas. With 160 different pressure settings, CAST scanned the region of axion
masses up to 0.39 eV, entering for the first time in the QCD axion model band in the electronvolt
range 6. In 2007 CAST upgraded again the buffer gas system, to accommodate 3He as a buffer
gas. In the second part of Phase II, which started in 2008 and finished in 2011, the range of
axion masses up to 1.18 eV was scanned 7,8. Figure 3 shows the CAST published limits on the
axion-photon coupling constant.



Figure 1 – Exclusion regions in the ma − gaγ plane achieved by CAST in the vacuum, 4He, and 3He phase. We
also show constraints from the Tokyo helioscope (Sumico), horizontal branch (HB) stars, and the hot dark matter
(HDM) limit. The yellow band represents typical theoretical models while the green solid line corresponds to the
benchmark KSVZ model.

4 CAST prospects

In the period 2013 - 2015 CAST will revisit the vacuum phase to search for axion-like particles
(ALPs) with improved detectors with very low background (∼ 1 × 10−6 s−1 cm−2 keV−1). In
addition, a new X-ray optics will be installed for the sunrise Micromegas line in 2014. The
strategy for achieving low background detectors includes new electronics which provide more
information (pulse shape analysis extended to every strip), a cosmic veto with 75% coverage
in the sunset line, new shielding design and new generation Micromegas detectors specifically
designed for CAST. All the detectors will be calibrated in the variable energy X-ray generator
line, in the new detector lab at CERN 9, for optimization of the offline analysis and enhancement
of their performance.

Additionally, CAST will search for solar chameleons, paraphotons and low energy axions,
something that has not been done with a helioscope before. Chameleons are dark energy candi-
dates to explain the acceleration of the Universe and their mass depends on the energy density
of the environment. They can be created by the Primakoff effect in a strong magnetic field (i.e.
the Sun) and can be converted to X-ray photons in CAST via the inverse Primakoff effect (like
axions). In 2013 CAST extended its search to these dark energy particles. For this program,
a windowless silicon drift detector from PN-Detectors, the bSDD, with sub-keV sensitivity has
been developed and installed in the experiment. The energy range of interest was from 400-1500
eV. It collected 15.2 hours of tracking data and 108 hours of background. The expected number
of photons from chameleon conversion inside the CAST magnet, that reaches the bSDD is cal-
culated from the theoretical photon spectrum arriving at the detector, from the conversion of
chameleons, taking into account the total tracking time, the quantum efficiency of the detector,
the magnetic length that the chameleons travel inside CAST, the absorption phenomena on the
surface of the bSDD due to the absence of window and the area of the detector. The result
of the data analysis is compatible with the null hypothesis, within 2 standard deviations. The
compatibility of the data with the absence of any signal allows the derivation of a preliminary
limit to the chameleon to photon coupling constant:

βγ ≤ 8.56 × 1010 at 95% CL. (6)



Figure 2 – Constraints on the coupling of the chameleons to matter and photons. The current constraints are
shown as shaded regions and the future ones as solid lines. The preliminary result of CAST appears as a solid
purple area. The black dashed line shows the solar limit whereas the dashed purple one shows the actual limits
of sensitivity of CAST.

In 2014 and 2015, a new InGrid Micromegas detector will be installed on the sunrise side to
search for chameleons and ALPs. The effective area of the detector is 2 cm2 , and the energy
threshold well below 1 keV. It will work in combination with the first X-ray telescope (i.e. the
InGrid detector will replace the CCD detector).

A new generation axion telescope, IAXO (International AXion Observatory) 10 is currently
at the level of the Conceptual Design. It will benefit greatly from the expertise and knowledge
gained from the successful operation of CAST. As its primary physics goal, IAXO will look
for axions or ALPs originatingin the Sun via the Primakoff conversion of the solar plasma
photons. In terms of signal-to-background ratio, IAXO will be about 4-5 orders of magnitude
more sensitive than CAST.
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AXIONS AND AXION-LIKE PARTICLES
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The physics case for axions and axion-like particles is reviewed and an overview of ongoing
and near-future laboratory searches is presented.

1 Introduction

The Standard Model (SM) of particle physics describes the properties of known matter and forces
to a fantastic accuracy. However, it can not be considered to be a complete and fundamental
theory. Most notably, it does not give a satisfactory explanation for the values of its many
parameters, it does not provide a predictive quantum theory of gravity, and it does not explain
the origin of the dark sector of the Universe. In fact, the observation that nearly thirty percent
of the energy content of the universe consists of dark matter provides a very strong case for the
existence of particles beyond the SM.

Intriguingly, dark matter candidates occur automatically in a number of SM extensions which
were originally motivated by completely other reasons. Prominent examples are the lightest
supersymmetric (SUSY) partners, e.g. neutralinos (partners of the SM gauge or Higgs bosons)
or gravitinos (partners of the graviton), in R-parity conserving SUSY extensions of the SM – the
latter being motivated by grand unification and the solution of the hierarchy problem. Another
widely-discussed example are the axion – occuring in extensions of the SM solving the strong CP
problem – and axion-like particles (ALPs), which are often predicted by embeddings of the SM
in string theory.

In this contribution we review the theoretical motivation for the axion and ALPs (Sec. 2),
summarize the various hints for their existence from astrophysics and cosmology (Sec. 3), and
report on ongoing and near-future laboratory experiments and observatories (Sec. 4).

2 Theoretically Favored ALP Candidates

Many extensions of the SM feature one or several spontaneously broken global U(1)i symmetries,
i = 1, . . . , nax. At energies below their symmetry breaking scales vi, Nambu-Goldstone boson
fields a′i arise as massless excitations of the angular part of the SM singlet complex scalar fields
φi whose vacuum expectation values (vev) 〈φi〉 = vi/

√
2 break the U(1)i symmetries: φi(x) =

(vi+σi(x))eia
′
i(x)/vi/

√
2. Their interactions with SM particles, e.g. with gluons (described by the

gluonic field strength Gµν), photons (described by the electromagnetic field strength Fµν), and
electrons (described by the spinor e), are suppressed by inverse powers of the supposedly large



symmetry breaking scales, fa′i = vi � v, where v = 246 GeV is the electroweak Higgs vev,

L =
1

2
∂µa

′
i ∂

µa′i −
αs
8π

(
nax∑
i=1

C ′ig
a′i
fa′i

)
GbµνG̃

b,µν (1)

− α

8π

(
nax∑
i=1

C ′iγ
a′i
fa′i

)
FµνF̃

µν +
1

2

(
nax∑
i=1

C ′ie
∂µa

′
i

fa′i

)
ēγµγ5e+ . . . .

Here, the couplings to the gluons, C ′ig, and to the photons, C ′iγ , arise from integrating out fermions
with chirally anomalous U(1)i charge assignments. Particularly well-motivated examples for such
Nambu-Goldstone bosons are:

• The axion A – the particle excitation of the superposition of all Nambu-Goldstone fields a′i
coupling to the topological charge density in QCD, q ≡ αs

8πG
b
µνG̃

b,µν , in Eq. (1),

A

fA
≡

nax∑
i=1

C ′ig
a′i
fa′i

. (2)

This field replaces the theta parameter in QCD by a dynamical quantity, θA(x) = A(x)/fA,
spontaneously relaxing to zero, 〈θA〉 = 0 – thereby explaining the non-observation of strong
CP violation1,2,3. In fact, topological non-trivial gluonic fluctuations result in an effective
potential for θA,

V (θA) =
χ(0)

2
θ2
A +O(θ4

A) ' m2
πf

2
π

2

mumd

(mu +md)2
θ2
A +O(θ4

A), (3)

which has a localized minimum at θA = 0. Here, χ(0) = 〈Q2〉 |θ=0 /
∫
d4x, with Q =∫

d4x q(x), is the topological susceptibility, mπ and fπ are the mass and the decay constant
of the pion, and mu and md are the quark masses, respectively. Moreover, the topological
fluctuations give the axion a small mass, which can be read off from the quadratic part in
Eq. (3),

mA =
mπfπ
fA

√
mumd

mu +md
' 0.6 meV ×

(
1010 GeV

fA

)
, (4)

rendering the axion a pseudo-Nambu-Goldstone boson. Due to the mixing with the neutral
pion, the axion has a universal coupling to photons,

L ⊃ −
gAγ
4
AFµνF̃

µν ; |gAγ | ∼
α

2πfA
∼ 10−12 GeV−1

(
109 GeV

fA

)
, (5)

which allows for various experimental probes.

• The majoron – the Nambu-Goldstone boson arising from the breaking of global lepton
number symmetry4,5 at a high energy scale fL = vL – thereby explaining the smallness
of the masses of the left-handed SM active neutrinos by a see saw relation involving the
electroweak scale Dirac-type mass MD = F v and the large Majorana-type mass MM = y fL
of extra right-handed SM singlet neutrinos,

mν = −MDM
−1
M MT

D = −F y−1 F T
v2

fL
= 0.6 eV

(
1012 GeV

fL

)(
−F y−1 F T

10−2

)
. (6)

• Familons arising from the breaking of global family symmetries6,7,8.

• Closed string axions9,10,11 – Kaluza-Klein zero modes of antisymmetric tensor fields – the lat-
ter belonging to the massless spectrum of the bosonic string propagating in ten dimensions.
Their number nax is determined by the topology of the compactified manifold.



• Accidental axion and ALPs arising from the breaking of accidental global U(1) symme-
tries that appear as low energy remnants of exact discrete symmetries – the latter being
postulated in purely field theoretic set ups12,13 or occurring automatically in orbifold com-
pactifications of the heterotic string14.

Therefore, searches for the axion A – the linear combination coupling to the topological
charge density in QCD, Eq. (2) – and further ALPs aj – the nax−1 Nambu-Goldstone bosons
perpendicular to the axion in field space – are theoretically very well motivated. Moreover, as we
will review next, their existence is also suggested on cosmological and astrophysical grounds.

3 Physics Case for Axions and ALPs

3.1 Cold Dark Matter

Axions and/or ALPs – if they are pseudo Nambu-Goldstone bosons, i.e. if they have a (small)
mass due to non-perturbative effects or explicit symmetry breaking – are excellent cold dark
matter candidates. In fact, for large symmetry breaking scales, axions and ALPs are very long
lived. They are produced in the early universe via the vacuum realignment mechanism as a
coherent state of many, extremely non-relativistic particles in the form of a classical, spatially
coherent oscillating field15,16,17. Neglecting anharmonic effects, today’s (time t0) fraction of axion
or ALP dark matter produced via the vacuum realignment mechanism is proportional to the
spatially averaged field amplitude squared, 〈a2〉 ≡ f2

a 〈θ2
a〉, at the time when the oscillations

started, tosc ' (3/2)m−1
a (tosc),

18

Ra =
ρa
ρDM

(t0) ' 0.2

√
ma(t0)

eV

√
ma(t0)

ma(tosc)

(
fa

1011 GeV

)2

〈θ2
a〉 . (7)

Here, the indicated time-dependence of the mass arises from its temperature dependence, ma(t) ≡
ma(T (t)), taking into account possible plasma effects.

The values of 〈θ2
a〉 depend crucially on whether the global symmetry breaking occured before

inflation ends and there was no symmetry restoration after inflation (“pre-inflationary SSB”), or
the opposite (“post-inflationary SSB”),

〈θ2
a〉 =

 θ2
i +

(
HI

2πfa

)2
, if fa > max

(
HI
2π , εeffEI

)
,

π2

3 , if fa < max
(
HI
2π , εeffEI

)
.

(8)

Here, HI is the Hubble expansion rate during inflation, EI =

√√
3

8πMPlHI is the energy scale

of inflation, and εeff ∈ (0, 1) is a reheating efficiency parameter.

In the first, “pre-inflationary SSB” case, spatial variations in θa ≡ a/fa are smoothed out over
our Hubble volume. Then θi ≡ 〈θa〉 is an essentially environmental parameter drawn from a uni-
form distribution, θi ∈ [0, π], with a small variance, σθa = HI/(2πfa), arising from quantum fluc-
tuations during inflation. These fluctuations provide a lower bound on Ra. The non-observation
of the associated isocurvature fluctuations in the anisotropies of the temperature of the cosmic
microwave background (CMB) severely constrain axions and ALPs, disfavoring a sizeable region
in fa-HI parameter space19,20,21,22,23, as is exemplified in Fig. 1. In fact, an HI of order 1014 GeV,
as indicated by the recent detection of B-mode polarization in the CMB by BICEP224 – if the lat-
ter is interpreted as originating from primordial gravitational waves rather than from foreground
dust25,26 – would strongly disfavor pre-inflationary SSB scenarios27,28 (possible ways out of this
conclusion have been put forward in Refs.29,30,31,32).

This would favor the second, “post-inflationary SSB” case, in which the initial misalignment
angle takes on different values in small (linear dimension ∼ m−1

a (tosc)) patches in the universe,
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Figure 1 – Disfavored (colored) and favored (white) regions of axion – inflation parameter space22.

resulting in a vanishing mean value, 〈θa〉 = 0, and a variance σθa = π/
√

3, due to small-scale
variations. These variations again provide a lower bound on Ra and, correspondingly, an upper
bound on fa. For the axion, this bound is of order23,33,34 fA . few × 1011 GeV, see Fig. 1.
Moreover, an additional cold dark matter population arises in the post-inflationary SSB scenario
from the decay of topological defects, which radiates non-relativistic axions or ALPs. This ad-
ditional contribution narrows down the parameter space of axions or ALPs even more, however
with substantial uncertainties23,35,36,37.

In R-parity conserving supersymmetric models, more possibilities arise: cold dark matter
might be a mixture of axions along with the lightest SUSY particle (LSP)38,39. Candidates for
the LSP include then the lightest neutralino, the gravitino, the axino, or a sneutrino. In the case
of a neutralino LSP, saxion and axino production in the early universe have a strong impact on the
neutralino and axion abundance. For large values of fA, saxions from the vacuum re-alignment
mechanism may produce large relic dilution via entropy dumping.

Recently, two groups reported the observation of an unidentified 3.55 keV line from galaxy
clusters and from the Andromeda galaxy40,41. It is tempting to identify this line with the expected
signal from two photon decay of 7.1 keV mass ALP dark matter42,43. To match the observed X-
ray flux, but allowing for the likely possibility, that the ALP dark matter makes only a fraction
Ra ≡ ρa/ρDM of the total density of dark matter, the required lifetime and thus decay constant
of the ALP is (cf. Fig. 2)

gaγ ∼ R−1/2
a 10−(17÷18) GeV−1 ; fa ∼ CaγR1/2

a 1014÷15 GeV . (9)

However, some observations such as the anomalous line strength in the Perseus cluster and the
enhanced strength of the line emission in the cool cores of the Perseus, Ophiuchus and Centaurus
clusters seem to be better fitted in models in which the unidentified line arises from the decay of
a 7.1 keV (scalar or fermionic) dark matter species into a very light (ma . 10−10 eV) ALP, that
subsequently converts to photons in astrophysical magnetic fields48,49.

3.2 Gamma Transparency of the Universe

Gamma-ray spectra from distant active galactic nuclei (AGN) should show an energy and redshift-
dependent exponential attenuation, exp(−τ(E, z)), due to e+e− pair production off the extra-



galactic background light (EBL) – the stellar and dust-reprocessed light accumulated during the
cosmological evolution following the era of re-ionization. In fact, Fermi50 and H.E.S.S.51 have put
sensible constraints on the EBL using their recent first detection of this effect. However, there
is growing evidence52,53,54,55 for an anomalous transparency of the universe for gamma-rays at
large optical depth, τ & 2. This may be explained by photon ↔ ALP oscillations: the conversion
of gamma rays into ALPs in the magnetic fields around AGNs or in the intergalactic medium,
followed by their unimpeded travel towards our galaxy and the consequent reconversion into
photons in the galactic/intergalactic magnetic fields53,56,57,58,59. This explanation requires a very
light ALP, which couples to two photons with strength58 (cf. Fig. 2),

gaγ & 10−12 GeV−1; ma . 10−7 eV. (10)

3.3 Cosmic ALP Background Radiation

There are observational hints on extra dark radiation in the primordial plasma during big bang
nucleosynthesis and before photon decoupling – beyond the one from the three active neutrino
species – at the one to three sigma level60,61. Intriguingly, a cosmic ALP background (CAB)
radiation corresponding to an effective number 4Neff ∼ 0.5 of extra neutrinos species can be
naturally produced by the decay of a heavy (∼ 106 GeV) modulus with Planck mass suppressed
couplings62,63. In fact, an observed soft X-ray excess in the Coma cluster may be explained by
the conversion of such a CAB into photons in the cluster magnetic field64,65. This explanation
requires that the CAB spectrum is peaked in the soft X-ray region and that the ALP coupling
and mass satisfy

gaγ & 10−13 GeV−1
√

0.5/4Neff ; ma . 10−12 eV, (11)

respectively, overlapping with the parameter range (10) preferred by the ALP solution of the
gamma-ray transparency puzzle, as is apparent in Fig. 2.

4 Axion and ALP Experiments and Observatories

We have seen in the last section that there are strong theoretical, cosmological and astrophysical
hints suggesting the existence of the axion plus additional two to three ALPs (cf. red regions in
Fig. 2). Fortunately, a sizeable part of the favored regions in axion and ALP parameter space can
be explored in the foreseeable future with experimental searches based on axion or ALP photon
oscillations in magnetic fields (cf. green regions in Fig. 2), as we review in this section.

4.1 Haloscope Searches

Haloscopes directly search for galactic halo dark matter axions and ALPs in the laboratory.
Currently, the most sensitive ones exploit electromagnetic cavites placed in a strong magnet66.
They aim for the detection of electromagnetic power arising from the conversion of dark matter
axions or ALPs into real photons, with frequency ν = ma/(2π) = 0.24 GHz × (ma/µeV). The
best sensitivity is reached on resonance, the power output then being proportional to the quality
factor of the cavity. The Axion Dark Matter eXperiment (ADMX) has indeed reached recently
the sensitivity to probe axion dark matter67 (see Fig. 2). The ongoing experiments ADMX-II and
ADMX-High Frequency (HF) aim to explore the green regions labelled “Haloscopes” in the same
figure. Further haloscope opportunities in complementary mass ranges may arise from recycling
available microwave cavities and magnets at accelerator laboratories68,69.

Other new haloscope concepts are also being investigated. A microwave Fabry-Perot res-
onator in a spatially varying magnetic field may be exploited70 to search for axion/ALP dark
matter with masses above 40 µeV. Converted photons from axion/ALP dark matter could be
focused in a manner similar to a dish antenna, allowing for broad-band searches71. Precision
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Figure 2 – Axion and ALP photon coupling versus mass13. The figure shows the prediction for the axion (yellow
band) and excluded regions arising from the non-observation of an anomalous energy loss of massive stars due to
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the regions surrounded by the red lines may constitute all or a part of cold dark matter (CDM), explain the cosmic
γ-ray transparency, and the soft X-ray excess from Coma. The green regions are the projected sensitivities of the
light-shining-through-wall experiment ALPS II, of the helioscope IAXO, of the haloscopes ADMX and ADMX-HF,
and of the PIXIE or PRISM CMB observatories.

magnetometry may be exploited to search for oscillating nuclear electric dipole moments induced
by the oscillating galactic dark matter axion field72. DM axions/ALPs cause an oscillating electric
current to flow along magnetic field lines. The corresponding oscillating magnetic field may be
amplified using an LC circuit and then detected by precision magnetometry73.

4.2 Light-Shining-Through-Wall Searches

Light-Shining-Through-Wall (LSW) experiments aim both for production and detection of ax-
ions and ALPs in the laboratory. This is done by sending laser photons along a strong magnetic
field, allowing for their conversion into axions or ALPs, towards a blocking wall, behind of which
the latter may then reconvert, again in a strong magnetic field, into photons, the latter being
susceptible to detection74,75,76. The Any Light Particle Search (ALPS I) experiment at DESY
has currently established the best sensitivity of LSW experiments77. Its successor experiment
ALPS II78 proposes to use 10+10 straightened HERA magnets79, a high-power laser system, a
superconducting low-background detector and the pioneering realization of an optical regener-
ation cavity80,81. It aims to tackle some of the ALP parameter space favored by astrophysical
observations, cf. the light-green region in Fig. 2 labelled by “ALPS II”. LSW experiments in
other spectral ranges, notably in the microwave82,83 and in the X-ray ranges84,85, are still in the
pioneering stage86,87 and do not seem to be competitive in the foreseeable future.

4.3 Helioscope Searches

Helioscopes aim to detect solar axions and ALPs produced by their conversion into photons inside
of a strong magnet pointing towards the Sun66. The CERN Axion Solar Telescope (CAST),
employing an LHC dipole test magnet, sets currently the best helioscope limit88,89. A proposed
next-generation axion helioscope, dubbed the International Axion Observatory (IAXO), envisions



a dedicated superconducting toroidal magnet with much bigger aperture than CAST, a detection
system consisting of large X-ray telescopes coupled to ultra-low background X-ray detectors, and
a large, robust tracking system90, and aims at the sensitivity shown in Fig. 2.

5 Summary

There is a strong physics case for the axion and ALPs. They occur naturally in many theoretically
appealing ultraviolet completions of the SM. They are dark matter candidates and can explain
the anomalous cosmic gamma ray transparency, soft X-ray excesses from galaxy clusters, and the
unidentified 3.55 keV line from Andromeda and galaxy clusters. A significant portion of their
parameter space will be tackeled in this decade by experiments. Stay tuned!
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SCATTERING RATES AND SPECTATOR EFFECTS IN LEPTOGENESIS
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In recent years tremendous progress was made towards a more precise understanding of the
Leptogenesis mechanism. Some of the recent developments are reviewed, like new results for
scattering rates and effects from partially equilibrated spectator processes, and their impact
on the final baryon asymmetry is discussed.

1 Introduction

Baryogenesis, i.e. the generation of a baryon anti-baryon asymmetry in the early universe, is one
of the most important open problems in particle physics, and a strong motivation for physics
beyond the standard model. One popular solution is provided by the Leptogenesis 1 mechanism,
where a lepton asymmetry is generated from the CP-violating out of equilibrium decays of heavy
right-handed neutrinos, and partially converted into a baryon asymmetry through electroweak
sphaleron processes.

An attractive feature of Leptogenesis is that it requires only a very small extension of the
standard model (SM): adding two right-handed neutrinos with Majorana masses and Yukawa
couplings to the lepton doublets is sufficient, although three right-handed neutrinos are usually
considered. At the same time these right-handed neutrinos provide a natural explanation for the
smallness of the neutrino masses through the see-saw mechanism. After electroweak symmetry
breaking, a mass of ordermν = Y 2v2

M is generated for the left-handed SM neutrinos, whereM � v
is the mass scale of the right-handed neutrinos and v = 174 GeV is the vacuum expectation
value of the SM Higgs field. Sub-electronvolt (eV) neutrino masses can therefore be explained
with natural values for the Yukawa couplings Y provided that M ∼ 107−14 GeV.

2 Basics of Leptogenesis

The interactions relevant for Leptogenesis are described by the following Lagrangian,

L = −1
2MiN̄iNi − YiαN̄iH̃

†`α − hαβ ēRαH
†`β + h.c. (1)



where Mi are the Majorana masses of the right-handed neutrinos Ni, Yiα and hαβ are the neutral
and charged Yukawa couplings, respectively, andH, `α and eRβ are the Higgs and lepton doublets
and the charged lepton singlets of the SM, with lepton flavour index α.

Lepton number (and thus also B − L) is broken by the Majorana masses, and CP violation
can be provided by complex phases in the neutral Yukawa matrix Y , such that two of the
three Sakharov conditions are already satisfied. The third condition, departure from thermal
equilibrium, can be realised if the right-handed neutrinos depart from thermal equilibrium when
the temperature of the universe, T , drops below the their masses. For this the decay rate
Γ(N1 → `H) should not be much faster than the expansion rate of the universe H(T = M1).

It is intriguing that Γ/H depends on the same parameter combination Y 2/M as the light
neutrino masses, and that the condition Γ/H ∼ 1 is compatible with mν of order meV, in
agreement with the range of neutrino masses required to explain neutrino oscillation data.

Obtaining a prediction for the final baryon asymmetry in terms of the Lagrangian parameters
introduced above is non-trivial. In the simplest case, when finite temperature effects can be
neglected and the masses of the right-handed neutrinos are hierarchical, one still has to solve
Boltzmann equations for the abundance YN1 of the lightest right-handed neutrino and for the
lepton asymmetries Y`:

d

dz
YN1 = −C̄N1

(
YN1 − Y eq

N1

)
, (2a)

d

dz
Y` =

1

2
S̄
(
YN1 − Y eq

N1

)
− W̄

(
Y` +

1

2
YH

)
. (2b)

Here S̄ is the source term for the CP asymmetry coming from loop corrections to the decay
N1 → `H, C̄N1 is the tree level decay rate and W̄ , the so called washout term, corresponds to
the inverse decay `H → N1. The time variable is conveniently replaced by z = M1/T , with
larger z corresponding to lower temperatures, i.e. later times.

Washout is important when the decay parameter K1 = Γ1/H ≡ C̄N1(z = 1) is larger than
one. The advantage of this so called strong washout regime is that the final asymmetry is
determined at a late time and becomes independent from both initial asymmetries and from the
initial N1 distribution.

Two things complicate the solution of Eqns. (2). First, since Y` is in general a matrix in
lepton flavour space, interactions mediated by the charged lepton Yukawas hαβ will have to be
included. Their main effect is to project the asymmetry onto charged lepton mass eigenstates
with different effective washout rates, such that the final asymmetry is modified. Since the tau
and muon Yukawa interactions reach thermal equilibrium at temperatures where the Leptogen-
esis mechanism might still be active, a precise knowledge of these rates is necessary to properly
incorporate this effect.

The second complication arises from the presence of a Higgs asymmetry YH in (2). This
asymmetry has to be related to Y` in order for the equation to be solvable, however the exact
relation depends on the temperature range since ”Higgs-number” is also violated by other in-
teractions like the top and bottom Yukawas. Furthermore once electroweak sphalerons reach
thermal equilibrium Y` should be replaced by YB−L. The net effect in both cases is that the
washout and thus the final asymmetry is modified. Effects on the final asymmetry due to B−L
preserving interactions have been named spectator effects in the literature 2,3.

In the following sections some recent results in the calculation of flavour equilibration rates
and on the treatment of spectator effects will be presented.

3 Flavour Equilibration Rates

In the early universe, all SM particles can be considered approximately massless. Therefore a
process of the form H ↔ `eR, which would be leading order in the charged lepton Yukawa h, is
kinematically forbidden.
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Figure 1 – Examples for the types of diagrams that contribute to the lepton flavour equilibration rate. Double
lines denote resummed propagators.
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Figure 2 – Flavour equilibration rate γfl/T as a function of the temperature. Shown are the individual contribu-
tions as well as the full result, which is dominated by the 2→ 2 scattering involving gauge bosons.

If one allows the absorption or emission of an additional gauge boson from the thermal
plasma, the resulting 2→ 2 scattering processes are kinematically accessible, such that processes
sensitive to the coupling h can appear at order g2|h|2. At the same time the tree level process
H ↔ `eR also become allowed if thermal masses are included in the calculation, again leading to
a contribution of order g2|h|2. Furthermore it was recently pointed out4 that the resummation
of multiple emissions and absorptions of soft gauge bosons in the thermal plasma also leads to
a contribution which is parametrically of order g2|h|2.

In 5 we have presented the first calculation of the flavour equilibration rate γfl for charged
lepton Yukawa mediated interactions, including all effects at order g2|h|2. For performing the
calculation, we have made use of the 2PI formalism, i.e. only self energy diagrams which are
two particle irreducible are included in the calculation.

Contributions that would normally arise from bubble insertions in the one loop diagrams
are instead included by calculating the one loop self energy with resummed propagators for
the lepton and Higgs fields. This has the advantage that both the 2 → 2 scatterings and the
effects of thermal masses and thermal widths are included in the same diagram. Moreover the
divergencies in the 2 → 2 scatterings, which appear when a massless lepton with vanishing
momentum is exchanged in the t-channel, are automatically regulated by the thermal masses
included in the propagators, without the need for an ad-hoc prescription.

There are also proper 2PI two loop diagrams, which correspond to interference effects of
different scattering processes. These were calculated using tree level finite temperature propa-
gators, since corrections to the propagators would lead to contributions of order g4|h|2 which are
of higher order. Examples for the two types of diagrams calculated in this work are presented in
Fig. 1. The regulated divergence leads to a logarithmic enhanced contribution which is formally
of order g2 log g. We have explicitly expanded the resummed lepton propagator to isolate the
divergence and determine its coefficient.

Our final result for the charged lepton flavour equilibration rate is shown in Fig. 2. The rate
is dominated by the 2→ 2 processes involving gauge bosons, while the non-perturbative 1→ 2
processes as well as the log enhanced contributions and those from scatterings involving top
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quarks are sub-dominant. The temperature dependence arises since the gauge couplings have to
be renormalised at a scale µ = 2πT , but is negligible in practice. Our result γfl = 5× 10−3|h|2T
agrees with previous estimates e.g. in 6. Since not all contributions to this rate were included
in those estimates, this agreement is probably accidental.

The above calculation can also be used to obtain the right-handed neutrino production
rate, simply by changing the hyper charge factors in the intermediate results and redoing the
momentum integration with a different statistical weight. A calculation of the right-handed
neutrino production rate in the relativistic regime was previously reported in 7. Our results for
the top Yukawa induced contributions as well as for the log enhanced term agree with those
results, however there is some disagreement on the dominant contribution from gauge boson
scatterings. Whether this due to the different methods for regulating the t-channel divergence
remains to be seen.

4 Spectator effects

In the literature, spectator effects have so far been treated only in the limiting cases where a
specific spectator is either fully equilibrated or completely decoupled. It is however difficult to
imagine a temperature range where this treatment is adequate, since different spectator effects
reach thermal equilibrium throughout most of the temperature range where Leptogenesis is
possible.

To see this more clearly, in Fig. 3 we show the estimated equilibration temperatures for
standard model interactions in the temperature range of 106 GeV to 1014 GeV. For the quark
Yukawa interactions the results of 5 were used to obtain new estimates for the equilibration
rates 8. Most notably it can be seen that charm and tau Yukawa interactions as well as muon
and strange Yukawas equilibrate at the same time, so quark spectator effects should be included
when the corresponding lepton flavour effects are evaluated.

Now it is clear that when a spectator interaction comes into thermal equilibrium when
the Leptogenesis mechanism is still active, neither of the limiting cases can provide a correct
description. Instead it is straightforward to include the spectator as dynamical degree of freedom
into the Boltzmann equations. The final asymmetry can then be compared to those obtained
using the approximations of either fully equilibrated or negligible spectator interactions, to
estimate the numerical importance of the effect.

The final asymmetry in Leptogenesis is usually determined when the washout process freezes
out. In the strong washout regime, K1 � 1, this usually happens around zf ≈ O(10), i.e. at
a temperature Tf = M1/zf . Now consider a spectator with equilibration temperature TX . By
varying M1 we can go from a regime where Tf � TX to a regime with Tf � TX . Keeping the
washout strength K1 fixed, we expect the final asymmetry to smoothly interpolate between the
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Figure 4 – Left: Solution of Eqns. (3) (solid lines) compared with the limiting cases of fully equilibrated (dotted)
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Leptogenesis scale M1, divided by total asymmetry obtained in the limiting case of fully equilibrated flavours.

limiting cases, which we will confirm later.

However it turns out that in the intermediate regime, the final asymmetry can be larger than
that in both limiting cases, and effect that is more prominent the stronger the washout is. This
can be understood as follows: First, in the strong washout regime, the asymmetry at earlier
times z > zf can be significantly larger than the final freeze-out asymmetry. The spectator
processes can transfer part of this asymmetry into spectator degrees of freedom, where they
are protected from washout. If the spectator is not fully equilibrated, a fraction of the larger
early time asymmetry can be hidden from washout until it ends, thus resulting in a larger final
asymmetry.

To see this more clearly it is instructive to consider a simple example where the tau Yukawa
interaction reaches thermal equilibrium near the freeze-out temperature. The spectator degree of
freedom here is the right-handed tau lepton, in which no lepton asymmetry is generated directly,
and which is not washed out. For simplicity we assume that the lepton asymmetry is generated
purely in the left-handed tau lepton doublet, such that no flavour off-diagonal asymmetries are
generated. Then the system is described by the following Boltzmann equations 9,8:

dY`
dz

=
S̄

2

(
YN1 − Y eq

N1

)
− W̄Y` − h2

τγ
flδ` Tcom

TM1
(Y` − YR) , (3a)

dYR

dz
= −2h2

τγ
flδ` Tcom

TM1
(YR − Y`) , (3b)

where γfl is the rate calculated in the previous section, Tcom is the co-moving time and Y` and
YR are the entropy normalised asymmetries in left-handed and right-handed tau leptons.

The left plot in Fig. 4 shows the solution of (3) for a choice of parameters where the effect
is prominent. The asymmetry in the left-handed doublets (blue line) rises quickly until around
z ∼ 0.5 the washout takes over. Parts of that large asymmetry are transferred to the right-
handed leptons (red line) and remains hidden there until the washout ends around z ∼ 12. Only
afterwards the spectators reach full thermal equilibrium (corresponding to YR − Y` = 0).

Compared with the case of fully equilibrated tau Yukawa interactions (dotted lines), where
the asymmetry in the right-handed fields closely tracks that in the left-handed fields, the final
asymmetry is enhanced by about 50%. When neglecting tau Yukawas the final asymmetry is
even lower, since now it is only stored in the two left-handed degrees of freedom, while no
asymmetry in the right-handed fields is present.

In the right plot of Fig. 4 we show how this effect behaves as function of the washout
strength K1 and of the Leptogenesis scale M1. Shown is the total asymmetry obtained from
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Figure 5 – Left: Final asymmetry with bottom Yukawa and weak sphaleron effects, divided by the limiting
case where both interactions are fully equilibrated. Right: Same result, but divided by limiting case with fully
equilibrated bottom Yukawas and neglected weak sphaleron effects.

solving Eqns. (3) divided by the solution of the same equations in the γfl → ∞ limit. The
enhancement is larger for stronger washout, as expected. Furthermore we see that the full
solution, as a function of the scale M1, interpolates smoothly between the two limiting cases:
the ratio goes to unity for low M1, where the tau Yukawa is fully equilibrated, and to 2/3 for
very large scales, where the asymmetry is only stored in the two left-handed degrees of freedom.

Full alignment of flavours is difficult to realise in practice, and other interactions are relevant
in this temperature range, so the above result can only serve as a toy example to illustrate this
effect. Instead from Fig. 3 we see that a consistent treatment of the bottom Yukawa and
weak sphaleron spectator effects is possible, in a regime where charm and tau Yukawas are
still negligible, while the strong sphaleron can be treated as fully equilibrated. The results are
shown in Fig. 5. Compared to several limiting cases that were explored in the literature, we find
that the results of a full treatment of spectator effects can deviate by up to 40%, leading to an
enhanced asymmetry in most cases.

5 Conclusions

We have discussed new results on scattering rates 5 and on the treatment of spectator effects 8

in Leptogenesis. This is part of an ongoing effort to achieve precise predictions for the lepton
asymmetry produced by this mechanism. Besides corrections that can reach up to 50%, partially
equilibrated spectators also re-introduce some dependence on initial conditions in the strong
washout regime of Leptogenesis. Further studies are necessary to understand the full impact of
these effects.
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Single top quark production at the Tevatron
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The production of single-top quarks occurs via the weak interaction at the Fermilab Tevatron
proton-antiproton collider. Single top quark events are selected in the lepton+jets final state
by CDF and D0 and in the missing transverse energy plus jets final state by CDF. Multivariate
classifiers separate the s-channel and t-channel single-top signals from the large backgrounds.
The combination of CDF and D0 results leads to the first observation of the s-channel mode
of single top quark production. The t-channel and single top combined cross sections have
also been measured.

1 Introduction

The top quark is central to understanding physics in the Standard Model (SM) and beyond.
The study of single top quark production in particular provides unparalleled access to the weak
interaction of the top quark 1. This paper summarizes single-top quark measurements from the
Tevatron proton-antiproton collider at Fermilab. The Tevatron operation ended in 2011, with
CDF and D0 each collecting 10 fb−1 of proton-antiproton data 2 at a center-of-mass energy of
1.96 TeV.

Single top quark production proceeds via the t-channel exchange of a W boson between a
heavy quark line and a light quark line, shown in Fig. 1(a), the s-channel production and decay
of a virtual W boson, shown in Fig. 1(b), or the production of a top quark in association with
a W boson. At the Tevatron, the t-channel cross section is largest, followed by the s-channel,
while the associated production of a top quark and a W boson is too small to be observed.

The cross section at next-to-leading order in QCD with next-to-next-to-leading-log gluon
resummation is 2.10± 0.13 pb for the t-channel 3 and 1.05± 0.06 pb for the s-channel 4. These
cross sections are calculated for a top quark mass of 172.5 GeV, the same mass used in the
analyses reported here, which is close to the world average of 173.2± 0.9 GeV 5.

Single top quark production (t-channel and s-channel combined) was first observed by the
CDF 6 and D0 7 collaborations at the Tevatron. The t-channel mode was also first isolated at
the Tevatron, by the D0 collaboration 8. The t-channel mode has a large cross section at the
LHC, where it has also been observed by both ATLAS 9 and CMS 10. The s-channel production



b

q
q′

t
(a)

q′

q

b

t

(b)

Figure 1 – Feynman diagrams for single top quark production in (a) the t-channel and (b) the s-channel.

mode has a small cross section at the LHC due to the quark-antiquark initial state. To date only
unpublished upper limits on s-channel production have been reported by the LHC collaborations.

2 Selection and modeling

2.1 Event selection

Top quarks decay essentially always to a W boson and a bottom quark. The final state is
then selected based on the decay of the W boson. The lepton+jets final state has a large
signal and manageable backgrounds. The event selection requires a high-transverse momentum
isolated electron or muon, large missing transverse energy (/ET ), and two or three jets, at least
one of which is required to be identified as originating from a b-quark (b-tag). Events with
misreconstructed objects or phase space regions dominated by QCD multijet production are
rejected. About 105 events are selected in data, with an expected signal contribution of about
400 t-channel events and about 250 s-channel events.

The CDF collaboration additionally includes the missing transverse energy (/ET ) plus jets
final state, where the decay products of the W boson are not reconstructed or include a τ lepton.
This final state suffers from a large background due to multijet production, which is reduced
effectively with a neural network (NN). About 106 events are selected in data per experiment,
with an expected signal contribution of about 250 s-channel events.

Events are separated into categories based on the b-tag information. Since t-channel pro-
duction results in a light quark in addition to the top quark, these events mainly populate the
single-b-tag category. By contrast, s-channel events with two b quarks in the final state will
mainly populate the two-b-tag category. The CDF collaboration additionally separates events
based on the b-tag likelihood.

2.2 Signal and background modeling

Simulation samples are used to model the single top signal and the dominant W+jets and top
pair backgrounds, as well as smaller backgrounds from Z+jets and diboson production. Multijet
events are modeled using data.

2.3 Systematic uncertainties

Sources of systematic uncertainty in the single-top measurements include the modeling of the
signal, the modeling and normalization of the backgrounds, detector efficiencies and resolutions,
jet energy scale and b-tag modeling. Both shape and normalization components are included.
The total uncertainty on the background is between 15% and 20% depending on the analysis
channel.



3 Single top production cross-section measurement

3.1 CDF: combined single top

The combined t+s analysis with lepton+jets events at CDF with 7.5 fb−1 utilizes a NN dis-
criminant that is trained with both t-channel and s-channel as the signal 11. One of the main
discriminating variables in the NN is the reconstructed mass of the top quark, which is shown
for a zero-tag control region in Fig. 2(a). The NN distribution in the signal region is shown in
Fig. 2(b).
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Figure 2 – CDF lepton+jets (a) reconstructed top quark mass for zero-b-tag events and (b) NN discriminant for
events with at least one b-tag.

The single top cross section measured in lepton+jets events is 3.04+0.57
−0.53 pb. The cross section

measured in /ET+jets events is 3.20+1.39
−1.43 pb 12. The lepton+jets measurement as a function of

both s-channel and t-channel cross sections is shown in Fig. 4(a).

3.2 D0: combined single top and t-channel

The D0 single top analysis forms two multivariate discriminants, one optimized for the t-channel
and one for the s-channel, shown in their respective signal regions in Fig. 3. These two discrimi-
nants are then combined into a single discriminant that that is simultaneously sensitive to both
t-channel and s-channel production.
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Figure 3 – D0 lepton+jets discriminant in the signal region (a) in the t-channel and (b) in the s-channel.

The resulting two-dimensional posterior density distribution is shown in Fig. 4(b), together
with several models of new physics 1,13,14. The cross-section measurements for the t-channel, the
s-channel and the combination are based on this distribution.
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Figure 4 – Posterior density as a function of the t-channel and s-channel single top cross sections for (a) the CDF
lepton+jets analysis and (b) the D0 analysis.

The t-channel cross section measured by D0 is 3.07+0.53
−0.49 pb and the combined cross section

is 4.11+0.59
−0.55 pb.

3.3 CKM matrix element Vtb

Single top quark production proceeds via the tWb vertex, thus the production cross section is
proportional to the square of the CKM matrix15,16 element |Vtb|. The extraction of |Vtb| from the
single top cross section measurement does not require assumptions about the number of quark
generations or unitarity of the CKM matrix. The resulting 95% confidence level lower limit on
|Vtb| from the CDF lepton+jets measurement is 0.78, the lower limit from the D0 measurement
is 0.92, which is the most stringent limit from the Tevatron.

4 s-channel observation

The two-dimensional D0 posterior density distribution in Fig. 4 is also used to extract a cross-
section measurement for the s-channel. The measured cross section is 1.10+0.26

−0.31 pb, and the
observed significance is 3.7 standard deviations (SD).
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Figure 5 – CDF lepton+jets (a) reconstructed top quark mass and (b) s-channel discriminant in events with two
b-tagged jets.

The CDF lepton+jets s-channel analysis forms a NN discriminant to separate the s-channel
signal from the large backgrounds in several categories of events separated by the number loose



(L) and tight (T) b-tagged jets 17. The discriminant distribution as well as the top quark mass
are shown in Fig. 5.

The CDF lepton+jets analysis is combined with the /ET+jets analysis to obtain a cross section
for s-channel single top quark production of 1.36+0.37

−0.32 pb 18. This corresponds to a significance
of 4.2 SD.

The CDF lepton+jets and /ET+jets discriminants are combined with the D0 discriminant in
the Tevatron combination19. The combined discriminant is shown in Fig. 6(a). This combination
measures a cross section for s-channel production of 1.29+0.26

−0.24 pb. The measurement has a
significance of 6.3 SD, which makes this combination the first observation of single top production
in the s-channel, and the first observation of a process through a Tevatron combination. A
summary of all s-channel measurements is shown in Fig. 6(b).
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Figure 6 – Tevatron s-channel combination (a) sorted discriminant distribution and (b) summary of results.

5 Conclusions

The production of single top quarks was first observed at the Tevatron in 2009 independently
by the CDF and D0 experiments. The cross section has been measured with an uncertainty of
14%. The two relevant production modes at the Tevatron have also been observed separately.
The t-channel cross section has been measured with an uncertainty of 16%. The s-channel mode
has recently been observed for the first time in a Tevatron combination of CDF and D0 with an
uncertainty of 19% and a significance of 6.3 standard deviations.
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The discovery of the top quark in 1995 has been one of the great successes of the CDF and
D0 experiments at the Tevatron collider. Since then, both collaborations have measured
the properties of the top quark in many channels and using different methods. The results
obtained for the top quark mass are competitive with those from the CERN Large Hadron
Collider, and the first combination of measurements from the two colliders has recently been
performed to obtain a relative uncertainty of 0.44%. In these proceedings a selected review of
the most recent or relevant results obtained by the CDF and D0 Collaborations is presented,
together with the first “World Average”.

1 Introduction

Since the first observation of the top quark (t) by the CDF and D0 experiments at the Tevatron
collider in 1995 1,2 the large value of its mass (Mtop) represents a striking property of this particle.
If the scalar boson recently observed by the ATLAS and CMS experiments at the Large Hadron
Collider (LHC) 3 is identified as the SM Higgs boson, the top quark is by far the heaviest particle
in the SM with the three generations of fermions observed so far. This makes its contribution to
higher order corrections to many electroweak observables dominant so that a precise knowledge
of Mtop is fundamental in checking the consistency of theoretical predictions of the SM by the
electroweak fits 4. This and other reasons pushed the CDF and D0 collaborations to measure Mtop

in all possible topologies related to top quark pair (tt̄) events production and to improve the used
techniques. Shortly after the Tevatron shutdown in September 2011, the whole samples of data
collected by the experiments, corresponding to about 10 fb−1 of pp̄ collisions each, became available
for analyses, allowing therefore to reach the smallest achievable statistical uncertainty.

2 Top Quark Production, Decay and Signatures

In the Run II of the Tevatron collider, started in March 2001, bunches of protons and antiprotons
were brought into collision with a center-of-mass energy,

√
s, equal to 1.96 TeV and data were col-

aThe status of the Mtop measurements presented here dates back to the time of the XLIXth Rencontres de
Moriond 2014, i.e. to March 2014. At the moment of submitting this note a new, very precise result obtained by
the DØ Collaboration has just been made public (arXiv:1405.1756, May 2014)



lected by the multipurpose CDF and D0 detectors5,6. At this energy top quarks are predominantly
produced in tt̄ pairs by qq̄ annihilation (∼ 85% of the times) or gluon-gluon fusion (∼ 15%). In the
SM framework they decay to a W boson and a b-quark with a branching ratio (BR) very close to
100% so that the different final states of tt̄ (“signal”) events can usually be classified by the decays
of the W boson pair to leptons (W → `νl) or quarks (W → q1q̄2) as the “di-lepton channel” (BR
' 9%), the “lepton + jets channel” (BR ' 45%) and the “all-hadronic channel” (or all-jets channel,
BR ' 46%). The signal signatures used in analyzing the data correspond to the final states and
have similar nomenclature, but usually the “di-lepton” and “lepton + jets” analyses consider only
events with electrons and muons directly produced from the W decays, excluding therefore events
with taus and reducing the BR’s to about 5% and 30%, respectively. In order to cover all the
possible kind of events a “missing transverse energy + jets” (/ET + jets) signature is also defined.

The current theoretical predictions for the tt̄ production cross section at
√
s = 1.96 TeV are

in the range 7.0÷7.6 pb for Mtop = 172.5 GeV 7 so that at the Tevatron one signal event was
produced in about 1010 inelastic pp̄ collisions. This makes the measurement of any of the top quark
properties a really challenging task, requiring tools and selection techniques exploiting at the best
the peculiar features of the signal. An important example is the identification of jets generated by
b-quarks (“b-tagging”), fundamental in reducing the background yield and also the combinatoric
problem related to possible jet-to-quark assignments. In measuring Mtop, the reconstruction of
the kinematics of the event is crucial. The estimate of the parton energy requires an accurate
knowledge of the correction to be applied to the measured jet energy (Jet Energy Scale, JES), due
to instrumental effects or jet clustering algorithms.

3 Measurement Techniques

Apart from the peculiarities of each individual measurement and with a few exceptions, two main
techniques are used by the CDF and D0 collaborations to extract the value of Mtop from a sample
of selected events : the Matrix Element Method (ME) and the Template Method (TMT).

In the ME, the probability that a set ~y of variables is observed is evaluated as a function of the
possible event kinematics ~x (depending on Mtop for tt̄) at parton level, given “transfer functions”
W(~y, ~x) taking into account detector effects and the event reconstruction. In the TMT a set of
event observables, ~y, sensitive to Mtop is considered and their expected distributions are used as
references (“templates”) for the data in the measurement. In both methods a likelihood, written
as the product of individual event probabilities, is then usually maximized as a function of Mtop

to extract the value which gives the largest probability to observe the selected set of events.

By now, a well established and important feature of most analyses is the calibration of the
JES simultaneously (in situ) with the Mtop measurement, constraining the four-momenta of jets
assigned to a W by its well known mass. This technique allows a part of the JES uncertainty to
scale down with the data statistics.

4 Mtop Measurements by the CDF and D0 Experiments

In this section a brief summary of most recent results obtained by the two Tevatron Collaboration
as it concerns Mtop is presented. A more complete overview can be found in 8. The measurements
by the CDF Collaboration have recently been updated in all channels to include the full set of
data collected by the detector. The integrated luminosity of the data samples can change as a
function of the main triggers and subdetectors involved in the event selection and reconstruction.
All these new analyses are based on TMT and, when possible, include the in situ JES calibration.
At present, analyses from the D0 experiment are based to integrated luminosities up to 5.4 fb−1,
i.e. about half of the available statistics, but new results are expected soon.

4.1 Di-Lepton Channel

The fully leptonic channel usually provides the candidate samples with the best signal-to-background
ratio (S/B) because of the presence of two energetic, high-pT leptons and the b-jets. Moreover the



combinatoric problem in assigning jets to partons is small. Unfortunately it suffers of a small BR
and the kinematics of the events is underconstrained because the reconstructed /ET results from two
undetected neutrinos. As there is no W decaying to hadrons, the in situ JES calibration cannot
be performed in this channel.

The updated TMT analysis from the CDF Collaboration 9 is based on 9.1 fb−1 of data. Two
different event variables are considered : a top quark mass (M reco

t ), reconstructed by the so-called
“Neutrino Weighting Algorithm” (NWA), and an “alternative” mass (Malt

t ) which is not based
on the energies of jets to be insensitive to the JES, so that its distribution is not affected by the
corresponding uncertainty. An hybrid variable (M eff

t ), obtained as a weighted sum of M reco
t and

Malt
t , is then defined to build the template distributions used in the measurement. The likelihood

fit to the data gives Mtop = 170.80± 3.25 GeV, with a total relative precision of ≈ 1.9%. Figure 1,
left, shows the fitted templates for events with no b-tagged jet.

Two different results are combined by the D0 Collaboration to obtain a better measurement
in this channel. The result of a ME analysis performed on 5.4 fb−1 of data 10 is combined with one
using TMT with NWA 11 and based on a total of 5.3 fb−1. An example of templates used in the
latter analysis is shown in Fig. 1 right. A peculiarity of this analysis is that the JES is calibrated
using the value obtained in the lepton + jets channel12. The final result is Mtop = 173.9± 2.4 GeV,
with a precision of ≈ 1.4%.

Figure 1 – Left : observed data and fitted templates for events with no b-tagged jet in the CDF Mtop measurement in
the di-lepton channel 9. Right : example of templates (both histogram and the corresponding smooth parametriza-
tion) as a function of the input top quark mass as used in the di-lepton measurement by D0 12

4.2 Lepton + Jets Channel

The final state including one charged lepton and jets can be considered the “golden channel” as
it concerns the measurements of the top quark properties. In fact it offers the best compromise
between the purity of selected samples and the available statistics because of its large BR. This
allows the experiments to achieve their best results in this channel.

The result obtained by the CDF Collaboration with the most recent analysis 13 and 8.7 fb−1

of data represents the most precise individual Mtop measurement from the Tevatron experiments
so far, reaching a precision σMtop/Mtop ≈ 0.6%. It exploits the TMT technique based on the
simultaneous fit of three different distributions to the data. One of them, the invariant mass of
the jets assigned to the quarks from the W decaying to hadrons in the event reconstruction, mjj ,
is used to calibrate the JES. The fit to the data gives Mtop = 172.85 ± 1.11 GeV. Figure 2 shows
the fitted templates compared to observed data.

The result described in 12 is the most precise measurement obtained by the D0 Collaboration
at present, even if it is based on a total integrated luminosity of 3.6 fb−1 only. The main analysis
is performed on 2.6 fb−1 and then combined with a previous result obtained with 1.0 fb−1. A
likelihood based on the ME method is maximized, including the in situ JES calibration and the
final combination gives Mtop = 174.94± 1.49 GeV so that σMtop/Mtop ' 0.9%.

4.3 All-Hadronic Channel

The all-hadronic channel has the advantage of the large BR and the possibility to reconstruct
completely the event kinematics because ideally no particle from the tt̄ system escapes the detec-



Figure 2 – Fitted templates are compared to observed data in the CDF analysis 13 for two out of the three used
variables : the reconstructed top quark mass (mreco

t , left plot) and the invariant mass of jets assigned to the W boson
(mjj , right plot)

tor. The major downside is the huge background from QCD multijet production which greatly
dominates the signal even after the application of specific triggers.

Measurements in this channel has been so far performed by the CDF Collaboration only, even
if a result from the D0 experiment should be available soon. The analysis was updated very
recently 14 and the new result is based on 9.3 fb−1 of data. An event selection exploiting a Neural
Network with 13 input kinematic and jet shapes variables is used, together with the requirement
of at least one b-tagged jet, to obtain a good signal-to-background ratio in this difficult channel.
Two variables, a “top quark mass” mrec

t and a “W mass” mrec
W , are reconstructed event by event

and their distributions are used as templates. The result from the likelihood fit, including JES
calibration, is Mtop = 175.07 ± 1.96 GeV, with a precision ≈ 1.1%. Figure 3 shows examples of
mrec

t templates and the fitted distributions compared to data.

Figure 3 – Left : examples of templates used in the CDF measurement in the all-hadronic channel14 as a function on
the input Mtop. Right : distribution of the mrec

t variable as observed in the data is compared to the fitted templates.

4.4 /ET + jets Channel

As outlined in Sec. 2 the /ET + jets signature is usually defined to be complementary to all the other
measurement channels, with large /ET (differently from the all-hadronic channel) and no energetic
and isolated lepton (to reject events falling in the usual leptonic channels).

In this channel a result obtained by CDF with the full dataset (8.7 fb−1) is available 15. The
analysis presents features similar to both the all-hadronic one 14, as it concerns the background
modeling and kinematical event selection, and to the lepton + jets 13, as the same variables are
reconstructed for the templates. In the event reconstruction the /ET is totally assigned to the W
boson decaying leptonically, assuming that also the charged lepton escapes detection. The result
is Mtop = 173.93± 1.85 GeV yielding a precision of 1.1%.



5 Systematic Uncertainties

Given the final amount of data collected by the experiments most of the measurements of Mtop at
the Tevatron are limited by systematic uncertainties. During the years the CDF and D0 collabora-
tions have performed a strong joint effort to define a common way to evaluate the systematics, to
improve the knowledge of important effects, to avoid overlaps and double countings and to define
properly the possible correlations between the various sources. The most important uncertainties
are related to Monte Carlo simulation of signal and background processes and include the choice
of the event generator and e.g. the modeling of initial and final state radiation, color reconnections
and parton distribution functions.

6 Tevatron Mtop Combination and First World Average

The CDF and D0 experiments regularly combine their best results from each channel both inter-
nally (i.e. within each experiment separately) and in a unique number representing the Tevatron
Mtop average. In such combinations correlations among uncertainties for different results are prop-
erly taken into account.

The last Tevatron combination has been performed in March 201316 and includes most, but not
all the results reported in these proceedings. The value obtained is Mtop = 173.20± 0.87 GeV with
a χ2/d.o.f. probability of 67%, denoting a good agreement among all measurements. The relative
precision is ≈ 0.50%. As it concerns the individual combinations, the CDF Collaboration just up-
dated its result using all the measurements with the full statistics obtaining Mtop = 173.16± 0.93 GeV17,
while D0 presently uses no more than 5.4 fb−1 of data to obtain Mtop = 175.08± 1.47 GeV 8.

In March 2014 the very first combination of measurements obtained both at the Fermilab
Tevatron and the CERN LHC colliders has been finalized by the ATLAS, CDF, CMS and D0
Collaborations. This combination concerns just the top quark mass and includes the best mea-
surements in each channel obtained by the four experiments during the Run II of the Tevatron
(for CDF and D0, but the most recent updates presented here are excluded) and with the data
collected during the 2011 Run of the LHC (pp collisions at

√
s = 7 TeV) by ATLAS and CMS 18.

The first Mtop World Average is Mtop = 173.34± 0.76 GeV, obviously representing the best
measurement for this fundamental parameter of the SM so far, with a precision ≈ 0.44%. This
result improves by 13% the best combination from a single collider and by 28% the best individual
measurement used as an input in the combination, as can be appreciated by the summary reported
in Fig. 4. A special effort has been required from the collaborations in dealing with the systematic
uncertainties, in order to find a common pattern for their classification and reliable estimates of
the correlations, given the differences in detector effects, Monte Carlo simulations and analysis
techniques. Many assumptions have been checked to verify the stability of the central value and
its uncertainty.

7 Conclusions

The Fermilab Tevatron collider has been shut down in September 2011. The CDF and D0 Collab-
orations are finalizing the measurements of the top quark mass, one of main goals of their physics
program, using the full available data statistics, amounting to about 10 fb−1. The precision reached
by the single measurements and in their combination is by far beyond the goal planned for the
Tevatron Run II, and, even if not all of them have been updated to the whole statistics yet, the
final absolute uncertainty on Mtop from the Tevatron experiments is below 1 GeV, with a precision
≈ 0.5%, very competitive with the measurements obtained at the LHC. In these proceedings a
selected review of the most recent results from CDF and D0 has been presented, together with the
first combination of measurements between the Tevatron and LHC Collaborations, resulting in the
first “Mtop World Average”: Mtop = 173.34± 0.76 GeV, pushing the knowledge of this fundamental
parameter of the SM close to the 0.4% level.
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Figure 4 – Input measurements to the Mtop World Average and result of their combination. The individual Tevatron
(reported in Sec. 6) and LHC combined values are also reported
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MEASUREMENT OF THE TOP QUARK MASS
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Recent measurements of top quark properties using tt̄ events produced in proton-proton colli-
sions at the Large Hadron Collider with centre of mass energies of 7 and 8 TeV and detected
by the ATLAS and CMS experiments are presented. These results include top quark mass,
the top and anti-top mass difference, top pole mass from the cross section measurement, the
charge asymmetry, spin correlation, the top quark polarization and the measurement of W
boson polarization in top quark decays.

1 Introduction

The datasets collected by the Large Hadron Collider (LHC) in 2011 and 2012 at a centre of mass
energy of 7 and 8 TeV, respectively, open a precision era in the study of the properties of the
top quark. This quark is the most massive elementary particle known to date, decays almost
exclusively through a single decay mode (t → bW ) and, due to its extremely short lifetime of
the order of 10−25 s, decays before hadronization, allowing its spin information to be passed to
the decay products. Such unique characteristics provide not only an excellent way of testing the
Standard Model, but also an important window to physics beyond it.

At the LHC, the dominant production mode of top quarks is pair production (pp→ tt̄). The
corresponding cross section at a centre of mass energy,

√
s, of 7 (8) TeV is 177+10

−11 (253+13
−15) pb

for a top quark mass of 172.5 GeV, calculated at next-to-next-to leading order (NNLO) in QCD
including resummation of next-to-next-to-leading logarithmic (NNLL) soft gluon terms with
Top++ 1,2.

2 Top quark mass

Besides being a free parameter in the Standard Model, the top quark mass (mt) plays an
important role in electroweak radiative corrections which yield a quadratic dependence of the W
boson mass (mW ) on mt, while mW depends only logarithmically on the Higgs boson mass (mH).
Therefore, the precise measurement of mt, mW and mH provides an important consistency test
of the Standard Model.

Both the ATLAS and CMS Collaborations measured the top quark mass in tt̄ events in
different final states, depending on the W bosons (from t→ bW ) decay mode. The analyses of
the single lepton and dilepton final states were done using 5 fb−1 of data collected at

√
s = 7 TeV.

The best sensitivity is achieved in the lepton+jets final state (where the lepton, `, refers to
an isolated electron or muon). ATLAS reports 3 a simultaneous fit of the top quark mass, W



mass reconstructed from non b-tagged jets (mhad
W ) and the ratio of the scalar sum of transverse

momenta of the b-tagged jets to the scalar sum of the transverse momenta of the two light
jets of the hadronic W boson decay (Rreco

`b ). Such tridimensional fit allows measuring the top
quark mass, while mhad

W and Rreco
`b are used to constrain the overall jet energy scale factor

(JSF) and the ratio of b to light-parton jet energy scale factor (bJSF), leading to the following
result: mt = 172.31±0.75 (stat + JSF + bJSF)±1.35 (syst) GeV, with the dominant systematic
uncertainties being the statistical component of bJSF, the residual jet energy scale (JES), b-
tagging and tt̄modelling. In the same final state, the CMS Collaboration reports a measurement4

yielding mt = 173.49 ± 0.43 (stat + JES) ± 0.98 (syst) GeV, with the dominant systematic
uncertainties being bJES, JSF and tt̄ modelling.

In the dilepton channel, ATLAS performed an analysis 5 requiring the presence of two b-
tagged jets, allowing an almost background-free sample to be obtained, and used the invariant
mass of the `b system as an estimator for the top quark mass. The dominant sources of systematic
uncertainty in this analysis are bJES, JES, tt̄ modelling and b-tagging, and the result is mt =
173.09± 0.64 (stat)± 1.50 (syst) GeV. CMS performed a measurement 6 with top-quark decays
selected by requiring two leptons, at least two jets and missing transverse momentum. The mass
was reconstructed with an analytical matrix weighting technique using distributions derived from
Monte Carlo (MC) simulated samples. Using a maximum-likelihood fit, the top-quark mass is
determined to be 172.5± 0.4 (stat)± 1.5 (syst) GeV, with the dominant systematic errors being
bJES and JES, as well as the renormalization and factorization scales in the tt̄ simulation.

The ATLAS and CMS measurements of the top quark mass in different topologies were
combined 7 with the results obtained by the CDF and D0 experiments at the Tevatron, as
summarized in Figure 1. This combination was done with the Best Linear Unbiased Estimate
(BLUE) method and the individual measurements were found to be in good agreement, leading
to a χ2/ndf of 4.3/10. The current efforts by the different Collaborations to harmonise the
treatment of the systematic uncertainties should be noted. The world combination result has a
total relative uncertainty of 0.4%, dominated by the systematic uncertainties.

Both ATLAS and CMS measured an eventual difference between the top and anti-top masses
using 5 fb−1 of data at

√
s = 7 TeV and 19 fb−1 of data at

√
s = 8 TeV, respectively. The ATLAS

measurement is 8: mt−mt̄ = 0.67± 0.61 (stat)± 0.41 (syst) GeV, with the dominant sources of
systematic uncertainties being the choice of the b quark fragmentation model (0.34 GeV) and
the different calorimeter response to b and b̄ initiated jets (0.08 GeV). CMS reports a result 9 of
mt −mt̄ = −0.272 ± 0.196 (stat) ± 0.122 (syst) GeV, with the calorimeter response to b and b̄
initiated jets being the largest source of uncertainty (corresponding to 0.06 GeV).

The strong dependence of the theoretical prediction of σ(tt̄) from the top quark mass offers
the possibility of interpreting the measurement of σ(tt̄) in terms of mt. The theoretical calcula-
tions use the pole mass, corresponding to the definition of the mass of a free particle. It should
be noticed that the top quark mass measured through direct reconstruction of the top decay
may differ from the pole mass 10 by O(1 GeV). CMS used the measurement of σ(tt̄) done using
2.3 fb−1 of data collected at

√
s = 7 TeV to measure the top quark pole mass11, given the NNLO

theoretical prediction evaluated with Top++ 1. The obtained result is mpole
t = 176.7+3.0

−2.8 GeV.

3 Charge asymmetry in tt̄ events

The tt̄ production is predicted by the Standard Model to be symmetric at leading order (LO)
under charge conjugation. At NLO, however, for the qq̄ and qg production modes, there is a
small preference to produce the t (t̄) in the direction of the incoming quark (anti-quark). It

is therefore useful to define the following charge asymmetry, Att̄C = N(∆|y|>0)−N(∆|y|<0)
N(∆|y|>0)+N(∆|y|<0) (where

∆|y| = |yt|−|yt̄|), which, at NLO in the Standard Model, is expected to be12 0.0123±0.0005 for
pp collisions at

√
s = 7 TeV. In the lepton+jets channels, ATLAS and CMS measured the charge

asymmetry in tt̄ events using 5 fb−1 of data at
√
s = 7 TeV and 20 fb−1 of data at

√
s = 8 TeV,
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Figure 1 – Summary of the world combination (ATLAS,CDF,CMS and D0 Collaborations) of the top quark mass
measurements.

respectively. Both collaborations unfolded the reconstructed ∆|y| distribution to parton level
and measured 0.006 ± 0.010 (stat + syst) (ATLAS 13) and 0.005 ± 0.007 (stat) ± 0.006 (syst)
(CMS14), with the statistical uncertainties being dominant. In addition to these inclusive results,
the unfolded differential distributions (e.g., in mtt̄ and |ytt̄|) show no evidence for physics beyond
the Standard Model.

In the dilepton channel, it is useful to define a lepton-based asymmetry, defined as A``C =
N(∆|η|>0)−N(∆|η|<0)
N(∆|η|>0)+N(∆|η|<0) (where ∆|η| = |η`+ | − |η`− |), which the Standard Model, at NLO, predicts

to be 0.0070 ± 0.0003 (at
√
s = 7 TeV). Both ATLAS and CMS measured this asymmetry in

dilepton events, using 5 fb−1 of data at
√
s = 7 TeV: 0.023±0.012 (stat)±0.008 (syst) (ATLAS15)

and 0.009 ± 0.010 (stat) ± 0.006 (syst) (CMS 16), in good agreement with the Standard Model
prediction. In both measurements, the statistical error is dominant.

4 Spin correlation in tt̄ events

In the Standard Model, tt̄ pairs are produced essentially unpolarized at the LHC 17 but the
correlation of the spin orientation of the top and the anti-top quark is predicted to be non-
zero 18. New physics models beyond the Standard Model can change the spin correlation of the
top and the anti-top quark by either changing the spin of the daughter particles of the top and
anti-top quarks, or by changing the production mechanism of the tt̄ pair.

The spin correlation of pair-produced top quarks can be extracted by analysing the angular
distributions of the top quark decay products in t→ bW followed by W → `ν. The differential
distribution of the decay width, dΓ/d[cos(θ±)], is proportional to the cosine of the angle, θ±,
between the positively (negatively) charged lepton from the top (anti-top) quark decay and the
top (anti-top) quark spin quantization axis in the top (anti-top) quark rest frame. The spin
correlation is expressed by the double differential cross-section of Equation 1, where A is the
asymmetry built from the ratio between the number of events where the top quark and anti-top
quark spins are parallel and the number of events where they are anti-parallel, α represents
the spin analysing power, which can be between -1 and 1 (being α± = 0.999 for the charged
leptons 19), and P∓ is the polarisation of the top/anti-top quark.

1

σ

d2σ

d[cos(θ+)]d[cos(θ−)]
=

1

4
[1 + α+P+ cos(θ+) + α−P− cos(θ−) +Aα+α− cos(θ+) cos(θ−)] (1)
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Figure 2 – Summary of the ATLAS measurements, expressed in terms of fraction of SM events, fSM, in the com-
bined dilepton channels using four spin correlation observables sensitive to different properties of the production
mechanism. The red error bars indicate statistical uncertainties, the blue error bars indicate the contribution of
the systematic uncertainties to the total uncertainties.

The strength of the spin correlation can be defined using C = −Aα+α−, which is related to
Equation 1 via C = −9〈cos(θ+) cos(θ−)〉.

Both ATLAS and CMS Collaborations measured the tt̄ spin correlation in dilepton events
using 5 fb−1 of data at

√
s = 7 TeV.

A template fit based on Monte Carlo tt̄ events generated with the Standard Model spin
correlation or assuming no spin correlation was performed by ATLAS, while CMS unfolded
the relevant reconstructed distributions to parton level. The results obtained by ATLAS 20

are summarized in Figure 2 for the azimutal angle difference, ∆φ, between the two charged
leptons, the S-ratio of the matrix elements from the fusion of like-helicity gluons with and
without spin correlation (defined at LO from the measured four-momenta of the charged leptons
and reconstructed top/anti-top quarks) and the cos(θ+) cos(θ−) distribution in the helicity and
maximal bases. No evidence for physics beyond the Standard model is observed.

An asymmetry defined as Ac1c2 = N(c1c2>0)−N(c1c2)<0)
N(c1c2>0)+N(c1c2)<0) , where c1 = cos(θ+) and c2 = cos(θ−),

was measured by CMS 21. This asymmetry can be related to the strength of the spin cor-
relation by C = −4Ac1c2 . Equivalently, an asymmetry in the ∆φ distribution can be de-

fined as A∆φ = N(∆φ>π/2)−N(∆φ<π/2)
N(∆φ>π/2)+N(∆φ<π/2) . These asymmetries, determined from the unfolded dis-

tributions at parton-level, are measured to be Ac1c2 = −0.021 ± 0.023 ± 0.027 ± 0.010 and
A∆φ = 0.113 ± 0.010 ± 0.007 ± 0.012, where the uncertainties are statistical, systematic, and
from top-quark pT reweighting, respectively. These results are in good agreement with the NLO
Standard Model predictions 17,18 of −0.078± 0.006 and 0.155+0.014

−0.016, respectively.

5 Top quark polarization in tt̄ events

In the Standard Model, parity conservation in the strong production of tt̄ quark pairs in pp
collisions forces the longitudinal polarization of these quarks to be zero (and a negligible polar-
ization of 0.003 ± 0.001 is generated by the weak interaction 17). The measurement of the top
polarization in tt̄ events is therefore an important precision test of the Standard Model and also
a window to physics beyond it.

The top polarization in tt̄ events was measured by ATLAS 22 using lepton+jets and dilep-
ton events from a data sample of 5 fb−1 at

√
s = 7 TeV. The lepton+jets analysis used b-

tagging information to obtain a low background contamination, while in the dilepton analysis
case this was not required given the favourable signal to background ratio. A template fit was



done using the cos(θ`) distribution (c.f. Equation 1) under two different hypothesis: 1) CP
conserving (CPC) case, where the top and anti-top have the same αP , and 2) CP violating
(CPV) case, where top and anti-top have opposite sign αP . The following results were obtained:
α`PCPC = −0.035± 0.014 (stat)± 0.037 (syst) and α`PCPV = +0.020± 0.016 (stat)+0.013

−0.017 (syst),
in good agreement with the Standard Model prediction. The dominant uncertainties come from
jet reconstruction and MC modelling, both affecting the shape of the cos(θ`) distribution. For
sources of systematic uncertainty that do not depend on the lepton charge in the event, the
uncertainty in the CPV scenario is greatly reduced since these uncertainties push the fit param-
eters in opposite directions for different lepton charges, leading to a smaller total uncertainty in
the combination.

The CMS Collaboration measured the top quark polarization using the same dilepton anal-
ysis described in section 4. The cos(θ`) distribution was unfolded to parton level and an asym-

metry, AP = N(cos θ`)>0−N(cos θ`)<0
N(cos θ`)>0+N(cos θ`)<0 , was measured to be 0.005 ± 0.013 (stat) ± 0.020 (syst) ±

0.008(ptT reweight). The dominant systematic uncertainties are the top quark pT reweight-
ing procedure and the JES. This asymmetry can easily be related with the top polarization:
P = 2AP , assuming α` = 1.

6 W boson polarization in top quark decays

The Wtb vertex is defined by the electroweak interaction and, within the Standard Model, has
a V − A structure, where V and A are the vector and axial-vector contributions to the vertex.
The W polarization in top decays can be longitudinal, left-handed or right-handed and the
corresponding fractions of events with a particular polarization were calculated at NNLO to
be 23 F0 = 0.687 ± 0.005, FL = 0.311 ± 0.005 and FR = 0.0017 ± 0.0001. These fractions can
be extracted from measurements of the angular distribution of the decay products of the top
quark, in particular by reconstructing the angle θ∗` , defined as the angle between the momentum
direction of the charged lepton from the decay of the W and the reversed momentum direction
of the b from the decay of the top quark, both boosted into the W boson rest frame.

A template fit to the reconstructed cos(θ∗` ) distribution and angular asymmetries24 evaluated
in lepton+jets and dilepton events were used by ATLAS to measure the W helicity fractions
using 1 fb−1 of

√
s = 7 TeV data25: F0 = 0.67±0.03 (stat)±0.06 (syst), FL = 0.32±0.02 (stat)±

0.03 (syst) and FR = 0.01± 0.01 (stat)± 0.04 (syst). The dominant systematic errors are the tt̄
modelling, jet energy scale and MC templates statistics.

The CMS Collaboration measured the W polarization in top decays by selecting the lep-
ton+jets final state in two data samples, corresponding to 5 fb−1 at

√
s = 7 TeV and 20 fb−1

at
√
s = 8 TeV 26,27. The following W helicity fractions were measured in the

√
s = 8 TeV

data sample: F0 = 0.659± 0.015 (stat)± 0.023 (syst), FL = 0.350± 0.010 (stat)± 0.024 (syst)
and FR = −0.009± 0.006 (stat)± 0.020 (syst), with tt̄ modelling being the dominant source of
systematic uncertainty.

In the absence of an evidence for new physics, upper limits on possible anomalous Wtb
couplings were set, as shown in Figure 3.

7 Summary

Two decades after the top quark discovery at the Tevatron, the study of its properties has entered
a precision era, with most of the measurements being dominated by systematics uncertainties.
The main sources of uncertainties are related to the tt̄ modelling and the measurement of the
energy of the jets. More detailed analyses, allowing these sources of uncertainty to be reduced,
will be required for top quark physics. Furthermore, many analyses are still ongoing and new
results are expected soon. The first differential measurements of top properties were already
performed, and since the data statistics plays a crucial role here, the analysis of the full run-I



Figure 3 – Upper limits obtained by CMS on the real components of the tensorial anomalous couplings (gL and
gR) assuming the vectorial couplings to be VL = 1 and VR = 0.

of LHC data is mandatory. No hint for physics beyond the Standard Model was observed so far
in the top quark sector.
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Top quark production at ATLAS and CMS

Luca Lista,
on behalf of the ATLAS and CMS collaborations

INFN Sezione di Napoli, Comp. Univ. M. S. Angelo, via Cintia, 80126, Naples, Italy

A review of the main recent results on top quark production from the ATLAS and CMS
experiments is presented. Results on both electroweak single top quark production and strong
top pair production are presented.

1 Introduction

Top quark production proceeds at hadron colliders via strong or electroweak processes. The
former results in the production of a top-antitop pair, while the latter results in the production
of a single top quark or antiquark, and may proceed via a W exchange in the t or s channel, or
in associated production with a W boson. Top-pair production at LHC is enhanced compared
to Tevatron thanks to the larger gluon-fusion contribution. While at Tevatron the channel with
the lowest cross section was the associated tW production, which has been only observed at
LHC, at LHC the single-top s channel has the smallest cross section, and is the hardest channel
to probe.

2 Single-top production

Single top quark production in the t channel has been measured by ATLAS and CMS both at
7 and 8 TeV. The most recent ATLAS analysis based on an integrated luminosity of 20 fb−1

collected at 8 TeV1 adopted a neural network discriminant to separate the t-channel signal from
the backgrounds, using 14 discriminating variables. One electron or muon is required together
with two hardonic jets, one of which has been identified as stemming from a b quark. The
multijet background is the hardest to model in simulation, and has been determined from data
using a fit to the distribution of the transverse missing energy. ATLAS measures a fiducial cross
section within the acceptance corresponding to a kinematic selection specified in Ref. 1 to be:

σfid.
t-ch. = 3.37± 0.05(stat.)± 0.47(syst.)± 0.09(lum.) pb , (1)

in agreement with theory predictions from different Monte Carlo (MC) generators, as displayed
in Fig. 1. The fiducial cross-section measurement can be extrapolated to the entire phase
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Figure 1 – Comparison of ATLAS measurement of fiducial single-top production cross section with different Monte
Carlo generators.

space using acceptance estimates from generators. Assuming the prediction of the aMC@NLO
generator 2 plus Herwig parton shower 3, the inclusive single-top production cross section is:

σt-ch. = 82.6± 1.2(stat.)± 11.4(syst.)± 3.1(pdf)± 2.3(lum.) pb , (2)

in agreement with next-to-leading order (NLO) theory predictions. CMS measured the single-
top production cross section in the t channel from a fit to the distribution of the pseudorapidity
of the light jet accompanying the top quark4. The shapes of the distributions for the W+jets and
the tt̄ backgrounds are determined from control samples in data. Events are selected requiring
the presence of one electron or muon together with tho jets, one of which is compatible with a
b jet, and the reconstructed top-quark mass must be in the range 130− 220 GeV. The inclusive
production cross section determined by CMS is:

σt-ch. = 83.6± 2.3(stat.)± 7.4(syst.) pb . (3)

The result is in agreement with NLO theory predictions, as shown in Fig. 2, together with a
previous CMS measurement at 7 TeV. CMS also determined the ratio of cross sections at 8 and
7 TeV to be:

R8/7 = 1.24± 0.08(stat.)± 0.12(syst.) , (4)

and the ratio of top and antitop production cross section to be:

σt-ch. ,t/σt-ch., t̄ = 1.95± 0.10(stat.)± 0.19(syst.) . (5)

A measurement of the same ratio at 7 TeV by ATLAS gave 5:

σt-ch.(t)/σt-ch.(t̄) = 1.81+0.23
−0.22 . (6)

The measurement of associated tW production is limited by the large tt̄ background. Both
ATLAS and CMS use multivariate techniques based on boosted decision trees (BDT) to extract
the tW signal. CMS analysis based on 12.2 fb−1 collected at 8 TeV delivered the first observation
of tW 6 production with a cross section of:

σtW = 24.5+5.5
−5.4 pb (7)
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Figure 2 – Comparison of CMS measurements of t-channel single-top production cross sections at 7 and 8 TeV
with next-to-leading order theory predictions.

with a significance of 6.1 standard deviations (5.4 expected). ATLAS analysis based on 20.3 fb−1

has a precision similar to CMS 7:

σtW = 27.2± 2.8(stat.)± 5.4(syst.) pb , (8)

and the quoted significance is 4.2σ (4.0 expected).
At LHC the single-top channel with the lowest production cross section is the s channel.

CMS searched for the s-channel production in the entire sample at 8 TeV. No significant excess
over the expected background was observed, and an upper limit on the production cross sectoin
in the s channel was set at the 95% confidence level (CL):

σs-ch. < 11.5 pb . (9)

This limit corresponds to 2.1 times the standard model (SM) cross section. The largest un-
certainty on the above limit is due to the theory modelling of the large tt̄ background. The
use of more recent NLO MC generators to simulate this background is expected to improve
the precision of future measurements of this very rare channel. ATLAS published the limit on
s-channel production at 7 TeV based on the first 0.7 fb−1:

σs-ch. < 26.5 pb , (10)

corresponding to 5.8 times the SM cross section value.

2.1 |Vtb| determination

Single-top production allows a direct probe of the tWb copling at the production vertex. In
particular, assuming that the branching fraction of the top quark to Wb is equal to one, the
square root of the measured single-top production cross section, divided by its theory prediction,
computed assuming |Vtb| = 1, must be equal to |Vtb| in the SM. Deviations from such value may
be indications of new physics that modifies the tWb vertex coupling. The available measurements
of single-top production in the t and tW channels allow determinations of |Vtb| with different
levels of precision. CMS also quoted a combination of the |Vtb| measurements using the two
t-channel cross section measurements at 7 and 8 TeV, which achieves the best present precision
(4.1%). Table 1 reports the |Vtb| determinations from the available measurements.



Table 1: |Vtb| measurements from single-top production cross section.

Experiment
√
s Process |Vtb| Precision

ATLAS
7 TeV

t-ch. 1.13+0.14
−0.13 11.9%

tW 1.03+0.16
−0.19 17.0%

8 TeV
t-ch. 0.97+0.09

−0.10 9.8%
tW 1.10± 0.12(exp.)± 0.03(th.) 11.2%

CMS

7 TeV
t-ch. 1.020± 0.046(exp.)± 0.017(th.) 4.8%

tW 1.01+0.16
−0.13(exp.)+0.03

−0.04(th.) 14.8%

8 TeV
t-ch. 0.979± 0.045(exp.)± 0.016(th.) 4.9%
tW 1.03± 0.12(exp.)± 0.04(th.) 12.3%

7+8 TeV t-ch. 0.998± 0.038(exp.)± 0.016(th.) 4.1%

2.2 New physics with single top

Single-top production at LHC offers the opportunity to look for new physics that could affect the
tgu, tgc, tZu or tZc vertices, exhibiting anomalous couplings, compared to the SM prediction.
Such anomalous couplings would result in flavour-changing neutral currents (FCNC). ATLAS
studied FCNC at the top production vertex 8, which would result in a single top quark produced
without any associated particles. The study based on the 8 TeV data sample set limits to
anomalous tgu and tgc coupling that can be translated into limits to the FCNC branching
fractions of the top quark:

B(t→ gu) < 3.1× 10−5 , (11)

B(t→ gc) < 1.6× 10−5 , (12)

at the 95% CL. CMS looked for FCNC associated production of a top quark and a Z bo-
son 9, which resulted in limits to anomalous tZu and tZc compling, translated into the following
branching ratio limits at the 95% CL:

B(t→ Zu) < 5.1× 10−3 , (13)

B(t→ Zc) < 0.114 . (14)

3 Top-antitop pair production

The most precise determinations of tt̄ production at LHC is performed using dileptonic events.
CMS updated the analysis at 8 TeV using a data sample of 5.3 fb−1, obtaining the following
cross section measurement 10:

σtt̄ = 239± 2(stat.)± 11(syst.)± 6(lum.) pb (15)

ATLAS analyzed the entire 8 TeV dataset implementing an in-situ determination of the b-
tagging efficiency from the b-tag multiplicity distribution, and achieved the following result 11:

σtt̄ = 237.7± 1.7(stat.)± 7.4(syst.)± 7.4(lum.) .± 4.0(beam energy) pb (16)

Inclusive cross-section measurements at LHC are in good agreement with the SM prediction, and
the large tt̄ data sample allows studies of differential distribution of several observable quantities,
in order to perform more stringent SM tests and to validate detailed features of MC generators.
The observed variables include the transverse momentum and rapidity of top quarks and tt̄ pair,
the invariant mass of the tt̄ pair, additional jet multiplicity, and more. Experimental effects are
unfolded from the raw observed spectra. Most of the observed distribution show good ageement



with generator prediction. Among the few cases where discrepancies have been observed, Fig. 3
shows that not all MC generators correccly describe the distribution of the top-quark transverse
momentum at large pT values, as reported by ATLAS 12 at 7 TeV. CMS reports at 8 TeV 13 a
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Figure 3 – Differential tt̄ cross section measurement by ATLAS as a function of the top-quark transverse momen-
tum, compared with prediction of different Monte Carlo generators.

deficit in the leading-order and next-to-leading-order MC predictions at low top-quark pT, while
the approximate next-to-NLO predictions correctly describe the data. This is shown in Fig. 4.

4 tt̄ associated production

The production of tt̄ pairs associated with more particles, either jets or vector bosons, can be
studied at LHC exploiting the large integrated luminosity accumulated during the run at 7 and
8 TeV. CMS measured the production of tt̄ plus a bb̄ pair 14, which is an important background
to ttH and new physics searches. Applying two different thresholds to the transverse momenta
of the reconstructed jets, CMS measured the ratio of tt̄bb̄ to tt̄ plus two jets at 8 TeV:

σtt̄bb̄/σtt̄jj = 0.023± 0.003(stat.)± 0.005(syst.) , pT > 20 GeV , (17)

σtt̄bb̄/σtt̄jj = 0.022± 0.004(stat.)± 0.005(syst.) , pT > 40 GeV . (18)

Both measurements are compatible with the prediction of MadGraph15 and Powheg16 gener-
ators, though both have central values slightly larger than the SM predictions. ATLAS measured
at 7 TeV the incusive production cross section of tt̄ plus a b or c quark 17:

σtt̄+b/c+X/σtt̄+≥1jet = 6.2± 1.1(stat.)± 1.8(syst.) , (19)

assuming the jet has pT > 25 GeV and |η| < 2.5. This result is also in agreement with the SM
predictions, using AlpGen 18, though, as for the previous CMS measurement, the central value
is somewhat larger than the theory prediction.

Measurements of tt̄ associated with W or Z were performed by CMS at 7 TeV 19 using two
analyses: an inclusive search of tt̄ plus either W or Z in events with same-sign lepton pairs
(Fig. 5), and an exclusive analysis of events with three leptons, looking for tt̄Z. The results have
a limited precision, due to the limited number of selected events:

σtt̄V = 0.43+0.17
−0.15(stat.)+0.09

−0.07(syst.) pb , (20)

σtt̄Z = 0.28+0.14
−0.11(stat.)+0.06

−0.03(syst.) pb . (21)
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The two measurements have statistical significance of 3.0 and 3.3 standard deviations respec-
tively, and are in agreement with the SM predictions.

ATLAS measured tt̄γ production at 7 TeV in events with a lepton and a jet 20. Photon fake
rate is difficult to model in simulation, and has been determined from data using a fit to the
distribution of a variable describing the photon’s isolation (Fig. 6). The result is:

σtt̄γ = 2.0± 0.5(stat.)± 0.6(syst.)± 0.1(lum.) pb , (22)

assuming a photon transverse energy greater than 8 GeV. CMS updated the tt̄γ measurement
at 8 TeV, and the result is:

σtt̄γ/σtt̄ = (1.07± 0.07(stat.)± 0.27(syst.))× 10−2 , (23)

assuming a photon transverse energy greater than 20 GeV, and a separation between the photon
and the b jet from the top-quark decay ∆R > 0.1, which can be translated into:

σtt̄γ = 2.4± 0.2(stat.)± 0.6(syst.) pb . (24)

CMS searched for the production of two top-antitop quark pairs at 8 TeV. This process has
a cross section of the order of one fb in the SM 21,22, but could be enhanced in several models
beyond the SM. The CMS analysis looks for the decay of one top quark with an electron or
muon, and the hadronic decay of the other three top-quark. In order to determine the three-jet
combinations that have large probability to come form a top quark decay, dedicated BDTs are
trained. A second BDT is used to select signal events adding event variables. The analysis
showed no excess over the expected background, and the following upper limit at 95% CL has
been set 23:

σtt̄tt̄ < 63 fb . (25)
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5 Conclusions

The precision of top production measurements at LHC is steadily improving, and the focus of
ATLAS and CMS is shifting towards the precise understanding of top production mechanism in
order to perform detailed comparisons with state-of-the-art QCD predictions, and possibly find
deviations from the standard model. The determination of cross sections in fiducial regions is
being adopted in order to avoid model-dependent extrapolations that would introduce theory
uncertainty. Next updates of LHC activities in top physics will involve both targeting the
ultimate precision for upcoming 7 and 8 TeV run-I legacy measurements, and the preparation
for run-II data at higher LHC energy.
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Observation of Z-boson production via weak boson fusion at ATLAS

Andrew Pilkington a

Department of Physics and Astronomy, University College London, Gower Street
London, WC1E 6BT, UK

A measurement of the electroweak production of dijets in association with a Z-boson was
performed using ATLAS proton-proton collision data, with the background-only hypothesis
rejected at greater than the 5σ level. The electroweak signal includes the weak boson fusion
process and this measurement acts as a benchmark for future studies of weak boson scattering
and Higgs production via weak boson fusion. In these proceedings, a brief description of the
analysis is presented.

1 Introduction

The fusion or scattering of two weak vector bosons is an important process that can be used
to probe the electroweak sector of the Standard Model. For example, measurements of Higgs
production via weak boson fusion are crucial for the precise extraction of the Higgs boson cou-
plings1,2 and have the potential to help pin down the charge conjugation and parity properties
of the Higgs boson3. Alternatively, the scattering of two weak bosons is sensitive to non-SM
electroweak symmetry breaking models4 and to anomalous quartic gauge couplings. Both weak
boson fusion and weak boson scattering are extremely rare processes and the experimental ob-
servation has only recently become possible with the large centre-of-mass energy and luminosity
provided by the Large Hadron Collider (LHC). Extracting the weak boson fusion signals from
the huge backgrounds in the high pileup environment at the LHC is a major challenge.

The production of a Z-boson via weak boson fusion is an excellent benchmark for these rare
processes5,6 and is shown in figure 1(a). Weak boson fusion has the characteristic signature of
two low-angle jets, one on each side of the detector. These forward ‘tagging’ jets typically have
transverse momentum, pT, of order of the W -mass, because they originate from quarks in each
proton recoiling against the W -bosons that fuse to produce the Z-boson. Another interesting
feature is the lack of colour flow between the tagging jets, which results in little hadronic activity
in that region. These features have been exploited by the ATLAS collaboration to extract the
purely electroweak contribution to dijet production in association with a Z-boson (Zjj), which
includes the weak boson fusion process.

In these proceedings, a brief description of the main analysis method is presented. The
reader is referred to the journal publication7 for more details.

2 Data selection and analysis methodology

The measurement was performed using proton-proton collision data recorded by the ATLAS
experiment at

√
s = 8 TeV and corresponds to an integrated luminosity of 20.3 fb−1. The ATLAS

aOn behalf of the ATLAS Collaboration
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Figure 1 – Representative Feynman diagrams for electroweak and strong Zjj production.

experiment is described in detail elsewhere 8. In this analysis, the relevant detector components
are (i) the inner detector, which identifies tracks from charged particles, (ii) the electromagnetic
calorimeter, which measures the energy and direction of electrons, (ii) the muon spectrometer,
which measures the momentum and direction of muons, and (iv) the hadronic calorimeter, which
provides a measurement of the energy and direction of baryons and mesons.

Events containing a Z-boson candidate in the µ+µ− and e+e− decay channels were retained
for further analysis using single-muon and dielectron triggers, respectively. The selection criteria
are defined to optimise the expected significance when extracting the electroweak Zjj component
and can be grouped into three categories; those used to identify the Z-boson candidate, those
used to identify the two tagging jets, and those used to enhance the electroweak Zjj contribution:

1. Z-boson candidate: The Z-boson candidate is defined as exactly two oppositely charged,
same-flavour leptons with a dilepton invariant mass of 81 ≤ m`` < 101 GeV. The leptons
are required to have pT > 25 GeV and satisfy |η| < 2.4 and |η| < 2.47 for muons and
electrons, respectively. The reconstructed leptons are required to pass various identifi-
cation, isolation and primary vertex impact parameter requirements in order to reduce
backgrounds arising from leptons produced from the in-flight decay of hadrons.

2. Tagging-jet selection: Events are required to contain at least two jets with transverse mo-
mentum pT > 55 GeV and pT > 45 GeV. The impact of jets arising from the additional
pileup interactions is reduced by the high transverse momentum thresholds and by match-
ing central jets to the primary event vertex from which the leptons originate using inner
detector tracking information.

3. Electroweak Zjj enhancement: Events are required to contain no additional jets with
pT > 25 GeV in the rapidity interval between the two leading jets. This ‘jet veto’ re-
quirement preferentially selects the electroweak Zjj component over the dominant strong
Zjj background, making use of the different colour structure in the two processes. The
invariant mass of the two leading jets is required to satisfy mjj > 250 GeV, which re-
duces the impact of diboson (V Z) production in which one boson decays hadronically.
Finally, the transverse momentum of the dilepton pair is required to be p``T > 20 GeV
and the normalised vector sum of dilepton and dijet transverse-momenta is required to
be pbalanceT < 0.15, which collectively reduces the impact of jets arising from pileup and
double parton scattering.

After applying these selection criteria, the event sample is dominated by strong Zjj production
(∼95%), with a small (∼1%) contribution from diboson and top-antitop production. Although
the electroweak signal makes up just 4% of the total yield, the dijet invariant mass spectrum
is much harder than the background processes. The signal can therefore be extracted using
a two-component template fit to the dijet invariant mass in the search region. The signal
and background templates are produced using Monte Carlo event generators. Electroweak Zjj,



strong Zjj and diboson are simulated using the Sherpa9 event generator, with the events passed
through the ATLAS detector simulation and overlaid with inelastic proton-proton interactions10

to simulate the effects of pileup. The small contribution from top-antitop production is simulated
using MC@NLO11.

3 Constraint on background modelling

Precise modelling of the background template is crucial for the extraction of the electroweak
signal. To study the background modelling in more detail, a signal-suppressed control region
is defined using the same cuts as for the search region, but reversing the jet veto requirement
and extending the pbalanceT criterion to include the additional (third) jet. Figure 2(a) shows the
dijet invariant mass distribution in the control region. The simulation clearly predicts too hard
a dijet invariant mass spectrum.
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Figure 2 – (a) The dijet invariant mass distribution in the control region. The simulation has been normalised
to match the number of events observed in the data. The lower panel shows the reweighting function used to
constrain the shape of the background template. (b) Background reweighting functions obtained for different
choices of control region.

The data in the control region is used to constrain the background modelling in the search
region. The ratio of the data to simulation in the control region is fitted with a second-order
polynomial and this reweighting function is applied directly to the background template in
the search region. This procedure has the advantage of minimising both the experimental and
theoretical systematic uncertainties on the background template that are due to the mismodelling
of the dijet system. The uncertainties associated with extrapolating the constraint from the
control region to the search region is determined from simulation, with the dominant uncertainty
arising from the theoretical modelling of the additional jet activity in the strong Zjj process.

The impact of mismodelling of the additional jet activity in the rapidity interval between
the two leading jets in the simulation is explored by splitting the control region into seven
subregions and rederiving the control region constraint. Two subregions are defined by the
transverse momentum of the leading jet in the rapidity interval, two subregions are defined
by the rapidity of the jet, two subregions are defined by the number of jets in the rapidity
interval, and an MPI-suppressed subregion is defined by requiring the jets not to be back-to-



back in azimuth. Figure 2 (b) shows the background reweighting functions obtained from these
subregions, compared to the default function obtained from the default control region. The
change in the extracted signal yield when applying these different reweighting functions to the
background template in the search region is less than 5%, which is smaller than the assigned
theoretical modelling uncertainty.

4 Signal extraction

Figure 3 shows the dijet invariant mass distribution in the search region for the electron and
muon channels combined. The signal and background templates are normalised to the values
obtained from the fit. The background template is presented after applying the data-driven
reweighting function derived in the control region. The unconstrained background template is
also presented (in the lowest panel), demonstrating that the background-only prediction always
falls below the data at the highest dijet invariant mass. The number of fitted signal events is
NEW = 1657± 134 (stat).

500 1000 1500 2000 2500 3000 3500

 / 
25

0 
G

eV
ob

s
N

1

10

210

310

410

Data (2012)

Background

Background + EW Zjj

ATLAS
-1 L dt = 20.3 fb∫

 = 8 TeVs
search region

 [GeV]
jj

m
500 1000 1500 2000 2500 3000 3500

0.5

1

1.5

 [GeV]jjm
500 1000 1500 2000 2500 3000 3500

0

0.5

1

D
at

a
B

K
G

 +
 E

W
   

D
at

a
B

K
G

constrained
unconstrained

Figure 3 – The dijet invariant mass distribution in the search region. The signal and (constrained) background
templates are scaled to match the number of events obtained in the fit. The lowest panel shows the ratio of
constrained and unconstrained background templates to the data.

Systematic uncertainties on NEW arise from the background template reweighting function,
the jet-based experimental systematic uncertainties, and the theoretical modelling uncertainties
on the Zjj samples. A summary of the dominant systematic uncertainties is presented in Table 1.

Table 1: The dominant systematic uncertainties, expressed in percentages, on the number of fitted signal events
in the search region, NEW.

Source ∆NEW

Electrons Muons
Lepton systematics — —
Control region statistics ±8.9 % ±11.2 %
Jet energy scale ±5.6 %
Signal modelling ±8.9 %
Background modelling ±7.5 %
Signal/background interference ±6.2 %



The fitted number of electroweak events is converted into a fiducial cross section, after
correcting for detector inefficiency and migrations as well as the luminosity of the dataset. The
systematic uncertainties on the correction for detector effects and the luminosity are very small
in comparison to the uncertainties in the signal extraction procedure. The fiducial cross section
is measured to be

σEW = 54.7 ± 4.6 (stat) +9.8
−10.4 (syst) ± 1.5 (lumi) fb.

The theoretical prediction from the Powheg Box12,13,14 for the electroweak Zjj cross section
is 46.1± 1.2 fb, which is in good agreement with the data.

The significance of the measurement is estimated using pseudoexperiments, with pseudodata
constructed from the background model or both the search region and the control region. The
full analysis procedure is repeated for each pseudoexperiment, accounting for all sources of
systematic uncertainty. From one billion such pseudoexperiments, none produce a value of NEW

greater than (or equal to) the 1657 events observed in data. The background-only hypothesis is
therefore rejected at greater than 5σ significance.

5 Summary

A measurement of the electroweak production of dijets in association with a Z-boson was carried
out using proton-proton collisions at a centre-of-mass energy of 8 TeV recorded by the ATLAS
experiment in 2012. Events containing a Z-boson candidate produced in association with two
high transverse momentum (tagging) jets were selected in the e+e− and µ+µ− decay channels.
The electroweak component was extracted by a fit to the dijet invariant mass spectrum in an
signal-enhanced phase space region that was defined, in part, by a veto on additional jet activity
in the interval between the tagging jets. The background model was constrained using data in
a signal-suppressed control region that was defined by reversing the jet veto requirement. The
cross section of the electroweak production of dijets in association with a Z-boson was measured
to be σ = 54.7 ± 4.6 (stat) +9.8

−10.4 (syst) ± 1.5 (lumi) fb, which is in good agreement with the
Standard Model prediction of 46.1 ± 1.2 fb. The background-only hypothesis was rejected at
greater than the 5σ-level. The electroweak signal includes the weak boson fusion process and
this measurement acts as a benchmark for future studies of weak boson scattering and Higgs
production via weak boson fusion.

Acknowledgments

The author is supported by a Royal Society University Research Fellowship.

References

1. M. Duhrssen, S. Heinemeyer, H. Logan, D. Rainwater, G. Weiglein and D. Zeppenfeld,
Phys. Rev. D 70 (2004) 113009 [hep-ph/0406323].

2. ATLAS Collaboration, Phys. Lett. B 726 (2013) 88 [arXiv:1307.1427 [hep-ex]].
3. T. Plehn, D. L. Rainwater and D. Zeppenfeld, Phys. Rev. Lett. 88 (2002) 051801 [hep-

ph/0105325].
4. J. Bagger, V. D. Barger, K. -m. Cheung, J. F. Gunion, T. Han, G. A. Ladinsky, R. Rosen-

feld and C. P. Yuan, Phys. Rev. D 49 (1994) 1246 [hep-ph/9306256].
5. D. L. Rainwater, R. Szalapski, and D. Zeppenfeld, Phys. Rev. D54 (1996) 6680–6689,

[hep-ph/9605444].
6. V. Khoze, M. Ryskin, W. Stirling, and P. Williams, Eur. Phys. J. C26 (2003) 429–440,

[hep-ph/0207365].
7. ATLAS Collaboration, JHEP 1404 (2014) 031 [arXiv:1401.7610 [hep-ex]].
8. ATLAS Collaboration, JINST 3 (2008) S08003.



9. T. Gleisberg et al., JHEP 02 (2009) 007, [arXiv:0811.4622].
10. T. Sjostrand, S. Mrenna, and P. Z. Skands, Comput. Phys. Commun. 178 (2008) 852–867,

[arXiv:0710.3820].
11. S. Frixione and B. R. Webber, JHEP 06 (2002) 029, [hep-ph/0204244].
12. B. Jager, S. Schneider, and G. Zanderighi, JHEP 09 (2012) 083, [arXiv:1207.2626].
13. F. Schissler and D. Zeppenfeld, JHEP 04 (2013) [arXiv:1302.2884].
14. T. Sjostrand, S. Mrenna, and P. Z. Skands, JHEP 05 (2006) 026, [hep-ph/0603175].



Z BOSON ASYMMETRY MEASUREMENTS AT THE TEVATRON

B. QUINN
for the CDF and D0 Collaborations

Department of Physics and Astronomy, University of Mississippi, University, MS 38677, USA

We present measurements of the forward-backward asymmetry (AFB) in dilepton pair decays
of Z bosons produced in pp̄ collisions using the full Tevatron dataset. The CDF experiment
extracts a value for the effective weak mixing angle parameter sin2θleff of 0.2315±0.0010 from
the AFB distribution of dimuon events in 9.2 fb−1 of integrated luminosity. From dielectron
events in 9.7 fb−1 of data, the D0 experiment finds sin2θleff = 0.23106± 0.00053, the world’s

most precise measurement of sin2θleff from hadron colliders and with light quark couplings.

1 Introduction

Drell-Yan lepton pairs 1 are produced at the Tevatron through the reaction

pp̄→ Z/γ∗ → `+`− (1)

at
√
s = 1.96 TeV. The angular distribution of these pairs is sensitive to the weak mixing angle

through the vector coupling to the Z boson, gfV = I3 − 2Qfsin
2θW . This coupling is altered by

weak radiative corrections of a few percent to give an effective weak mixing parameter, sin2θleff .
The angular distribution is measured in the Collins-Soper rest frame of the Z, in which θ∗

is defined as the angle of the `− relative to the direction of the incoming quark. 2 Events are
categorized as forward (backward) if cos θ∗ ≥ 0 (cos θ∗ < 0). After integrating over the azimuthal
angle, the next to leading order QCD expression for the angular distribution becomes 3

dN/dΩ ∝ 1 + cos2θ∗ +A4 cos θ∗. (2)

The forward-backward asymmetry is

AFB =
σ+ − σ−

σ+ + σ−
=

3

8
A4, (3)

where σ+ and σ− are the forward and backward cross sections, respectively, and the A4 parity
violating term is sensitive to the weak mixing angle through Z self-interference.

Both the CDF 4 and D0 5 experiments employ general, multi-purpose detectors featuring
excellent central tracking, calorimeter, and muon identification systems particularly relevant to
these analyses and described in detail elsewhere. CDF has recently published a measurement of
sin2θleff from AFB in dimuon events.6 D0 has a new preliminary sin2θleff result in the dielectron

channel. 7 Both analyses are carried out in four steps: measure AFB from dilepton events in bins
of dilepton invariant mass (M), produce Monte Carlo (MC) templates of AFB(M, sin2θW ),
perform full corrections to data and simulation, and extract sin2θleff by doing a χ2 comparison
between the data and MC.



2 CDF: sin2θleff from dimuon events

CDF collected a sample of dimuon Drell-Yan pairs from the full dataset comprising 9.2 fb−1

of integrated luminosity. Selection cuts on the muons included the transverse momentum and
rapidity requirements pT > 20 GeV and |y| < 1, respectively, as well as M > 50 GeV. A key part
of the analysis is a very precise momentum calibration using a method that tunes the data and
simulation to post-final state radiation (FSR) generator level distributions in 64 individually
calibrated bins of pseudorapidity and azimuthal angle. Dimuon events with eleven different
muon subdetector topologies of muon location were included in the sample. Backgrounds from
electroweak sources (WW,WZ,ZZ, tt̄,W+jets, Z → τ+τ−) are estimated from MC to be 0.53%.
QCD backgrounds are determined from data to be a negligible 0.10%. MC simulations were
pythia-based,8 using cteq5l9 parton distribution functions (PDFs) and a geant10 simulation
of the CDF detector. After background subtraction, 276,623 events remained in the dimuon
sample. The data and MC distributions of M and cos θ∗ in the final sample are shown in Fig. 1.

Figure 1 – CDF dimuon invariant mass (left) and Collins-Soper frame cos θ∗ (right) distributions.

For this analysis, a traditional asymmetry measurement applying efficiency×acceptance cor-
rections to calculate cross sections (e.g. σ+ = N+/(εA)+) would be quite challenging. It would
require 22 correction numbers for the 11 different muon topolgies, resulting in statistical limi-
tations from this subdivision of the data sample. An alternative event weighting method 11 is
employed which is equivalent to measuring AFB in bins of cosθ∗. The asymmetry is calculated
according to

AFB(| cos θ∗|) =
AFB| cos θ∗|

1 + cos2 θ∗ + ...
, (4)

assuming local εA equivalence for forward and backward events and NLO QCD angular distri-
bution. This angular weighting results in more accurate measurements in bins of large cos θ∗.
The binned measurements are then recast into an unbinned weighted event sum

AFB =
N+
n −N−

n

N+
d +N−

d

, (5)

where the n, d subscripts refer to numerator and denominator event weights which remove the
angular dependencies from Eq. 4 while preserving measurement accuracy at each cos θ∗. This is
equivalent to performing a maximum likelihood fit, and delivers an expected 20% reduction in
uncertainty. The raw AFB distribution seen in Fig. 2(left) must then be unfolded to correct for
resolution smearing and QED FSR effects. Final bin-by-bin 2nd order bias corrections are then
applied to account for limited rapidity coverage and detector non-uniformities, yielding the fully
corrected AFB distribution shown in Fig. 2(right).



Figure 2 – CDF raw AFB (left) and fully corrected AFB (right) distributions.

The AFB measurement is then compared to AFB templates calculated at different values of
sin2θW . Three sets of templates are used, each with a different Enhanced Born Approximation
(EBA) calculation (NLO resbos12 , NLO powheg-box13 , and LO tree), and all producing con-
sistent results. The resbos comparison gives the smallest χ2 and is selected as the default tem-
plate set. The dominant systematic uncertainty comes from the PDF uncertainty. Smaller un-
certainties include those on EBA calculation, backgrounds, and momentum and QCD scales. All
systematic uncertainties are much smaller than the statistical uncertainty of the measurement.
The χ2 fit to the resbos templates gives the value sin2θleff = 0.2315± 0.0009stat ± 0.0004syst.
Using an on-shell renormalization scheme in a Standard Model (SM) context, this result is
converted to sin2θW = 0.2233 ± 0.0008stat ± 0.0004syst, from which is obtained an indirect
measurement of the W boson mass, MW = 80.365± 0.043stat ± 0.019syst.

3 D0: sin2θleff from dielectron events

Dielectron events were selected from D0’s full dataset of 9.7 fb−1. Electrons found in the central
(CC) and endcap (EC) caolrimeters with pT > 25 GeV and M > 50 GeV were accepted. Com-
pared to the previous D0 5 fb−1 publication, 14 an increase in statistics 85% beyond luminosity
scaling was achieved by extending the pseudorapidity range to |η| < 1 and 1.5 < |η| < 3.2,
including events with both electrons in the endcaps and those with electrons near calorimeter
module boundaries, and improving track reconstruction. The final sample consisted of 560,267
events with low QCD and negligible electroweak backgrounds totaling 0.4% for central and < 4%
for endcap events. The MC samples were generated with pythia 8 using cteq6l1 15 PDFs and
a geant-based 10 simulation of the D0 detector.

Electron reconstruction in the calorimeters depends critically on the elctron energy calibra-
tion. The global energy scale modeling used in the previous D0 analysis is inadequate for the
current measurement because shape dependencies of the different detector responses over the
extended acceptance regions are too great. A new method was developed that corrects energy
as a function of instantaneous luminosity (Linst) first, and then as a function of detector pseu-
dorapidity (ηdet). This procedure scales the Z mass peak to the LEP value of 91.1875 GeV in
each (Linst, ηdet) bin. Calibrations are performed separately for data and MC. After calibration,
the mass peak dependence on Linst is negligible, and the dependence on ηdet is reduced from 2
GeV to 100 MeV for data and 10 MeV for MC. The improvement of ηdet dependence in data is
illustrated in Fig. 3.

Energy resolution and efficiency corrections are applied, and reweightings particularly as



Figure 3 – D0 comparison of Z mass peak position as a function of detector pseudorapidity before (left) and after
(right) binned energy scale calibration.

functions of Linst and vertex z are performed. Final distributions of M and cos θ∗ for data and
MC are displayed in Fig. 4. The sin2θleff extraction is performed separately for subsamples based

Figure 4 – D0 dielectron invariant mass (left) and Collins-Soper frame cos θ∗ (right) distributions.

on location of the two electrons (CC-CC, CC-EC, EC-EC), and on run period (RunIIa: 1.1 fb−1

low Linst, RunIIb: 8.6 fb−1 high Linst). The full dataset distributions of AFB for all three event
topologies can be seen in Fig. 5. Determination of sin2θleff is made through χ2 comparisons of

these distributions with MC templates generated at different values of sin2θW by rewieghting
the generator level (MZ/γ∗ , cos θ∗) distribution from the default MC (sin2θW = 0.232). The
PDF uncertainty is the dominant systematic uncertainty in this analysis, with smaller contribu-
tions from energy scale and smearing, charge and electron misidentification, and backgrounds.
The extracted value of sin2θW is 0.23098 ± 0.00042stat ± 0.00014syst ± 0.00029PDF . In a SM
context with on-shell renormalization scheme and resbos EBA correction, this corresponds to
sin2θleff = 0.23106± 0.00053. This is the most precise determination of sin2θleff from a hadron
collider and from light quark couplings.

4 Conclusions

We report two new measurements of sin2θleff from the forward-backward asymmetry of Drell-

Yan pairs at the Tevatron. CDF finds a value of sin2θleff = 0.2315 ± 0.0010 from studies of

dimuon events, and D0 obtains a preliminary result of sin2θleff = 0.23106 ± 0.00053 from a
sample of dielectron events. Both results are compared to and shown to be consistent with
previous determinations of sin2θleff from the LEP and SLD Collaborations in Fig. 6. 16



Figure 5 – D0 AFB distributions for all three dielectron event topolgies.

Figure 6 – Comparison of Tevatron sin2θleff results with those from LEP and SLD experiments.



References

1. S.D. Drell and T.-M. Yan, Phys. Rev. Lett. 25, 316 (1970).
2. J.C. Collins and D.E. Soper, Phys. Rev. D 16, 2219 (1977).
3. E. Mirkes, Nucl. Phys. B 387, 3 (1992); E. Mirkes and J. Ohnemus, Phys. Rev. D 50,

5692 (1994).
4. T. Aaltonen et al (CDF Collaboration), Phys. Rev. D 85, 012009 (2012).
5. V.M. Abazov et al (D0 Collaboration), Nucl. Instrum. Methods 565, 463 (2006); M.

Abolins et al, Nucl. Instrum. Methods 584, 75 (2008); R. Angstadt et al, Nucl. Instrum.
Methods 622, 298 (2010).

6. T. Aaltonen et al (CDF Collaboration), Phys. Rev. D 89, 072005 (2014).
7. S. Yang et al (D0 Collaboration), D0 Note 6426-CONF 2014.
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Recent constraints on the parton distributions in the proton and the measurement
of αS from ATLAS and CMS
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Recent results on cross sections sensitive to the parton distribution functions (PDFs)
within the proton from the ATLAS and CMS Collaborations are presented. The potential
impact on the inclusion of these data in fits to the PDFs is discussed. Recent results from
fits including the data from jet, or vector boson production from the ATLAS and CMS
experiments are discussed.

1 Introduction

The LHC 1 is an exemplary machine for the study of perturbative QCD. All processes at the
LHC take place between quarks and gluons so, given sufficient understanding of the hard inter-
action, any physics process could in principle be used to constrain the parton density functions
(PDFs) within the proton. Precise knowledge of these PDFs is an essential prerequisite for the
identification of any possible signature from physics beyond the Standard Model.

During Run 1, the LHC performed extremely well, allowing both the ATLAS 2 and CMS 3

collaborations to collect proton-proton data samples in excess of 25 fb−1 per experiment. These
large samples are allowing the development of an increasingly large and diverse portfolio of pre-
cision analyses from each collaboration that are useful for constraining the parton distributions
in the proton in a kinematic regime beyond any previously available.

The data presented in this article were collected during 2010 and 2011 and represent only
about one fifth of these Run 1 data sets. In addition, the remaining 20 fb−1 of data from the
8 TeV running in 2012 available from each collaboration, are currently being analysed. Results
from these analyses of the 2012 data will be published in the near future.

When performing fits for the proton parton distributions, different physics processes provide
information on the different parton initial states. The very precise HERA inclusive DIS data
typically only tightly constrain the parton distributions at lower-x, and are sensitive to the gluon
at Next-to-leading order (NLO) through scaling violations4. The LHC cross section on the other
hand, with two target hadrons, is sensitive to the gluon distribution and the strong coupling
already at leading order (LO) for processes including dijet or tt̄ production, and to the valence
quarks at higher ET, whereas Electroweak boson production, is sensitive both to the valence
and sea quark distributions.

For LHC processes, the cross section is generally only calculable after the numerical integra-
tion over the phase space to cancel the infra-red and collinear divergences, so fast convolution
techniques are required, such as those implemented by the fastNLO 5 and APPLgrid 6 projects.



2 Jet production and the gluon distribution
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Figure 5. Dijet double-differential cross sections for anti-kt jets with radius parameter R = 0.4 and
R = 0.6, shown as a function of dijet mass in different ranges of y⇤. To aid visibility, the cross sections
are multiplied by the factors indicated in the legend. The error bars indicate the statistical uncertainty on the
measurement, and the dark shaded band indicates the sum in quadrature of the experimental systematic un-
certainties. For comparison, the NLO QCD predictions of NLOJet++ using the CT10 PDF set, corrected for
non-perturbative and electroweak effects, are included. The renormalization and factorization scale choice µ

is as described in section 6. The hatched band shows the uncertainty associated with the theory predictions.
Because of the logarithmic scale on the vertical axis, the experimental and theoretical uncertainties are only
visible at high dijet mass, where they are largest.
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C. Experimental uncertainties

The dominant experimental uncertainties are related to
the jet energy scale (JES), the luminosity, and the jet pT

resolution. Other sources of systematic uncertainty, such as
the jet angular resolution, are negligible. The agreement of
the results for positive and negative rapidities has also been
confirmed. Figure 5 shows the effects of the experimental
uncertainties in all rapidity bins for the cross section
measurements. For rapidities up to jyj ! 1:5 the total
uncertainty of both cross sections ranges from 5% at low
pT orMjj to 20% at high pT orMjj, respectively. For higher
rapidities the total uncertainty increases to 10%–30% in
both cases, with the exception of the highest dijet mass bin
in the outer rapidity region of 2:0< jyjmax < 2:5, where
the uncertainty is substantially larger. A discussion of the
individual contributions to the uncertainty follows.

1. Jet energy scale uncertainty

The jet energy scale is the dominant source of systematic
uncertainty. Because of the steep slope of the pT spectrum,
a small uncertainty in the pT scale translates into a large
uncertainty in the cross section for a given value of pT. The
jet energy scale uncertainty is dependent on pT and ! and
has been estimated to be 2.0%–2.5% [11]. The individual,
uncorrelated contributions to the JES uncertainty have
been estimated and are discussed below.

The JES uncertainty sources account for the pT and !
dependence of the JES within the total uncertainty. For the
phase space of jets considered here, 16 mutually uncorre-
lated sources contribute to the total uncertainty, where each
such source represents a signed 1" variation from a given
systematic effect for each point in "pT;!#. Summing up
separately the positive or negative variations of the sources
in quadrature will reproduce the total upward and down-
ward JES uncertainties at each point. The uncertainties
from all 16 independent sources are included in the
Supplemental Material [16] and in the HEPDATA record
for this paper; the cross section measurements and other
details are also tabulated therein.

The uncertainty sources are divided into four broad
categories: pileup effects, relative calibration of jet energy
scale versus !, absolute energy scale including pT depen-
dence, and differences in quark- and gluon-initiated jets.
The first category, containing pileup effects, has relatively
little impact on the analyses presented in this paper.

The second category, containing !-dependent effects,
parametrizes the possible relative variations in JES, which
for the dijet and inclusive jet analyses lead to correlations
between rapidity bins. In principle these effects could also
have a pT dependence, but systematic studies on data and
Monte Carlo (MC) events indicate that the pT and !
dependence of the uncertainties factorize to a good
approximation.

The third category deals with the uncertainty in the
absolute energy scale and its pT dependence and is the

most relevant one for these analyses. The photon$ jet and
Z$ jet events only constrain the JES directly in a limited
jet pT range of about 30–600 GeV, and the response at
higher (and lower) pT is estimated by MC simulation. The
pT-dependent uncertainty arising from modeling of the
underlying event and jet fragmentation is obtained by
comparing predictions from PYTHIA6 and HERWIG++.
Most studies show that both generators agree with the
data with differences comparable to those seen between
data and MC. The uncertainty arising from the calorimeter
response to single hadrons is estimated by varying the
response parametrization by %3% around the central
value. The final uncertainty arises from differences in the
JES for quark- and gluon-initiated jets and is determined
from MC studies.
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Figure 1 – The ATLAS (left) and CMS (right) dijet mass from the 2011 dijet data

Fits to the proton PDFs 7,8,9,10 using only data from experiments with lower momentum
transfer than available at the LHC typically have large uncertainties for the LHC kinematic
region, notably at high-x11. This is most apparent for the gluon distribution, where the difference
between the central fits from the different groups are sometimes larger than the uncertainties on
the individual PDFs themselves. This gives rise to a significant uncertainty on the predictions
of LHC cross sections, such as in Higgs, or tt̄ production 11. For jet production at the LHC, at
all but the highest pT, the cross section is dominated by quark-gluon scattering and so the data
should provide a significant additional constraint on the gluon distribution with respect to that
from the HERA or fixed target data alone.

Fig. 1 shows the new dijet data from both the ATLAS 12 and CMS 13 collaborations in
different regions of dijet rapidity, spanning a range of 200 GeV to 5 TeV in dijet mass. The
data themselves are reasonably well described over eight orders of magnitude in variation of the
cross section and a mass range from around 250 GeV to 5 TeV – somewhat of a triumph for
perturbative QCD.

In Fig.2 can be seen the ratio of theory over data for each of the six rapidity ranges seen
in Fig. 1 for the ATLAS data. This illustrates that the systematic uncertainties, which are
dominated by the Jet Energy Scale, are typically between 5-10% for central rapidities, and
increase at higher rapidities and higher masses where the data is in any case, more statistically
limited. In all cases, the experimental uncertainties are already comparable to the theoretical
uncertainties. The data are shown compared to the NLO QCD predictions using the CT107, and
HERAPDF fits 10, and also the atlas epJet13 fit 14 which used the 2.76 and 7 TeV jet data from
2010. There appears to be a possible tendency for the CT10 fit to be slightly harder, with the
fit to the ATLAS 2010 data, describing the shape better at high masses. The gluon-gluon terms
in the full next-to-next to leading order (NNLO) calculation have recently been calculated 15

and show approximately a 25% contribution, although the contribution to the cross section in
the LHC kinematic region of the gluon-gluon term is small and predominantly at low ET.

Quantitative analysis on the level of agreement of the cross section with the predictions of
the different PDFs 12 illustrate that most of the PDFs fits reasonable well, whereas the ABM119

with a softer gluon contribution, is somewhat disfavoured.
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Figure 2 – The ratio of the theory prediction to the ATLAS jijet data for different PDFs.

3 QCD analysis

Both ATLAS and CMS have presented fits to their inclusive jet data – the ATLAS fit 14 using
both the 7 and 2.76 TeV from 2010 and CMS 16 using their more recent 2011 inclusive data 17.

Both Collaborations use a similar parameterisation with a more flexible gluon distribution.
Sum rules are used to constrain many of the parameters, and in both the ATLAS and CMS fits
the strange distribution is constrained to be strictly proportional to the d-type sea, resulting in
a 13 parameter fit. Both collaborations also include the HERA DIS data in their fits, as well as
their own data which are reproduced using either fastNLO or APPLgrid.

The resulting gluon distribution from the CMS collaboration can be seen in Fig. 3. This also
shows the fit resulting from just the HERA DIS data shown as the hatched band. For the fits
from both ATLAS and CMS the gluon distribution is harder than that obtained from HERA
data alone, with a with a slightly different shape and with a significantly reduced uncertainty at
higher-x. Most noticeable is the reduction in the uncertainty at high-x at a scale of 104 GeV2.

The direct tt̄ production cross section is also sensitive to the gluon distribution and measure-
ments have been performed by both ATLAS 18 and CMS 19. Comparisons of the ATLAS data
with theory at NLO suggest that the data may be better described by the HERAPDF rather
than the CT10 PDF, which has a slightly harder gluon distribution from the inclusion of the
Tevatron jet data.

4 The strong coupling

The top production data are also sensitive to the strong coupling, or conversely, to the mass top
quark itself. By constraining the top mass to a value, 173.2±1.4 GeV, the CMS collaboration has
extracted the strong coupling using an NNLO fit 19, where the result is 0.1151+0.0033

−0.0032, consistent
with the world average.

In addition, CMS has also extracted the strong coupling from several jet measurements.
Fig. 4 shows the strong coupling extracted using from these jet data for the ratio of 3-to-2 jet
production 20, the 3-jet mass 21, and inclusive jet production 17. In addition, the value from the



4.3 Constraining PDFs with HERAFitter using the CMS inclusive jet data 21

Figure 9: The gluon (top left), sea quark (top right), u quark (middle left), u valence quark
(middle right), d quark (bottom left) and the d valence quark (bottom right) PDFs as a function
of x as derived from HERA inclusive DIS data alone (cyan) and in combination with CMS
inclusive jet data from 2011 (blue hatched). The PDFs are shown at the starting scale Q2 =
1.9 GeV2. Only the total uncertainty of the PDFs is shown.

4.3 Constraining PDFs with HERAFitter using the CMS inclusive jet data 21

Figure 9: The gluon (top left), sea quark (top right), u quark (middle left), u valence quark
(middle right), d quark (bottom left) and the d valence quark (bottom right) PDFs as a function
of x as derived from HERA inclusive DIS data alone (cyan) and in combination with CMS
inclusive jet data from 2011 (blue hatched). The PDFs are shown at the starting scale Q2 =
1.9 GeV2. Only the total uncertainty of the PDFs is shown.

22 4 Study of PDF constraints with HERAFitter

Figure 10: The gluon (top left), sea quark (top right), u quark (middle left), u valence quark
(middle right), d quark (bottom left) and the d valence quark (bottom right) PDFs as a function
of x as derived from HERA inclusive DIS data alone (cyan) and in combination with CMS
inclusive jet data from 2011 (blue hatched). The PDFs are evolved to Q2 = 104 GeV2. Only the
total uncertainty of the PDFs is shown.

Figure 3 – The gluon distribution from the CMS fit; (left) at the starting scale of 1.9 GeV2 and (right) at a scale
of 104 GeV2

fit using the top data is also shown. The running of the strong coupling can clearly been seen up
to scales nearly an order of magnitude higher than measured previously at either HERA 22,23,24

or the Tevatron 25,26,27.

The value of the strong coupling measured using the CMS inclusive jet data16 is 0.1185+0.0065
−0.0041

again consistent with the world average.
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Figure 4 – The strong coupling
measured using the CMS data
compared to measurements from
HERA and the Tevatron.

5 Photon production

A measuring that has the potential to sample the hard subprocess directly is that of prompt
photon production. As in the case of jet production, the dominant production mechanism is
quark-gluon scattering. This process has the potential to also constrain the gluon distribution,
although in this case it is also more sensitive to the contribution from u-g scattering because of
the larger charge on the u-quark. A sensitivity study from ATLAS 28 using the data on inclusive
direct photon production 29 suggests that the softer gluon distribution from the ABM11 PDF is
able to describe the shape of the cross-section better, but with a lower normalisation. Taking
into consideration the systematic uncertainties, all the PDFs fit the data reasonably well, with
the harder gluon distribution from CT10 being less favoured.



6 Heavy Electroweak boson production

With the production of heavy Electroweak bosons, it is possible to better constrain the valence
and sea quark distributions. Data from the ATLAS 30 and CMS 31 collaborations on Drell-
Yan production are becoming rather precise, particularly in the region of the Z resonance, and
suggest that the NNLO cross section with a number PDFS fitted at NNLO tend to lie somewhat
below the data for central rapidities.

The charge asymmetry of the W+ and W− data when taken in combination has the potential
to largely cancel the contribution from the gluon for which the uncertainty can be large. If the
approximate equivalence of quark and anti-quark sea can be assumed then much of the sea quark
contribution will also vanish, allowing these processed to provide valuable information on the u
and d-valence quark distributions. An additional benefit of taking the charge asymmetry is the
the potential to also cancel many of the correlated experimental systematic uncertainties.

In practice the W kinematics cannot be measured, but fortunately the lepton asymmetry
remains sensitive to the valence quark distributions.

The charge asymmetry data from CMS 32 is shown in Fig. 5 compared to calculations at
NLO. The theoretical uncertainties are typically larger than the experimental uncertainties at
NLO. Some discrimination between the data is already visible - particularly for the default
MSTW2008 fit 8, which lies below the data for small muon pseudorapidities. This is somewhat
improved with the updated MSTW2008 fit including data from deuteron scattering, but still
predicts a slightly smaller asymmetry. Note that the HERPDF predicts too small an asymmetry
at larger rapidities. Although the W cross section is know to NNLO, differences between the
PDFs are still apparent.
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Figure 7: Comparison of the measured muon charge asymmetries to the NLO predictions cal-
culated using the FEWZ 3.1 [39] MC tool interfaced with the NLO CT10 [3], NNPDF2.3 [43],
HERAPDF1.5 [44], MSTW2008 [2], and MSTW2008CPdeut [15] PDF sets. No EW corrections
have been considered in these predictions. Results for muon pT > 25 and >35 GeV are shown
in panels (a) and (b), respectively. The vertical error bars on data points include both statisti-
cal and systematic uncertainties. The data points are shown at the center of each |h| bin. The
theoretical predictions are calculated using the FEWZ 3.1 [39] MC tool. The PDF uncertainty for
each PDF set is shown by the shaded (or hatched) band and corresponds to 68% CL.
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Figure 8: Comparison of the measured muon charge asymmetries to the NNLO predictions for
muon pT > 25 (a) and muon pT > 35 GeV (b). The NNLO HERAPDF1.5 [44] PDF has been
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Figure 5 – The CMS Electroweak
charged W asymmetry data from
2011.

7 Heavy Electroweak boson production with charm

Events with a W candidate and a charm quark in the final state are directly sensitive to the
strange quark density. Recent results from the ATLAS 33 and CMS 34 collaborations measure
the differential cross section for measuring a W in conjunction with either a fully reconstructed
charmed hadron, or by identifying a charmed jet by the presence of a soft lepton within a jet
itself.



The differential cross section for the rapidity of leptons from the W decay for charmed jet
events from both ATLAS and CMS is shown in Fig. 6. Here the general trend of the predictions
suggests that the NNPDF2.3coll fit 35 predicts the highest overall cross section and MSTW2008
the lowest, although the level of agreement with these predictions is different between the two
measurements. The ATLAS and CMS measurments are not strictly comparable – for the ATLAS
measurement the lepton selection is pleptonT > 40 GeV whereas for the CMS measurement it is

is pleptonT > 35 GeV – although there still may be a tendency for the ATLAS cross section to
be lower than that expected by the CMS cross section. However, is should be noted that in
both cases, the treatment of the charm-to-jet fragmentation is treated differently, with CMS
extrapolating back the the parton level.
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Figure 6 – The lepton pseudorapidity distribution for the W+charm jet cross section from ATLAS (left) and the
W+charm cross section at CMS (right).

7.1 QCD fits including heavy electroweak boson production

When including the electroweak boson data in a QCD fit, both collaborations allow the pa-
rameters for the strange quark density to vary independently, producing a 15 parameters fit, in
contrast to the 13 parameter fit with a constrained strange quark density used for the fits to the
jet data.

For the Electroweak boson cross sections, APPLgrid is used interfaced to MCFM 36, and
using an NNLO K-factor obtained from FEWZ 37 in the case of the ATLAS fit to 2010 inclusive
Z and W asymmetry data 38, and at NLO and for the CMS fit 32, this time to the 2011 W
asymmetry data together the W + c, with the W + c data extrapolated back to the total charm
jet cross section at parton level.

In addition, the new ATLAS measurement includes an eigenvector fit to the 2011 ATLAS
W + c data using the HERAPDF1.5 eigenvector set. Here, the data is fit at true hadron level
by fitting a linear combination of the HERAPDF eigenvector sets with the constraint on the
strangeness suppression factor released and allowed to vary in the fit.

The distribution of the strangeness ratio, rs = (s+ s̄)/2d̄ from the ATLAS and CMS fits can
be seen in Fig. 7. The left plot shows the comparison of the ATLAS NNLO fit, with the free
strangeness distribution, compared to the HERAPDF1.5 fit, and the ALTAS NLO eigenvector
fit to the W + c. In both the ATLAS fits, a value of rs close to 1 is obtained. On the right,
the ATLAS fits are compared to the value obtained from the NLO QCD fit to the combined
W asymmetry, and W + c data from CMS The CMS fit also suggests an enhanced strange
contribution with respect to the HERPDF at low-x, although not as large as that predicted by
the ATLAS fit, being somewhat lower at higher x.
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These data on W production in conjunction with a charm quark from both ATLAS and
CMS are quite recent and potentially extremely promising and tools are still being developed to
more properly include them in a QCD fit, which should shed more light on the strange quark
density.

8 Outlook

Both ATLAS and CMS have a large, and growing portfolio of precision measurements that
have the potential to significantly constrain the parton distributions in the proton, a small
selection of which have been discussed here. Higher luminosity data is already available and are
being analysed with a view to reducing both the statistical and systematic uncertainties of the
measurements.

For some of the data, the potential is limited only by the theoretical uncertainty, or the
available fast convolution grid technology from fastNLO or APPLgrid. For some processes, such
as jet production, and the W+charm production, calculations are available only at NLO. In
these cases, theoretical uncertainties are often comparable to, or larger, than those from the
data. However, these new precise data are only now becoming available, and developments in
both the theoretical calculations and in the fast grid technologies over the last few years mean
that much of this can, in principle, now be used in QCD fits - something that would not have
been possible even a few years ago.

The journey towards better understanding of the parton distributions within the proton
using the LHC data has only just begun, but the significant promise of the new data mean that
it will be a very interesting time ahead.
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The electric dipole moments (EDMs) are highly sensitive to CP violation in new physics around
and beyond TeV scale. The current experimental upperbounds on the EDMs, especially the
electron EDM derived by the ACME collaboration, are so severe that models at TeV scale are
disfavored if they predict the EDMs at one-loop level. Even the contributions from two-loop
diagrams to the EDMs are constrained if CP symmetry is maximally violated. The Higgs
boson properties are constrained from the EDMs since the Higgs boson contributes to the
EDMs via the Barr-Zee diagrams.

1 Introduction

Does discovery of a Higgs boson at the LHC experiments 1 imply that particle physics is over?
We can say “no” for this question obviously. We have several reasons to consider physics beyond
the standard model. However, we do not know at which energy scale the new physics appears.
While the LHC will start next year with energy of the center mass 13 or 14 TeV, it is also
important to search for new physics in the precision frontier physics. This is because some of
the observables are sensitive to physics at and beyond TeV scale, to which the LHC experiments
cannot access. The electric dipole moments are ones of them.

The electric dipole moments (EDMs) are T -odd and P -odd observables, and they are sen-
sitive to CP violation in particle physics models under CPT invariance. It is established that
the Cabibbo-Kobayashi-Maskawa (CKM) matrix is a dominant source of CP violation in the
standard model. However, the contributions to the EDMs from the CKM matrix are much
suppressed below sensitivities of the current EDM measurements. Thus, the discovery of finite
values of the EDMs implies existence of physics beyond the standard model around the TeV
scale.

The latest upperbound on the electron EDM de is derived from the ACME collaboration,
|de| < 9× 10−29e cm 2, while the dimensional analysis leads to

de ∼ e
me

M2
= 10−23ecm

(
1 TeV

M

)2

.



The electron EDM is proportional to the electron mass if sources of CP violation are flavor-
blind. In the renormalizable models the electron EDM is generated by loop diagrams so that the
electron EDM is suppressed with loop factors. In some models beyond the standard models, such
as the supersymmetric standard model (SUSY SM), the EDMs are generated at one-loop level.
If the Higgs boson has CP-violating interactions with quarks, leptons or new charged fermions
in models beyond the standard model, the two-loop diagrams induce the EDMs. Even with
those suppression, the current experimental upperbound on the electron EDM gives constraints
on physics at and even beyond TeV scale. The neutron and other hadronic EDMs also give the
constraints on models at TeV scale. In addition, they are sensitive to CP violation in different
ways so that the various EDM measurements are complementary.

In this talk we will review the EDMs from viewpoints to search for physics beyond the stan-
dard model. Next we will review the current experimental status and also theoretical evaluation
of the EDMs from the effective parton-level interactions, which are induced by new physics.
Then, we will discuss the current constraints on physics beyond the standard model and also
the future sensitivities.

2 Various EDMs

The EDMs of neutral systems, such as neutron, atoms, and molecules have been measured in
the experiments. The Schiff’s theorem says that neutral systems, which are composed of non-
relativistic charged particles, have null EDMs. Thus, the EDMs for the neutral systems are
sensitive to CP violation in various ways, depending on how to violate the Schiff’s theorem.

The paramagnetic atoms and molecules are sensitive to the CP-violating interactions of
electron; the electron EDM, and the four-Fermi operators of electron with quarks. They have
an unpaired electron, and their EDMs are induced due to the relativistic effect. While the EDMs
are suppressed by α, the large atomic number or the molecular polarity enhances the EDMs.
Following are the results for the measurements of the paramagnetic atom and molecule EDMs
3,4,2,

|dTl| < 9× 10−25ecm, |dYbF| < 1.4× 10−21ecm, |dThO| < 3× 10−22ecm.

The latest result of dThO is derived by the ACME collaboration, and it gives the most stringent
constraint on the electron EDM as |de| < 8.7 × 10−29e cm. Now the measurement of the
electron EDM with the molecules or atoms are quite active. The ultimate goal of the the ACME
collaboration is de ∼ 10−31e cm. The measurements of PbO and Fr are also on going and they
have comparable sensitives.

The diamagnetic atoms, which have no unpaired electron, are sensitive to CP violation in
nuclear forces, such as in π-N coupling. The finite size effect induces violation of the Schiff’s
screening due to mismatch between electric charge and dipole moment densities so that the finite
EDMs are generated for the atoms. The Mercury EDM is measured, and the latest upperbound
is following 6,

|dHg| < 3× 10−29ecm.

The Xe EDM is also being measured now.
The theoretical evaluation of the diamagnetic atoms is much involved. The prediction for the

EDMs of the diamagnetic atoms is evaluated as follows. First, the CP-violating π-N couplings
are evaluated, and the (T-odd and P-odd) nuclear Schiff moments are derived from them. Finally,
the atomic EDMs are estimated. The last step is a pure QED calculation so that the evaluation
is almost converged. However, the the first two steps still lead to O(1) uncertainties. Roughly
speaking dHg ∼ 10−3dcq (q = u, d) with dcq the chromoelectric dipole moments (CEDMs) of quarks
so that the current bounds from the Mercury EDM to the CEDMs are almost comparable to
the neutron EDM.



The latest upperbound on the neutron EDM is 7

|dn| < 3× 10−26ecm.

Now the ultra-cold neutrons are used to measure the neutron EDM. The experiments at PSI and
ILL are operating, and many experiments for the neutron EDM are under R&D and construction.
In near-future experiments dn ∼ 10−(27−28)e cm will be covered.

The neutron EDM is induced by the CP-violating parton-level interactions. Those up to
dimension-six operators are the QCD θ term, the EDMs and CEDMs of light quarks, the four-
quark operators, and the gluon Weinberg operators. If the QCD θ term is not suppressed,
the strong CP problem appears. The Peccei-Quinn mechanism is proposed to solve it 8. In
the mechanism, the QCD θ parameter becomes the dynamical axion field and the vacuum
expectation value of the axion field is automatically zero. However, when the CP-violating
terms such as the CEDMs of quarks are present, the non-vanishing axion vacuum expectation
value is induced. In the case, the QCD θ term contribution to the neutron EDM should be
included even under the Peccei-Quinn mechanism. The contributions of the EDMs and CEDMs
of quarks are the most systematically evaluated with the QCD sum rules, developed by Pospelov
and Ritz 10. We also evaluate them as

dn = 1+0.8
−0.4(−0.2du + 0.8dd + e(0.3dcu + 0.6dcd))

in which dq (q = u, d) are quark EDMs. Here the Peccei-Quinn mechanism is applied. Our
result is a factor of 2 lower than that of Pospelov and Ritz mainly due to the input parameter
uncertainties.

Now the EDM measurements of charged particles with storage rings are being discussed 12.
Strong motioned electric field is applied to relativistic particles in magnetic field, and EDMs are
measured by measuring tilt of spin precession plan in the electric field. The current prospects
on the proton and deuteron EDMs are ∼ 10−29e cm. If this is realized, the anatomic studies of
hadronic EDMs may be possible.

The muon EDM measurement is also discussed. The plan at Jparc aims to 10−21e cm13. The
ultimate experiment might reach to 10−24e cm. If the source of the CP violation is flavor-blind,
the muon EDM is bounded as |dµ| = (mµ/me)|de| < 2× 10−26e cm. However, larger value may
be possible in the flavor-violating cases 14.

Next section we will discuss the sensitivities of the EDMs to physics beyond the standard
model. When calculating the hadronic EDMs, we have to include the QCD corrections after
integrating out the heavy new particles. Recently, the renormalization-group equations for the
Wilson coefficients for the CP-violating operators up to dimension six are completed at one-loop
level 15.

3 Sensitivities to physics beyond the SM

As mentioned above, the CP phase in the CKM matrix gives negligible contributions to the
EDMs. The electron EDM is ∼ 10−44e cm induced by the four-loop diagrams 16. While the
neutron EDM is much enhanced with the long-distance effects compared with the quark EDMs,
the prediction is at most 10−(31−32)e cm 17. The discovery of finite values of EDMs implies
physics beyond the standard model.

If new physics with CP violation is present around TeV scale, the CP-violating interactions
are generated at parton level. In Fig. 1 the left-up and right-up diagrams generate the (C)EDMs
of fermions at one- and two-loop levels, respectively. The two-loop diagrams are called as the
Barr-Zee diagrams 18. The left-bottom and right-bottom diagrams are the contributions to the
four-Fermi operators at tree level and the gluon Weinberg operator at two-loop level, respectively.



Figure 1 – Various contributions to leptonic and hadronic EDMs.

The current EDM upperbounds, especially on the electron EDM, have been stringent. Assuming
maximal CP phase, the one-loop diagrams for (C) EDMs are strongly constrained even if the
new-physics is beyond the TeV scale, and the two-loop diagrams may be also constrained if the
new physics around TeV scale, as will shown now.

The SUSY SM is a leading candidate for physics beyond the standard model. The SUSY
breaking parameters introduced there are complex so that the EDMs are predicted. One-loop
diagrams of SUSY particles generate (C)EDMs. Assuming maximal CP violation and degenerate
mass spectrum for SUSY particles, the electron EDM and down-quark (C)EDM are approxi-
mately given as

de/e ∼ 0.6× 10−26cm

(
MSUSY

1 TeV

)−2

tanβ,

dd/e ∼ dcd ∼ 2× 10−25cm

(
MSUSY

1 TeV

)−2

tanβ,

where tanβ is the ratio of two Higgs vacuum expectation values and it is typically between 2 to
60. It is found that the current electron EDM bound excludes the SUSY breaking scale (MSUSY)
smaller than about 10 TeV under assumptions of maximal CP violation and degenerate mass
spectrum for SUSY particles. (See also Fig. 2 (Left).)

It is found from the figure that the neutron EDM does not give severe constraints on the
model compared with the electron EDM. However, when the SUSY breaking terms are flavor-
violating, the (C)EDMs of quarks are enhanced by heavier quark masses. In Fig. 2 (Right) the
neutron EDM is shown assuming that the up-type squarks have flavor-violating mass terms so
that the up quark (C)EDM is enhanced by the top quark mass. Here, we take the gluino mass
3 TeV and tanβ = 3 in the high-scale SUSY scenario, which suppresses the neutron EDM. The
neutron EDM gives constraints on squark masses MS < 100 TeV

The discovered Higgs boson in the standard model may have (higher-dimensional) CP-
violating interactions with quarks and leptons. In addition, it may have CP-violating couplings
with new charged fermions in new physics. Those CP-violating interactions are constrained from
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Figure 2 – (Left) Down quark and electron EDMs in the SUSY SM. Here, maximal CP violation and degenerate
mass spectrum for SUSY particles are assumed. (Right) Neutron EDM in the high-scale SUSY scenario. Here we
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Figure 3 – Excluded regions of SU(2) triplet fermion model. The neutral component is the dark matter component.
Left-handed side of the blue line is excluded by the dark matter direct search, while region below the black line is
excluded by the electron EDM. Red (dotted) lines are for the signal strength of h→ γγ at the LHC experiment.
This figure comes from Ref. 21.

the EDMs. The Barr-Zee diagrams contribute to the EDMs at two-loop level. The diagrams
include an effective CP-violating γ∗γh coupling, which is generated by loops of charged fermions
coupled with the Higgs boson. While the diagrams are at two-loop level, the severe upperbounds
on the neutron and, especially, electron EDMs constrain the CP-violating couplings. The EDM
studies are powerful to probe unknown Higgs interactions though they are indirect. Constraints
on the CP-violating couplings of quarks and leptons with the Higgs boson are derived in Ref. 20.

In Fig. 3 the constraints on the SU(2) triplet fermions coupled with the Higgs boson are
shown. The neutral component of the SU(2) triplet is one the dark matter candidates, such as
winos in the SUSY SM. The effective couplings with the Higgs boson are dimension-five opera-
tors. Here, the CP-conserving interaction is normalized by 1/Λ while the CP-violating coupling
is given as f/Λ. In the figure the excluded regions from the the electron EDM upperbound and
also the direct dark matter search are shown. The deviation of the signal strength of h → γγ
from one is constrained to be smaller than a few %.



Figure 4 – Electron and neutron EDMs in THDMs as functions of tanβ and charged Higgs mass MH+ . Here, Z2

symmetry is assumed so that THDMs are classified into type-I, II, X, and Y. These figures come from Ref. 22.

In Fig. 4 we show the electron and neutron EDMs in the two-Higgs doublet models (THDMs).
A Z2 symmetry is imposed in the THDMs so that the FCNC processes at tree level are sup-
pressed. The THDMs are classified into four types (type-I, II, X, and Y), depending on the Z2

assignments. In the models the Higgs potential has a CP-violating term so that the CP-even and
CP-odd Higgs bosons are mixed and the EDMs are predicted. The EDMs are generated by the
Barr-Zee diagrams, and the pattern of the electron and neutron EDMs depends on the type of
the THDMs. The electron and down quark Yukawa couplings are larger in the type-II model for
larger tanβ so that both of the EDMs are larger in the type-II model. The electron and neutron
EDMs is larger in the type-X and Y models, respectively. From the EDM measurements, we
may select correct models with pattern matching of the EDMs.

4 Summary

The EDMs are sensitive to CP violation in new physics at and beyond TeV scale. The EDM
measurements are complimentary to the energy-frontier physics, such as the LHC experiments.
Due to current null results in new physics searches at the LHC, importance of the EDM mea-
surements is much increasing. Now studies of the Higgs boson properties are also one of the
important subject. They may be also constrained with EDMs induced by Barr-Zee diagrams at
two-loop level.

Measurements of various EDMs are important to probe source of CP violation. However,
the hadronic EDMs still suffer from large uncertainties, and they will be difficulty to identify
the origin of the CP violation if finite values of the EDMs are found. More efforts are needed
to reduce them.
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Gravitino DM and high reheating temperatures after LHC 7/8
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The presence of high reheating temperatures in the thermal history of the universe challenges
supersymmetric scenarios owing to the gravitino problem. We revise a general R-parity con-
serving gravitino dark matter scenario with a stau as the next-to-lightest superparticle being
particularly constrained by searches for heavy stable charged particles at the LHC. Imposing
a variety of experimental and theoretical constraints we show that points with TR > 109 GeV
survive only in a very particular corner of parameter space.

1 Introduction

An attractive way to explain the baryon asymmetry in the universe is thermal leptogenesis1. For
this mechanism to work the universe has to be heated up to temperatures TR & 109 GeV2,3 in
the post-inflationary phase of reheating. The recent observation of B-mode polarization of the
CMB reported by the BICEP2 collaboration4 could well be explained by GUT-scale inflation
which in general is consistent with a reheating temperature in this ballpark.a

Once we want to accommodate such a high reheating temperature in the early universe
supersymmetric scenarios potentially suffer from the gravitino problem5. Massive gravitinos are
typically not in thermal equilibrium in the post-inflationary universe and the production due
to thermal scattering in the hot bath renders their abundance proportional to the reheating
temperature.6,7 Hence, a high reheating temperature leads to a high gravitino abundance. In
a scenario with a neutralino as the lightest superparticle (LSP) late decays of the gravitino
cause an additional energy injection during or after big bang nucleosynthesis (BBN) distorting
the predictions for the primordial abundances of light elements.8 This imposes tight bounds on
the maximal reheating temperature in this scenario and rules out thermal leptogenesis for a
neutralino LSP and a gravitino mass of the order of the other sparticle masses.

One way to alleviate this problem is considering a gravitino LSP9. In this case the reheating
temperature is only constrained via the measured dark matter (DM) abundance. However,
now the next-to-LSP (NLSP) can only decay into the gravitino via Planck-suppressed couplings
(we assume R-parity conservation here) leading to a rather large NLSP life-time. In this case
late NLSP decays can endanger successful BBN and further constrain the model. However, if
the NLSP belongs to the MSSM it interacts at least weakly and so the NLSP abundance is
determined from freeze-out. Hence, it is the MSSM parameters that govern the consistency
with BBN constraints and not the reheating temperature. Further, the gravitino abundance
shows a non-trivial dependence on the MSSM parameters through thermal and non-thermal

aAs an example, assuming an inflaton mass of the order of mφ ∼ 1013 GeV (which fits the BICEP2 data
in a simple chaotic inflation model with a quadratic potential) and that the inflaton decays dominantly via
Planck-suppressed dimension-five operators, Γφ ∼ m3

φ/M
2
Pl, we obtain a reheating temperature in the ballpark of

TR ∼
√
ΓφMPl ∼ 109 . . . 1010 GeV.



contributions. As the MSSM parameters can in principle be measured—or so far at least be
constrained—by LHC data it is natural to ask whether these measurements provide implications
for the highest reheating temperatures that are still consistent with observations.

In this article we summarize our research10,11 which addresses this question considering the
case of a stau NLSP. As in such a scenario the stau is stable on collider time-scales it provides a
spectacular signature as a heavy stable charged particle (HSCP). The LHC is extremely sensitive
to such a signal and thus wide implications can be derived. Other NLSP candidates are in general
less constrained by the data.

In order to explore the SUSY parameter space we utilize a Monte Carlo scan which we
briefly summarize in section 2. In section 3 we introduce the relevant mechanisms of gravitino
production. We present our results in section 4. Our study reveals the existence of parameter
points that provide TR > 109 GeV and survive all imposed constraints. All these points lie in a
very particular corner of the SUSY parameter space. Those spectra feature a distinct signature
at colliders that can be tested in the upcoming LHC run.

2 Monte Carlo scan

In order to explore the implications of the LHC and the results of other experiments on the
highest reheating temperature we utilize a Monte Carlo scan over the SUSY parameter space.11

We do not restrict ourselves to any high scale model but vary the parameters freely at the TeV
scale. We scanned over the 17-dimensional pMSSM parameter space with the following input
parameters and scan ranges:

−104 GeV ≤ At ≤ 104 GeV

−8000 GeV ≤ Ab, Aτ , µ ≤ 8000 GeV

1 ≤ tanβ ≤ 60

100 GeV ≤ mA ≤ 4000 GeV

200 GeV ≤ mτ̃1 ≤ 2000 GeV

max(mτ̃1 , 700 GeV) ≤ mt̃1
,mb̃1

≤ 5000 GeV (1)

0 < θτ̃ , θt̃ < π

mτ̃1 ≤ m
L̃1,2

,mẽ1,2 ≤ 4000 GeV

max(mτ̃1 , 1200 GeV) ≤ m
Q̃1,2

= mũ1,2 = m
d̃1,2
≤ 8000 GeV

mτ̃1 ≤ M1,M2 ≤ 4000 GeV

max(mτ̃1 , 1000 GeV) ≤ M3 ≤ 5000 GeV

The lighter stau was taken to be the NLSP and we required that at least one of the neutral
CP -even Higgses, mh,mH , can be identified with the Higgs boson discovered at the LHC12,13:
mh or/and mH ∈ [123; 128] GeV. We generated 106 points obeying these requirements. For
each point the stau freeze-out abundance14 and a variety of observables were computed in order
to apply experimental and theoretical bounds. Limits on the sparticle mass spectrum were
derived from a reinterpretation11 of the HSCP searches at the 7 and 8 TeV LHC by CMS15.
Further, we considered bounds from flavor16,17 and precision18,19 observables, collider searches
for the MSSM Higgs sector20 as well as theoretical constraints from charge or color breaking
(CCB) minima11,21.

For each point of the 17-dimensional pMSSM ten gravitino masses, m
G̃

, were randomly
chosen.10 The gravitino mass range was determined from the minimum stau life-time ττ̃1 > 104 sec
(for the lower edge) and from an upper bound on the stau life-time arising from searches for
anomalously heavy hydrogen in deep sea water (for the upper edge).10 For the application of
BBN bounds22,23 and bounds from diffuse gamma ray observations24 we computed the life-time
and the hadronic branching ratios of the stau for each point.



3 Production of gravitinos

On the one hand, gravitinos are produced thermally during reheating. The corresponding relic
abundance reads7

Ωth
G̃
h2 '

3∑
i=1

ci g
2
i (TR)

(
1 +

M2
i (TR)

3m2
G̃

)( m
G̃

100 GeV

)( TR
1010 GeV

)
, (2)

where gi and Mi are the gauge couplings and the gaugino mass parameters, respectively, associ-
ated with the SM gauge groups U(1)Y , SU(2)L, SU(3)c and ci are associated numerical factors
of O(0.1). On the other hand, gravitinos are produced non-thermally from the decay of the
NLSP after NLSP freeze-out. Due to the assumed R-parity conservation each stau eventually
decays into a gravitino. Hence, the number density of staus before their decay, nτ̃1 , is equal to
the number density of gravitinos after all staus have decayed, n

G̃
, and thus

Ωnon-th
G̃

h2 =
m
G̃

mτ̃1

Ωτ̃1h
2 ' 3.7× 10−9m

G̃
Y , (3)

where we introduced the stau yield, Y = nτ̃1/s, with s being the entropy density. By demanding
that the resulting total gravitino abundance matches the measured DM abundance, Ωnon-th

G̃
h2 +

Ωth
G̃
h2 = ΩCDMh

2, we computed the required abundance of thermally produced gravitinos,

Ωth
G̃
h2. For ΩCDMh

2, we chose the best-fit value ΩCDMh
2 = 0.1188925. From (2) we computed

the reheating temperature, TR, that provides Ωth
G̃
h2 for the given parameter point.

4 Results and discussion

Figure 1 shows the ratio between the non-thermal and the thermal production of gravitinos. For
small m

G̃
the non-thermal contribution is unimportant and the resulting reheating temperature

grows linearly with the gravitino mass. Once the gravitino mass approaches the mass of the
other superpartners we encounter two effects. First, according to (2), the linear growth of TR
with m

G̃
turns into a decrease when approaching small mass splittings between the gravitino

and the gaugino masses. This effect causes the points with the highest TR to lie around gravitino
masses of a few hundred GeV. This number is a consequence of the chosen mass ranges for the
gaugino mass parameters in our scan. The absolute maximum of TR reached in our scan depends
upon the lower limits of the scan ranges for the gaugino masses which are 200 GeV for M1, M2

and 1 TeV for M3. It reaches TR ' 4 × 109 GeV in accordance with conservative limits found
earlier26. As a second effect, once the gravitino mass approaches the mass of the stau NLSP,
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Figure 1 – Points of the (17 + 1)-dimensional pMSSM scan in the mG̃-TR plane. Color code: Ratio between the
non-thermal and thermal contribution to the gravitino abundance, Ωnon−th
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Figure 2 – Points of the (17 + 1)-dimensional pMSSM scan. The color code is chosen as follows. Blue: Points
passing no constraints. Yellow: Points passing constraints from the HSCP search. Red: Points additionally pass-
ing the constraints from flavor and precision observables, MSSM Higgs searches and CCB bounds. Green: Points
additionally passing the BBN bounds and bounds from the diffuse gamma ray spectrum. Upper left panel: Re-
heating temperature TR against the gravitino mass mG̃. Upper right panel: Reheating temperature TR against
the stau life-time ττ̃1 . Lower left panel: Reheating temperature TR against the wino mass parameter M2. Lower
right panel: Reheating temperature TR against the gluino mass parameter M3.

non-thermal contributions become important. Depending on the stau yield of a considered point
the required reheating temperature is pushed down by a more or less significant amount. The
points that still stay close to the upper edge of the populated band when m

G̃
approaches mτ̃1

tend to be those with very small yields. However, we found points with yields Y & 10−13 for
TR & 109 GeV. For these points the non-thermal contribution to the gravitino production is of
the same order of magnitude as the thermal contribution and cannot be neglected.

Figure 2 shows the effect of the bounds imposed on the (17+1)-dimensional parameter space.
The blue points are rejected by the direct SUSY searches (i.e., the searches for HSCP). The yellow
points are rejected by additional bounds from flavor and precision observables, MSSM Higgs
searches or CCB bounds. The red points are rejected by the BBN bounds or the bounds from the
diffuse gamma ray spectrum. The green points satisfy all constraints. The searches for HSCP at
the 7 and 8 TeV LHC impose very restrictive limits on the gluino and wino masses.11,27 In our scan
we do not find allowed points with mg̃ < 1.2 TeV or M2 < 800 GeVb (see lower panels of figure 2).
Hence, these searches exclude all points with a reheating temperature above TR ' 2.3×109 GeV
(cf. blue versus yellow points). The very strong and robust limits on the SUSY masses are a
particular feature of the stau NLSP scenario.11,27 For other choices of the NLSP these bounds

bThese limits can be understood as conservative limits on the individual parameters. Since we combine
production channels for the derivation of exclusion limits in our scan, in general points with masses above these
limits can be excluded.



can be considerably weaker, potentially leaving more room for TR & 109 GeV. Note that the
bound on M2 is particularly important. The gaugino masses in (2) have to be evaluated at the
scale TR. Due to the faster running of M2 with respect to M3 up to TR the SU(2)L contribution
can easily become dominant despite the smaller coupling. Bounds from flavor and precision
observables, MSSM Higgs searches and CCB vacua further reduce the parameter space leaving
a maximal reheating temperature of slightly below 2× 109 GeV (cf. yellow versus red points) in
our scan. The application of BBN bounds has the most significant effect in the region of large
Ωnon-th
G̃

/Ωth
G̃

where Y and m
G̃

(and therefore ττ̃1) are large.

Despite the restrictive limits from HSCP searches in this scenario we find points which
provide reheating temperatures TR > 109 GeV and are consistent with all discussed bounds and
with a Higgs mass of around 125 GeV. All these points share very distinct features. First, these
points feature gaugino masses not far above their respective lower limits imposed by HSCP
searches and a relatively heavy gravitino, 300 GeV < m

G̃
< 1.4 TeV, in order to minimize (2).

Second, BBN bounds and bounds from the diffuse gamma ray spectrum disfavor very large life-
times and do not allow for ττ̃1 > 107 sec in our scan (see upper right panel of figure 2). Hence,
we encounter a separation between the gravitino mass and the stau mass of at least 200 GeV.
This separation coincides with the one between the gravitino mass and the gaugino masses
in such a way that we find rather small mass splittings between the stau and the gauginos.
This is most pronounced for M2. As a consequence the strong bounds on mg̃ and M2 also lift
up the stau masses for points with TR > 109 GeV in our scan, which we found to lie above
mτ̃1 ' 800 GeV. Third, from BBN bounds those points are required to feature exceptionally
small yields Y < 3× 10−14 being allowed only in region of parameter space where annihilation
dominantly occurs via a resonant heavy Higgs in the s-channel, mA ' 2mτ̃1 .11 For most points
the dominant annihilation process is resonant stau-pair annihilation28. However, we also found
a few points where resonant stop or EWino co-annihilation11 is the dominant process. Note that
EWino co-annihilation via a resonant heavy Higgs requires no particularly large Higgs-sfermion
couplings. Thus, the viability of these points does not rely on constraints from CCB vacua. As
in this case the annihilation is driven by pair-annihilating EWinos it shows that similarly small
yields could as well be achieved in a neutralino NLSP scenario.

5 Conclusion

In this article we examined the interplay between constraints on the SUSY parameter space
and the highest possible reheating temperatures in a gravitino-stau scenario taking into account
the thermal and non-thermal production of gravitinos. We found valid points with a reheating
temperature high enough to allow for thermal leptogenesis, TR & 109 GeV. These points are
consistent with BBN bounds, flavor and precision bounds, theoretical bounds from vacuum
stability, bounds from the HSCP searches at the 7 and 8 TeV LHC as well as bounds from the
MSSM Higgs searches and the requirement of providing a Higgs around 125 GeV. In order to
pass the BBN bounds all these points feature exceptionally small stau yields, Y . 10−14, that
are only allowed in the resonant region, mA ' 2mτ̃1 . In this region annihilation dominantly takes
place via the exchange of an s-channel heavy Higgs either via resonant stau pair annihilation or
resonant co-annihilating sparticles.

For most of the points with TR > 109 GeV the dominant production mode at the 13/14 TeV
LHC would be the production of EWinos or gluinos being relatively close in mass to the stau.
Further, due to the resonant configuration, mA ' 2mτ̃1 , resonant stau production via the s-
channel heavy Higgs would be an important contribution. At the 13/14 TeV LHC this open
window for high reheating temperatures can be tested.

The gaugino masses M2 and M3 are of particular importance here. For other NLSP candi-
dates the respective mass limits can be much weaker than in the present case of a stau NLSP. For
M2 and M3 close to the lower edges of our scan ranges, M2 & 200 GeV and M3 & 1 TeV we found



a maximum reheating temperature of around TR ' 4 × 109 GeV. Provided an equally efficient
annihilation of the NLSP candidate and similar constraints from BBN we expect temperatures
around this value to be maximally allowed in a neutralino NLSP scenario.
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Planck is an ESA mission, launched in 2009, May 14th. Its main objective is the reconstruction
of the properties of the Cosmic Microwave Background. Observations started on 2009, August
14th, and ended on 2012, January 14th and 2013, August 14th 2013, for the High and Low
Frequency Instruments (HFI and LFI) respectively. The first CMB-based cosmological results
from Planck were published in March 2013. They were based on the analysis of observations
accumulated during the first 14 months of the survey. This talk gave a brief overview of
the main cosmological results extracted from the CMB properties as measured by Planck,
combined with external cosmological probes.

1 Introduction

Cosmic microwave background (CMB) properties have become one of the key observables for
measuring the parameters of the concordance cosmological model (ΛCMD) as well as looking
for evidence for its extensions. Planck is the third space mission dedicated to CMB studies, after
COBE 1 and WMAP 2. The main observable used to extract cosmological constraint from CMB
observations is the C` power spectrum, defined as the variances of the coefficients a`m from the
spherical harmonic decomposition of the temperature anisotropies distribution on the sphere. In
addition to the 2-point statistics of the temperature anisotropies, higher order statistics enable
to test their gaussiannity. Known phenomena such as gravitationnal deflection of the CMB
photons by Large Scale Structures, also produce non gaussianm distorsions of the CMB image
which can be used to measure cosmological parameters. This last topic has become very active
with the results of the groud based instruments ACT 3 and SPT 4.

The Planck satellite 5 consists in a 1.5m off-axis gregorian telescope, equipped with two
set of detectors. The Low Frequency Instrument (LFI) is an assembly of HEMTs, measuring
the intensity and polarisation in 3 frequency bands centerred respectively at 30, 44 and 70
GHz. The angular resolution of the LFI detectors ranged from about 30 to 15 arcmin. The
High Frequency Instrument (HFI) used bolometers to recover the intensity in 5 frequency bands
around 100, 143, 217, 353, 545 and 857 GHz, with a sensitivity to polarisation up to 353 GHz.
The angular resolution of the HFI pixels ranged from 10 to 5 arcmin. Planck 2013 data are
calibrated using the CMB dipole, but for the 2 highest frequencies for which planet (Uranus
and Neptune) flux measurements were used. The calibration accuracy for the CMB channesl
ranged from about 1 to 0.5 % , and 10% for the 545 and 957 GHz data. The spacecraft was
placed on a Lissajous orbit around the Lagrange L2 point of the Sun-Earth system. The sky
was scanned following large opening angle circles (∼ 85 deg). The satellite spin axis followed a
cycloid below and above the ecliptic plane, which enabled to cover the whole sky with a single
pixel in about 7 months (the exact duration depends the detector’s position in the focal plane).



In addition to CMB properties, the wide frequency coverage of the Planck instruments allowed
to study Galactic as well as extragalactic topics 5. The results published in 2013 were based
on temperature maps built from data of the first 14 months of observations. The full dataset,
including polarization, will be the basis for a second batch of results scheduled in October 2014.

2 CMB anisotropies analysis

Using complex analysis pipelines, sky maps were been reconstructed at each frequency 6, 7.
Using them, we have measured the cosmological parameters using temperature only data, by
minimizing a hybrid likelihood function 8. High resolution maps at 100, 143 and 217 GHz were
used to constrain the CMB C` spectrum for ` ≥ 50. A component separated CMB map was
user to build a temperature low ` likelihood, complemented by the WMAP low ` polarization
likelihood. The high-` Planck likelihood uses analytic foreground modelling, and experimental
parameters are used to accomodate different spatial resolutions at each requencies and remain-
ing intercalibration uncertainties. The CMB power spectrum reconstructed within the Planck
likelihood is shown on figure 1 as well as the best fit minimal ΛCMD model expectations. The
good agreement between data and model shows that Planck data are precisely described by this
minimal model.

Figure 1 – CMB power spectrum reconstructed from the Planck data released in march 2013, after sutraction of
the spectra of the foreground components, together with residual wrt the base fit ΛCDM model (lower panel).
Note the different horizontal (and vertical in the lower panel) scale for the low ` part.

We added to our likelihood another piece of information arising from the analysis of the
gravitationnal lensing distortions of the CMB anisotropies, reconstructed using Planck data 10.
Figure 2 shows the reconstructed power spectrum of the deflection field, again compared with
what is expected from the minimal ΛCMD model. The good agreement between data and model
is another strong support for the ΛCMD cosmology.

3 Cosmology from CMB properties by Planck

Using the Planck likelihood we first measured the 6 parameters of the minimal ΛCMD model,
making simplifying assumptions. This analysis was performed with the assumption of a flat
universe, with no tensor modes, 3 light neutrinos (Neff = 3.046) with a total mass of 0.06 eV.



Figure 2 – CMB lensing power spectrum reconstructed from the Planck data released in march 2013 (left), showing
the good agreement between the results of the analysis of maps obtained at different frequencies, despite different
beams, noise and foregrounds, and the reconstruction on the sky of the LSS distribution causing it (right).

The maximum of the likelihood function was searched for using the usual MCMC technique.
For this 6 parameters case, the parameters listed in Table 1 were found 9.

Table 1: Parameters from the vanilla ΛCDM model measured using only CMB anisotropies statistics from Planck
data only, compared with those from the analysis of the WMAP (9 years) data alone.

Parameter WMAP Planck + WP

Ωbh
2 .02264 ± .00050 .02205 ± .00028

Ωmh
2 .1138 ± .0045 .1199 ± .0027

H0 70.0 ± 2.2 67.3 ± 1.2
ns .972 ± .013 .960 ± .007
τ .089 ± .014 .089.012−.014

109As 2.189 ± .009 2.196+.051
−.060

The salient features from this results are the H0 value lower than measured or inferred by
previous results, and the somewhat larger value for Ωm. The former is highlighted by Figure 3
where we compare our measurements with local ones (see9 for further references and discussion).
We have made use of the high level of redundancy in the Planck dataset to check the stablity of
these results (central values and errors) against dataset selection or foreground modelling. Com-
patible results are found when analyzing CMB maps reconstructed using component separated
methods. We also found the same results using an independent frequentist methodology 11.

Figure 3 – Comparison of the H0 measurement from Planck data with local measurements from the recent
litterature.



4 Adding more datasets

As CMB data are now cosmic variance limited over a broad ` range, the full benefit of using
Planck data is obtained by combining them with other observables 9. Doing this improves the
accuracy of the ΛCDM model parameters measurements, and also enables to constrain various
extensions of this model. As CMB polarization measurement are not yet available from Planck,
we used the WMAP likelihood to add constraints on low-` polarization.

High resolution CMB observations from ACT 3 and SPT 4 extend to very high `, as they
probe angular scales down to 1 arcmin. They are very usefull complement to Planck data as
they enable to better constraint the damping tail part of the CMB spectrum, and in the same
time to measure the contribution of unresolved point sources, CIB and SZ foreground to the
measured power spectra. Using these datasets, the CMB power spectrum is precisely measured
up to ` ∼ 3000 9, as shown on Figure 4. This is very usefull for constraining the primordial
power spectrum parameters, in its simplest form or not (e.g. introducing a running index).

Figure 4 – Power spectra from ACT (left) and SPT (center) datasets, and CMB temperature power spectrum
reconstructed using the combination of Planck, ACT and SPT data (right), after subtraction of foreground
components. The red cuve is drwn from the best fit CMB cosmology.

CMB observations mainly probe the universe at the epoch of recombination (z ∼ 1000).
They are fruitfully complemented by measurements of more recent objects. The most commonly
used techniques are gravitationnal weak lensing by LSS (cosmic shear), SNIa observations and
galaxy clustering (Baryon Acoustic Oscillations). While promizing, cosmic shear measurements
are not yet in a state where they are accurate enough to be combined with CMB anositropy
measurements after Planck9. SNIa are nowadays quite well established as standardizable candles
i.e. their observations provide luminosity distance measurements possibly usefull for cosmology.
For the Planck 2013 release analysis, two datasets have been considered : the Union 2.1 12

compilation and the SDSS/SNLS combination 13.

As highlighted by Figure 5, the SDSS/SNLS combination seems in moderate tension with
the best fit cosmology arising from CMB data (essentially due to a different value for Ωm). The
Union 2.1 dataset seems in better agreement, but present more scatter than the SDSS/SNLS
combination, which reflects a more diverse range of data and a lower precision for the earlier
data used. Therefore, we did not use these data in our cosmological parameter fits. Since then,
results from a cross-analysis and calibration of their data by the SNLS and SDSS teams have
been presented 14. Cosmological parameter fits using this new dataset are in better agreement
with the CMB results. This new dataset will probably be widely used in the future.

Finally, baryon acoustic oscillation (BAO) measurements offer the most promising combina-
tion. BAO measurements is the reconstruction of the features of the 2 point correlation function
of a category of astrophysical objects (galaxies, QSOs,...) which results from the CMB acoustic
peaks later evolution driven by expansion and gravitational collapse. We have thus access to a
standard ruler, which permits distance measurements and cosmological tests.

After its first observation 15, BAO has been measured in various datasets : SDSS DR7 16 17,
6dF 18, WiggleZ 19, and BOSS 20. As shown on Figure 6, these measurements are in good agree-



Figure 5 – Hubble diagram residuals between the best fit cosmology inferred from respectively the SNLS/SDSS
combination (left) and the Union 2.1 dataset (right), compared with the ranges allowed by the CMB best fit
parameters (grey bands).

ment with the predictions of the CMB cosmology. We have therefore used them in combination
with our CMB data to extract more constraining results on the ΛCDM model parameters, as
well as its extensions. In particular, as they add constraint on late time evolution of the scale
factor, this improves a lot the constaints on dark energy parameters.

Figure 6 – Comparison between BAO measurements from the litterature with the predictions of the ΛCDM
model using parameters fitted on CMB data (grey band). Measurements indicated by red circles were kept for
our cosmological fits.

5 Combined cosmological parameter constraints

We have performed cosmological parameter fits on a combined likelihood involving the Planck
temperature power spectra and lensing reconstruction, low ` CMB polarization from WMAP
and BAO measurements. Figure 7 presents a summary of constraints resulting from these fits.
The improvements in accuracy on neutrino mass and dark energy equation of state parameter
w, for example, brought from the use of BAO measurements is clear. In particular, with BAO,
we find neither evidence for complex dark energy equation of state (w is compatible with 1),
nor of devriation from flat space-time geometry (curvature is compatible with 0).

Planck constraints are summarized on Figure 8 (left). We find no evidence for extra rela-
tivistic degree of freedoms (our results are fully compatible with 3 neutrino generations) , and
set an uppper limit of 0.23 eV on the sum of neutrino masses at 95% c.l. (for flat geometry,
including BAO measurements in the fit).

Other interesting results concern the parameters of the primordial anisotropy spectra, which
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Figure 7 – Constraints on parameters from the ΛCDM model and some extensions, using CMB information (red)
and CMB+BAO (blue). Dark and light areas correspond to 68% and 95% c.l. respectively.

may shed some light on the inflation models. The simplest class of inflation models predict a
quasi scale invariant scalar spectrum (ns close to but smaller than 1) 21, which is coherent with
Planck 2013 results. We find that ns differs from 1 at more than 5 sigma, in a very broad range of
fits (different matter content, geometry,...). The creation of tensor modes is another prediction
of inflation 21. In addition to an intesively sought for low ` B polarisation signal, tensor modes
would add a contribution to the CMB temperature power spectrum at low multipoles (below
100), of a few percent relatively to the scalar modes. Including this additionnal component in
our fits, we set the constraints shown on Figure 8. In the simplest case, we set an upper limit
on the tensor to scalar ratio of 0.11 (95% c.l.) which is loosened by the allowance of running in
the scalar index. These 2013 results are now in “moderate” tension with the very recent direct
observation of degree scale B modes by the BICEP2 team 22, presented during this conference.

6 Conclusions and prospects

Planck has provided new and very clean datasets for measuring cosmological parameters using
CMB temperature anisotropies. Other cosmological observables have also been extracted from
these first release of Planck data, such as gravitationnal lensing power spectra. Using them, we
performed new cosmological parameters determinations which resulted, among other results, in
a lower value for H0 and a larger one for Ωm. Extension of the 6 parameters ΛCDM model have
been tested using additional cosmological probes (e.g. BAO measurements). These data have
also been looked at for CMB non gaussianities, finding no evidence of them, and space-time
topology 5. All these results are based on 14 months of data only, from which only temperature
information has been exploited. In October 2014, Planck will release its full dataset, also
including polarization.



Figure 8 – left : Constraint on neutrino-based extension of the ΛCDM model (right) from CMB data (red) and
CMB+BAO (blue) , right : constraints on primordial spectra parameters from CMB without (blue) and with
(red) running in the scalar spectral index.

The analysis of CMB polarization anisotropies has not been included in the 2013 release. As
they are more than two orders of magnitude lower than for temperature, their analysis demand
much tighter control of systematics. Yet, as shown on figure 9 Planck preliminary TE and EE
power spectra are in excellent agreement with the Planck temperature-based best fit ΛCDM
predictions. Including these in the cosmological parameter analysis should provide an excellent
control for systematics, or enable to test more precisely extensions to the base ΛCDM model.
This eagerly awaited dataset could moreover help clarifying the situation regarding the low ell
polarization measurements, after the very recent BICEP2 claim 22.

Figure 9 – CMB TE (left) and EE (right) spectra measured from Planck data compared with the prediction of
the Planck best fit model, resulting from the analysis of the temperature only data.
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Search for the standard model Higgs boson
produced in association with top quarks at CMS

C. Botta on behalf of the CMS collaboration
CERN

The search for the standard model Higgs boson produced in association with a top-quark pair
is presented, using up to 5 fb−1 and 19.6 fb−1 of 7 and 8 TeV pp collision data collected by
the CMS experiment at the LHC. The search is performed in several channels characterised
by different combinations of the decay products of the top-quark pair and the Higgs boson.
The decay channels of the Higgs boson into bb̄, ττ , γγ, ZZ∗, and WW∗ are investigated. The
signal strength µ, relative to the expectation for the standard model Higgs boson production
is measured to be µ = 2.5+1.1

−1.0 for a Higgs boson mass of 125 GeV.

1 Introduction

Given the measured Higgs boson mass, the top quark Yukawa coupling cannot be assessed by
measuring Higgs boson decays to top quarks. But if we assumed there is no new physics beyond
the standard model, the Higgs boson’s coupling to top quarks can be experimentally constrained
through measurements involving the gluon fusion production mechanism or the Higgs boson de-
cay to photons. These processes proceed via a fermion loop in which the top quark provides the
dominant contribution. Resolving the loop-induced couplings to gluons and photons in terms
of the tree-level couplings assuming only SM particles in the loop, current results from CMS
provide an indirect measurement of the top Yukawa coupling consistent with the SM expectation
and with a precision of the order of 25% 1.
The tt̄H interaction vertex however, is present in a rare production mechanism where the Higgs
boson is produced in association with a top quark-antiquark pair. A measurement of the rate of
this process provides a direct test of the coupling between the top quark and the Higgs boson.
The comparison of the direct measurement of the tt̄H coupling with the one derived indirectly
from the loop-induced couplings to gluons and photons is sensitive to new physics contributions
in the loops.
The results of a search for tt̄H production at CMS 2 at the Large Hadron Collider (LHC) are
described. The tt̄H production cross section is very small at the LHC, roughly 130 fb at

√
s = 8

TeV 3, but the signal has very specific characteristics that make the measurement possible. In
addition to the decay products of the Higgs boson the events are very crowded due to the pres-
ence of the additional jets and leptons from the top-quark pair decay which is determined by
the decay of the W bosons. If both W bosons decay hadronically the final state is characterised
by the presence of six additional jets, two of which are b-jets. If one of the W bosons decays
leptonically, the presence of a charged lepton, a neutrino, and four jets, two of which are b-jets,
determines the experimental signature. Finally, when both W bosons decay leptonically, the fi-
nal state has two charged leptons, two neutrinos and two b-jets. These three decay modes of the
top-quark pair are referred to as all hadronic, lepton + jets, and dilepton channels respectively.
These signatures are then further categorized according to the Higgs decay products. All the



possible decay channels that provide experimentally accessible signatures are considered in order
to increase as much as possible the rate of selected signal events. Therefore the dominant decay
mode for the Higgs boson, which is H → bb̄, contributing almost to 60% of the total Higgs
decay width, and the next largest contribution, which comes from H→ WW with a branching
fraction around 20% are considered, as well as the the Higgs decay channels with significantly
smaller branching fractions, such as H→ γγ, H→ ττ , and H→ ZZ.
The experimental searches for tt̄H production presented here can be divided into three broad
categories based on the Higgs boson decay modes: H → hadrons, H → photons, and H → lep-
tons. All of the searches make use of the full CMS 8 TeV dataset, with an integrated luminosity
of 19.6 fb−1. The tt̄H search in the H→ bb̄ final state using 5.0 fb−1 of 7 TeV data, described
in Ref. 4, is also combined to determine the final tt̄H result.

2 H→ Hadrons

2.1 Signatures

There are two main Higgs boson decay modes that contribute to the H → hadrons searches:
H → bb̄ and H → ττ , where both τ leptons decay hadronically. Note that H → ττ includes
both direct H → ττ decays and those where the τ leptons are produced by the decays of W
or Z bosons from H → WW and H → ZZ decays. Events used in the H → hadrons searches
have one or more isolated charged leptons from the W boson decays from the top quarks, which
means that these searches focus on the lepton + jets and dilepton tt̄ final states, using single
lepton or dilepton triggers respectively. In particular three channels are investigated: the lepton
+ jets channel (tt̄ → `νqq̄

′
bb̄, H → bb̄), the dilepton channel (tt̄ → `+ν`−ν̄bb̄, H → bb̄), and

the tau channel (tt̄ → `νqq̄
′
bb̄, H → ττ ), where a lepton is an electron or muon. Examples

of leading-order Feynman diagrams describing the three channels are shown in Fig. 1. In the
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Figure 1 – Example of leading-order Feynman diagrams for tt̄H production at pp colliders followed by top quarks
and Higgs boson decays typical of the H→ Hadrons search.

lepton + jets and tau channels, events are selected if they contain an isolated lepton (electron or
muon) and at least four jets. In addition, in the lepton + jets channel two or more of these jets
should be b-tagged, while in the tau channel, two of these jets must be consistent with hadronic
decays of the τ lepton and one or two must be b-tagged. For the dilepton channel two opposite
sign isolated leptons are required as well as three more jets, with at least two of them being
b-tagged. The event selections are designed to be mutually exclusive.
In general the jet pT cut is at 30 GeV, in the lepton + jets channel the leading 3 jets must have
pT > 40 GeV. Multivariate analysis (MVA) techniques are employed to tag the jets coming from
b or τ decays. In the tau channel the τ must have pT > 20 GeV. To match the trigger thresholds
electrons and muons are required to have pT > 30 GeV in the single lepton channels, and pT >
20, 10 GeV in the dilepton one.



2.2 Analysis strategy

First of all, to improve the sensitivity of the analysis, the events are separated into different
categories based on the number of jets and b-tagged jets (b-tags). Signal tt̄H events are generally
characterised by having more jets and more b-tags than the background processes. In the lepton
+ jets channel, the events are separated into the following categories: ≥6 jets + 2 b-tags, 4 jets
+ 3 b-tags, 5 jets + 3 b-tags, ≥6 jets + 3 b-tags, 4 jets + 4 b-tags, 5 jets + ≥4 b-tags, and
≥6 jets + ≥4 b-tags. For the dilepton channel, the events are separated into the categories 3 jets
+ 2 b-tags, ≥4 jets + 2 b-tags and ≥3 jets + ≥3 b-tags. For the tau channel, the following
categories are used: 2, 3 or ≥4 jets with exactly 2 additional τ -tagged jets and 1 or 2 b-tags.
All the background rates and distributions in the H→ hadrons analysis are extracted from MC
simulations. The main background, tt̄+jets, is generated inclusively, with tree-level diagrams
for up to tt̄+3 extra partons. These extra partons include both b and c quarks. To properly
take into account the systematics related to this background, as there are significantly different
uncertainties on the production of additional light-flavor jets compared to heavy-flavor, the
tt̄+jets sample is separated into subsamples based on the quark flavor associated with the
reconstructed jets in the event, as it can be seen in the figures of this section.
After the event selection and the categorisation in numbers of jets and b-tags, MVA techniques
are employed to separate tt̄H events from the large tt̄+jets backgrounds. For the lepton +
jets and dilepton channels, Boosted Decision Trees (BDTs) use information related to object
kinematics, event shapes, and the output of the b-tagging discriminant. The choice of the input
variables is optimized for each category. Ten variables are used as inputs to the final BDT in all
lepton + jets categories. The dilepton channel uses 4 variables for the 3 jets + 2 b-tags category
and 6 in the other categories. In the tau channel, the BDT makes use of 10 input variables
related to τ isolation, τ kinematics, and event topology. For the lepton + jets and dilepton
channels, a separate BDT is trained for each category, resulting in 7 and 3 BDTs respectively.
For the tau channel, as the input variables do not change between the different categories, a
single BDT is used.
The BDT outputs provide better discrimination between signal and background than any of
the input variables individually. Their distributions are used to set limits on the Higgs boson
production cross section. Two examples of BDT output distributions for the lepton + jets and
the dilepton channels are provided in Fig. 2.
All the details of the analysis can be found here 5.
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3 H→ Photons

3.1 Signatures

The diphoton analysis selects events by identifying a diphoton system consistent with a Higgs
boson decay and by applying a loose selection on the remaining objects to tag the tt̄ decays and
reject other Higgs boson production processes.
Two sets of event selection criteria are defined, which aim to search for hadronic (tt̄→ qq̄

′
qq̄
′
bb̄,

H → γγ) and leptonic (tt̄ → `νqq̄
′
bb̄/tt̄ → `+ν`−ν̄bb̄, H → γγ) top quark pair decays in tt̄H

events. Example of leading-order Feynman diagrams describing the three channels are shown in
Fig. 3.
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Figure 3 – Example of leading-order Feynman diagrams for tt̄H production at pp colliders followed by top quarks
and Higgs boson decays typical of the H→ Photons search.

The two channels share the same photon selection, which requires the leading photon to
have transverse momentum greater than mγγ/2 GeV, and the subleading photon to have pT >
25 GeV. The adoption of a variable threshold on the leading photon is aimed at increasing
efficiency. The pT threshold at 50 GeV, corresponding to the lower end of the mass spectrum,
is still larger that the trigger threshold on the leading photon as the analysis makes use of the
diphoton trigger with pT thresholds at 36 and 22 GeV. In addition to this, both channels require
the presence of at least one b-tag. The hadronic channel is defined by the requirement of at least
four more jets in the event and no lepton, while the leptonic channel is defined by requiring at
least one more jet in the event and at least one lepton with pT > 20 GeV, where the lepton can
be an electron or a muon.

3.2 Analysis strategy

The analysis has a very low number of expected events but it has a distinctive signature with two
energetic photons and a narrow Higgs boson peak over the falling background in the distribution
of the diphoton invariant mass. The strategy adopted in this search is to fit for the amount
of signal from the diphoton mass spectrum in the region surrounding the Higgs mass. The
background is obtained by fitting the observed diphoton mass distributions in each channel
(hadronic or leptonic) over the range 100 GeV < mγγ < 180 GeV. The diphoton invariant mass
spectra for data, the expected signal contribution, and the data-driven background are shown in
Fig. 4. The data are fitted with a simple exponential for the leptonic channel, and a second order
polynomial for the hadronic channel. The result of the fit is shown on the plots, together with
the uncertainty bands corresponding to 68% and 95% probability. The expected contribution of
a SM Higgs boson is also shown as a blue line.
All the details of the analysis can be found here 6.
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Figure 4 – Diphoton invariant mass distribution for candidate tt̄H events passing the leptonic selection (left plot)
and the hadronic selection (right plot).

4 H→ Leptons

4.1 Signatures

In this search, the production of tt̄H where the Higgs boson decays into ZZ∗, WW∗, or ττ ,
with at least one Z, W or τ decaying leptonically is investigated. Despite the small branching
ratio, the presence of one or two additional leptons from the top quark pair decays leads to
the following clean experimental signatures: two same-sign leptons (electrons or muons) plus
b-tagged jets, three leptons plus b-tagged jets, and four leptons plus b-tagged jets. Examples of
Feynman diagrams for tt̄H, followed by the decays of the top quark and the Higgs boson that
lead to the signatures described above are shown in Fig. 5.
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Figure 5 – Examples of leading-order Feynman diagrams for tt̄H production at pp colliders, followed by Higgs
boson decays to ττ , ZZ∗, or WW∗ (from left to right). The first, second, and third diagrams are examples of the
two same-sign lepton signature, the three lepton signature, and the four lepton signature, respectively.

In the two-same-sign-lepton channel the events are selected requiring leptons with pT > 20
GeV and at least four jets with at least one b-tag. In the three- and four-lepton final states
the leptons pT thresholds are 20, 10 GeV for the two leading leptons and 7 (5) GeV for the
additional electrons (muons), and the events are required to have at least two jets and one b-
tag. In both the three-lepton and four-lepton channels the events are rejected if there is a least
one opposite-sign same-flavour lepton pair with invariant mass compatible with a Z candidate,
in order to reduce tt̄Z, ZZ, and events where the Higgs bosons is decaying into ZZ → 4`. The
jet pT cut is 25 GeV for all the final states.



4.2 Analysis strategy

The main backgrounds for this search can be subdivided into three categories: the tt̄V process
from the associated production of a tt̄ pair and one or more electroweak bosons; electroweak
diboson or multiboson production associated with multiple hadronic jets; and reducible back-
grounds from events with non-prompt leptons misidentified as prompt ones, or opposite-sign
dilepton events in which the charge of one of the leptons is mismeasured.
Given the low number of expected events with the current statistic, in designing the analysis
strategy the main effort was put on suppressing and controlling the reducible background, rather
than to develop a dedicated selection to separate the irreducible tt̄V process from the signal.
The reducible background contributes up to two thirds of the total background and is mainly
composed by tt̄ events in all the three channels.
A dedicated lepton identification algorithm was developed to enhance the separation power be-
tween signal leptons, meaning leptons from Z, W, and τ decays, from background leptons arising
from b-hadrons decays, the dominant source of reducible background. The algorithm relies both
on traditional isolation and impact parameter variables and on additional information from jet
and b-tagging reconstruction applied to particles in the vicinity of the lepton, combined us-
ing multivariate methods. Correspondingly, a data-driven approach was developed to estimate
the reducible background and its uncertainty, using multiple control regions and sophisticated
methods to address the dependency of the lepton fake rate on the origin of the lepton, and the
contamination from prompt leptons in the sample where the fake rate is measured.
The irreducible background is modelled using MC simulations.
After the event selection, to further improve the sensitivity of the analysis multivariate tech-
niques are used to find a suitable discriminating variable to fit for the amount of signal and
background from its distribution. In the dilepton and trilepton analysis, a BDT output is used
as discriminating variable. In the first case the BDT is trained using simulated tt̄H signal and
tt̄ background events, with six discriminating variables. In the trilepton analysis the BDT is
trained with simulated tt̄H signal and a mix of tt̄, tt̄Z, and tt̄W background events, with seven
discriminating variables. These variables are related to the leptons kinematics, the hadronic
activity of the event, and the missing transverse energy. The gain in the precision of the signal
strength measurement from the multivariate analysis compared to the analysis which simply
uses the distribution of the number of jets as discriminating variable is about 10%. In the four
lepton analysis, only the number of hadronic jets is used: the sensitivity of this channel is any-
way limited by the very small branching ratio, and the estimation of the kinematic distributions
of the reducible backgrounds from data is also challenging due to the low event yields.
In the dilepton and trilepton final states, the events are further categorized with respect to the
sum of the electrical charge of the leptons. This is done in order to exploit the charge asym-
metry present in several SM background cross sections in pp collisions (tt̄W, WZ, single top
quark t channel, W+jets). The gain in the precision of the signal strength measurement from
this categorization is approximately 5%.
The expected and observed distributions for the BDT output, for the different final states of the
dilepton and trilepton analysis, are shown in Fig. 6. The distribution of the number of selected
jets is also shown for the four-lepton channel.
All the details of the analysis can be found here 7.

5 Results

The statistical method used to extract the results is the same as the one used for other CMS
Higgs analyses 8. A binned likelihood spanning all analysis channels included in a given result
is constructed. To quantify the amount of signal the strength parameter µ, which is defined as
the ratio of the observed cross section for tt̄H production to the SM expectation, is used.
The results are reported in terms of the best fit value for µ and its associated uncertainty both
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Figure 6 – Distribution of the BDT discriminant for the same-sign dilepton search, for the final states µµ (left),
ee (center), and eµ (right). In these plots events with positive and negative charge are merged. The signal yield
is the amount predicted by the standard model, (µ = 1). The background yields are from the combined fit to the
final discriminant at fixed µ = 1. The bottom panel of each plot shows the ratio between the observed events and
the expectation from simulation, with statistical and systematical uncertainties on the expectations after the fit.

independently for each of the distinct tt̄H tt̄H signatures (bb̄, ττ , γγ, same-sign 2l, 3l, and 4l)
and for the combination over all channels.
The best fit signal strengths are given in Fig. 7. The internal consistency of the six results
with a common signal strength has been evaluated to be 22%, estimated from the asymptotic
behavior of the profile likelihood function 8. From the combination of the channels, the best fit
value of the common signal strength is µ = 2.5+1.1

−1.0 (68% CL). Although the fit result shows an
excess, within uncertainties, the result is consistent with SM expectations. The p-value under
the SM hypothesis (µ = 1) is 5.5%. The p-value for the background-only hypothesis (µ = 0)
is 0.3%, corresponding to a combined local significance of 2.7 standard deviations. Assuming
SM Higgs boson production with mH = 125 GeV, the expected local significance is 1.2 standard
deviations.
The observed signal strength is larger than the the expectation from the SM by about 2σ.

The channel that drives the excess is the same-sign two-lepton channel as shown in Fig. 7.
Within that channel, the same-sign two-muon subsample has the largest measured signal strength
of µ = 8.4+3.3

−2.7, to be compared with µ = 2.8+4.6
−4.1 for the same-sign two-electron channel and

µ = 1.9+2.5
−2.3 for the same-sign electron-muon channel. Many studies of the excess of data events

in the same-sign dimuon channel have been carried out and the final outcome of the investiga-
tions has been that the excess is consistent with a statistical fluctuation of the background or
with a genuine signal-like excess. More details about this can be found here 7.
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Search for tt̄H, H → bb̄ production in ATLAS
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The search of the production of the Higgs boson associated with a pair of top quarks in the
ATLAS experiment is presented. It focuses on Higgs decaying to bb̄ and events containing one
or two leptons (electrons or muons). It used 20.3 fb−1 of pp collision data at

√
s = 8 TeV

collected with the ATLAS detector at the LHC in 2012. No significant excess of events is
found and the 95% CL observed (expected) limit is 4.1 × SM (2.6 × SM) with a best fit µ of
1.7 ± 1.4.

1 Introduction

The discovery of the Higgs boson was reported by ATLAS and CMS collaborations in July 2012
from its bosonic decay modes (H → γγ, H → ZZ) 1,2. Since then, clear evidence has been
established for H → WW and the fermionic H → ττ mode. The H → bb̄ mode, dominant
for a Higgs boson with mH = 125 GeV, suffers from a overwhelming multijet background.
These backgrounds significantly decrease when the Higgs boson is searched in association with
a vector boson or with a top quark pair. This latter channel, studied here, also allows the direct
measurement of the top-Higgs Yukawa coupling as σtt̄H ∝ g2

tt̄H . Finally, the measurement of
this coupling will allow to probe New Physics in loop-induced couplings like ggH or H → γγ in
a model-independent fashion.

2 Analysis strategy

This analysis 3 focuses on the tt̄H process with H → bb̄ using two tt̄ final states: single lepton
and dilepton. Thus the basic selection in these channels is

• Single lepton: one lepton (e or µ), at least four jets with at least two of them b-tagged;

• Dilepton: two leptons (ee, µµ and eµ) with opposite charge, at least two jets with at least
two of them b-tagged.

The selected events are then categorised with respect to their number of jets and b-tagged
jets: from four to at least six jets and from two to at least four b-tagged for single lepton and
from two to at least four jets and from two to at least four b-tagged for dilepton channel. All
the defined regions are kept separated in order to improve the sensitivity of the search and the
signal-depleted regions are used to constrain the systematic uncertainties.

In all these nine regions for the single lepton channel and six regions for the dilepton one a
suitable discriminant variable is chosen: a multivariate discriminant is chosen in the signal-rich
regions while a simple kinematic variable is taken in the signal-depleted ones.

Finally a test of hypothesis is performed, including an in-situ constraining of the systematic
uncertainties via a global fit to data on all regions.



3 Background modelling

As it can be seen on figure 1, this analysis is largely dominated by the tt̄ + jets background.
The tt̄ + light jets background dominates in the low b-tag multiplicity regions, while the higher
n-tag multiplicity ones are dominated by tt̄ + bb̄. This background is modelled using Powheg
+ Pythia, where additional b and c-quarks mainly come from parton shower prediction. Its
modelling is improved by applying a correction based on the ratio of the measured differential
cross sections at

√
s = 7 TeV between data and the simulation as a function of top quark pT and

tt̄ system pT
4. The tt̄ + heavy-flavour modelling has been checked and shown to be comparable

in normalisations and kinematics to the modelling given by matrix-element + parton shower
Monte Carlos such as Madgraph. Finally the overall rate of tt̄ + bb̄ and tt̄ + cc̄ is calibrated to
data using the background-enriched bins in signal-rich regions.
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Figure 1 – Comparison of prediction to data in all analysis regions before the fit to data in single lepton channel
(left) and dilepton channel (right). The signal, normalised to the SM prediction, is shown both as a filled red
area stacked on the backgrounds and separately as a dashed red line. The hashed area corresponds to the total
uncertainty on the yields. The non-tt̄ backgrounds, represented in yellow, include the W+jets, Z+jets, dibosons,
single top and multijets.

4 Signal-to-background discrimination

Different discriminating variables are used depending on the analysis region (see table 1).

2 b-tags 3 b-tags ≥ 4 b-tags

4 jets Hhad
T Hhad

T Hhad
T

5 jets Hhad
T NN NN

≥ 6 jets Hhad
T NN NN

2 b-tags 3 b-tags ≥ 4 b-tags

2 jets HT

3 jets HT NN

≥ 4 jets HT NN NN

Table 1: Discriminant variables used per region in (left) single lepton channel and (right) dilepton channel.

In signal-depleted regions a simple kinematic variable is used: Hhad
T , the scalar sum of the

pT of the jets for the single lepton channel and HT , the scalar sum of the pT of the jets and of
the leptons, for the dilepton channel.

In the 5 jets, 3 b-tags region, for the single lepton channel, a neural network is used to
improve the separation between tt̄ + light jets and tt̄+bb̄/cc̄ and better estimate the heavy-
flavour contribution.

Finally, in the signal-rich regions the discriminant variable is the output of a neural network
(NN) trained to separate the signal, tt̄H, from the main background, tt̄ + jets. The NeuroBayes
package 5 is used for training and evaluation. Ten variables are used to train the NN in the
signal-rich regions exploiting information involving: single object kinematics (e.g. pT of the fifth
jet) or global event variables (e.g. Hhad

T ) or event shape variables (e.g. centrality) or object



pair properties (e.g. mass of the two closest b-tagged jets). The improved signal-to-background
separation provided by the NN results is a significant improvement to the search sensitivity.

5 Systematics uncertainties

The systematic uncertainties used in this analysis can affect normalisation and/or shape of the
signal and backgrounds. Several sources of systematic uncertainty are considered, including
instrumental and theoretical uncertainties. All individual sources of uncertainty are considered
uncorrelated. For a given source of systematic uncertainties, correlations between processes and
across regions are taken into account.

The main instrumental systematic uncertainties are the jet energy scale (split into 22 un-
correlated components) and the flavour tagging efficiencies, where 6/6/12 components are used
for b/c and light jets respectively.

The other major systematic uncertainties come from the modelling of the tt̄+jets background.
For top pT and tt̄ pT reweightings, the nine leading systematic uncertainties from the differen-
tial cross-section measurement are used, they are correlated between tt̄ + light and tt̄ + heavy
flavour jets (HF). An additional uncertainty is added for tt̄ + light jets due to the choice of parton
shower and hadronisation model, comparing Powheg+Pythia and Powheg+Herwig. More
sources are taken into account for the tt̄ + HF background (bb̄ and cc̄), all uncorrelated with the
tt̄ + light ones: an additional uncertainty for the top pT and tt̄ pT reweighting taking the full
difference between applying and not applying these corrections; the parton shower and fragmen-
tation model choice (Powheg+Pythia vs. Powheg+Herwig); some generator systematic
uncertainties by comparing Powheg+Pythia and Madgraph+Pythia and a normalisation
uncertainty of 50% on tt̄ + HF, taken to be uncorrelated between tt̄+bb̄ and tt̄+cc̄.

6 Results

The distributions of the discriminant variables chosen for all channels and regions considered are
combined to test the presence of a signal assuming a Higgs boson mass of mH = 125 GeV. The
statistical analysis is based on a binned likelihood function L(µ, θ) constructed as a product of
Poisson probability terms over all bins considered in the analysis, where µ is the signal strength
and θ is a set of nuisance parameters that encode the effect of systematic uncertainties on signal
and backgrounds expectations.
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Figure 2 – Final discriminant (NN output) for the most signal-rich regions: ≥ 4 jets, ≥ 4 b-tags for the dilepton
channel (left) and ≥ 6 jets, ≥ 4 b-tags for the single lepton channel (right). Background and signal are stacked in
the filled histograms. Signal is superimposed normalised to background prediction. Data are represented by the
black points.



The single lepton and dilepton fits are consistent with each other and with their combination.
The fit improves the agreement between data and the prediction and reduces the background
uncertainty by a factor 5 to 6 in the most sensitive regions. The final discriminant in the most
sensitive region is shown for both channels in figure 2.

No significant excess is found and the limit and µ values are compatible with the SM predic-
tion. The final results can be seen in figure 3: the 95% CL limit on σ/σSM at mH = 125 GeV
obtained using the CLs method and the best fit µ = σ/σSM also for mH = 125 GeV. Thus the
observed (expected) combined 95% CL limit on σ/σSM is 4.1 (2.6) times the SM prediction.
The fitted signal strength for mH = 125 GeV is µ = 1.7 ± 1.4. This result represents about a
factor four improvement in expected sensitivity compared to the previous ATLAS result in the
single lepton channel using 4.7 fb−1 of data at

√
s = 7 TeV 6. This is also the most sensitive

result obtained on data in the tt̄H, H → bb̄ channel at the LHC.
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Figure 3 – On the left: 95% CL upper limits on σ(tt̄H) relative to the SM prediction, σ/σSM , for the individual
channels as well as their combination, assuming mH = 125 GeV. The observed limits (solid line) are compared to
the expected (median) limits under the background-only hypothesis (black dashed line) and under the signal-plus-
background hypothesis assuming the SM prediction for σ(tt̄H) (red dashed line). The surrounding shaded bands
correspond to the ±1σ and ±2σ ranges around the expected limit under the background-only hypothesis. On the
right: the observed signal strength and its uncertainty for the individual channels as well as their combination,
assuming mH = 125 GeV. Total uncertainties are shown in black while the statistical ones are represented in
green.
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TEVATRON MEASUREMENTS ON STANDARD MODEL HIGGS
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We present the study of the SM Higgs properties obtained from the combined analysis of the
up-to 10 fb−1 dataset collected by the CDF and D0 experiments during the pp̄ collision at√
s = 1.96 TeV of Tevatron Run II. The observed local significance for the SM Higgs boson

signal is of 3.0σ at mH = 125 GeV/c2. After a brief review of analysis channels contributing
the most, where the Higgs boson decays to a pair of W bosons or to a pair of b-quarks jets, the
signal production cross section and its couplings to fermions and vector bosons are analyzed.
Other presented results are the recent study of the spin and parity of the SM Higgs performed
by the D0 collaboration, leading to 3σ level expected exclusion of the JP= 0− and JP= 2+

hypothesis, and the investigation of exotics final states with invisible decay products of the
Higgs, excluded by the CDF collaboration for masses below 120 GeV.

1 Introduction

The study of the up-to 10 fb−1 datasets of pp̄ collisions recorded by the CDF and D0 experiments
during the Tevatron Run-II contributes significantly to the understanding of the properties of
the SM Higgs particle discovered in 2012 by the ATLAS and CMS experiments at LHC1. The
CDF and D0 datasets have been collected at a center-of-mass energy of 1.96 TeV resulting in
about a factor 20 lower Higgs signal production rate with respect to LHC one, however the
advanced analysis techniques, often based on Multi-Variate Algorithms (MVA) signal discrimi-
nants, and the combined analysis of the datasets of both experiments, result in approximately
a 2σ sensitivity to the SM Higgs production, with mH = 125 GeV/c2, at the Tevatron.

2 Overview of SM Higgs Analysis Channels at the Tevatron

The Tevatron experiments are sensitive to the SM Higgs production in a range of hypothetical
mass between 90 and 200 GeV thanks to the combination of several analysis channels.

For mH & 135 GeV, the gluon fusion (gg → H) process, the dominant Higgs production
mode with a cross section2 of O(1) pb, can be investigated using the decay of the Higgs to a pair
of W bosons. Such decay is predicted to have a BR of approximately 30% for mH = 130 GeV



and rising at higher Higgs masses, therefore the clean di-lepton final state resulting from the
W → `ν decay of both the W s, is used to reject the overwhelming multi-jet background which
has O(1) mb production cross section. Both the CDF and D0 collaborations investigated this
channel3 selecting candidates events with two charged leptons of opposite sign, a large imbalance
in the total reconstructed transverse energy (��ET ) signaling the presence of two undetected neu-
trinos, and zero or low jet activity. The mass of the final state, a very sensitive variable in the
search for a resonance, can not be fully recontructed because of the presence of two neutrinos,
therefore MVA have been used to combine relevant signal and background kinematic informa-
tion into one variable which maximise the signal over background (s/b) discrimination. The
sensitivity of the analysis is also improved by categorizing the candidate events according to the
different s/b resulting from lepton flavor (which include hadronic τ decay), lepton identification
purity, and jet multiplicity of the final state.

For mH . 135 GeV, the V H associate production with the Higgs decaying to a pair of
b-quarks (V H → bb̄) provides the highest sensitivity analysis channel because of the largest
predicted SM branching fraction (BR(H → bb̄) ≈ 57% for mH = 125 GeV/c2), and the leptonic
decay of the vector boson allows for feasible online selection and offline background rejection.
The V H → bb̄ analysis channel is classified according to three specific signatures: ZH → ``+bb̄,
WH → `+��ET +bb̄, and W/ZH →��ET +bb̄, where ` is an electron or a muon and the ��ET reveals
a neutrino passing through the detector or a lepton which has not been identified. Each of the
three signatures has been investigated by the CDF and D0 collaborations in independent and
highly optimized analyses4, the main common features between them are: the selection of a final
states enriched in b−jets by using multi-variate b-tagging algorithms able to reduce the V+jets
background by a factor 102, a still large fraction of irreducible backgrounds (mainly tt̄ production
and V+heavy flavor jets) estimated with a mixture of simulation and data-driven techniques, the
final signal-to-background discrimination based on MVA giving a 10− 25% sensitivity increase
over the use of the di-jet invariant mass distribution.

A direct validation of these complex analyses is obtained by applying the same techniques to
the search for a very similar signal: the V Z associate production with the Z decaying to a pair
of Heavy Flavor (HF) quarks. With respect to the V H → bb̄ analysis with mH = 125 GeV the
signal and the background yields are about 6 and 2 times higher respectively. The combination
of the all the different search channels of both the CDF and D0 experiments, described in more
detail in the next section, gives a strong evidence, clearly visible in the HF enriched di-jet
mass spectrum of Fig. 1, for the V Z → HF process: with a p-values of 4.6σ with respect to the
background only hypothesis and a measured cross section of σV Z = 3.0±0.6(stat.)±0.7(syst.) pb,
with a SM expectation of σV Z = 4.4± 0.3 pb.

On the top of the main analysis channels, gg → H → WW and V H → bb̄, a variety of
searches with different final states (H → γγ, H → ττ , H → ZZ, tt̄H) listed in5 provide a
smaller increase in sensitivity across the SM Higgs mass range.

3 SM Higgs Cross Section and Coupling Measurements from the Combination of
CDF and D0 Analyses

As described in details in Ref. 5, several properties of the SM Higgs boson can be constrained
by the combined analysis of all the channels described in the previous section. Figure 2 gives
a global picture of such combination: all the candidate events are classified in bins of similar
s/b together with the corresponding background and signal contributions. After a fit to data
withing the systematics uncertainties, the data-background agreement extends over five orders
of magnitude, the highest s/b bins show that the most signal-like events are consistent with the
SM Higgs production with mH = 125 GeV/c2.

The rigorous combination is done by building a global likelihood function from the product
of the binned likelihood functions resulting from the data-background comparison in each of
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the discriminating variable obtained by the individual analysis channels. The SM Higgs signal
strength, µ = σobs/σSM , is a free parameter of the likelihood, with branching fractions predicted
by the SM, while systematics uncertainties are treated as nuisance parameters, with truncated
Gaussian distributions, and they are often constrained by data of background dominated regions.
Few of the systematics uncertainties are correlated between the CDF and D0 experiments (e.g.
the uncertainties on luminosity, theoretical cross sections, PDFs) while the experiment depen-
dent ones are correlated across the analysis channels of each experiment (e.g. the uncertainties
on lepton identification, b-tagging, jet energy scale, or specific ones on background estimate
methodologies).

The likelihood function is analyzed using both Bayesian and modified frequentest methodolo-
gies with consistent results. The outcome of the Bayesian analysis, chosen a priori to summarize
the results, is shown in Figure 3: the local p−value, evaluated against the background-only hy-
pothesis, as a function of the Higgs boson mass shows a broad signal-like behaviour with a
significance of 3.0σ at mH = 125 GeV/c2, for the same mass the observed signal strength is
µ = 1.44+0.59

−0.56. Deviation from µ = 0 appears in the mass range [115, 145] GeV/c2 because of



the relatively low mass resolution of the sensitive analysis channels.
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Additional properties of the SM Higgs are extracted by analyzing the signal with respect
to one decay channel at the time: bb̄, WW , γγ, and ττ . The separate results are consistent
with each other and with the presence of a SM Higgs with mH = 125 GeV/c2, Fig. 4 shows the
measured cross section times branching fraction as a function of the Higgs mass for theH →WW
and V H → bb̄ channels. The analysis of the V H → bb̄ channels is particularly relevant not only
because of the large weight in the Tevatron combined analysis but also because, with a best-fit
measure of σV H→bb̄ = 0.19+0.08

−0.09 pb, for mH = 125 GeV/c2, it is, at present, one of the most
precise measurement of this process.
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Figure 4 – Measured cross section time branching fraction for the combination of the CDF and D0 analysis
channels of the V H → bb̄ (left) and H →WW (right) processes as a function of the Higgs mass.

The channel-by-channel analysis can also be used to study the SM couplings of the Higgs:
as described in6, multiplicative scaling factors are associated to the coupling to fermions (κf )
and to W/Z bosons (κW and κZ), their variation is then studied with Bayesian approach,
assuming uniform prior. Figure 5 shows the two-dimensional confidence regions on the coupling
parameters in case κW = κZ = κV , as predicted by the custodial symmetry, or in case the κf
coupling is marginalized in the likelihood so that κW and κz are studied separately.
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4 Analysis of Spin, Parity, and Exotic Final States

Additional Higgs properties have been recently studied using the CDF or the D0 datasets: in
particular the D0 collaboration investigated7 the spin and parity (JP ) of the Higgs particle while
the CDF collaboration searched for Higgs boson decaying to invisible products9.

The analysis of the spin and parity of the Higgs is possible because some observables re-
constructed in the V H → bb̄ channel, as the invariant mass of the V H system8, are sensitive
to the JP of the Higgs-particle. Such study was performed by the D0 collaboration using the
previously described V H → bb̄ analyses with no modification to the event selection but where
sub-channels have been optimized according to the s/b of the non-SM JP hypothesis, JP = 0−

and JP = 2+. Assuming mH = 125 GeV/c2 and the non-SM signal production rates to re-
main the same, the SM hypothesis H0 is tested against the non-SM hypotheses H1 by building,
with pseudo-experiments, the distribution of the ratio between the maximised log likelihoods,
LLR = −2 log (LH1/LH0), and comparing it to the LLR obtained in data. Figure 6 shows the
LLR in case of the predicted SM production rates: the JP = 0− hypothesis is excluded with
a CLs of 97.9%, with an expected exclusion at the 3.1σ level, and the JP = 2+ hypothesis is
excluded with a CLs of 99.9%, with an expected eclusion at the 3.2σ level.

The CDF collaboration studied a decay channel where the Higgs, produced in association
with a leptonically decaying Z boson, decays to un-detected particles (H →invisible). The signal
presence is investigated with a Bayesian methodology by building a likelihood function out of the
distribution of the ∆R between the leptons in the background-only or in the background-plus-
signal hypothesis, with the signal generated for 115 < MH < 150 GeV/c2. Figure 7 shows, on
the left part, the observed mass exclusion limits in the hypothesis that the signal is normalized to
have BR(H → invisible) = 100%, while, on the right part, such hypothesis is removed allowing
the derivation cross section upper limits. Masses of the Higgs below 120 GeV/c2 are excluded
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Figure 6 – Results of the LLR for the data (black line), for the predicted background plus SM Higgs boson varied
withing systematics (blue curve), and for the predicted background plus a Higgs particle with JP = 0− (red curve
on the left plot) and JP = 2+ (red curve on the right plot).

at 95% confidence level if BR(H → invisible) = 100% is imposed on the signal, while, removing
such constraint, a production cross section upper limit of 90 fb is obtained for a Higgs boson
with MH = 125 GeV/c2.
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Figure 7 – The left part of the figure shows 95% exclusion limits for a Higgs decaying to invisible final states, in
case BR(H → invisible) = 100% is imposed. The right part of the figure shows the cross section upper limits
at 95% confidence level for invisible decay of the Higgs boson when the BR(H → invisible) = 100% hypothesis
is removed. Plots are shown for a Higgs boson produced in association with a Z boson and a Higgs mass varied
between 115 and 150 GeV/c2.

5 Conclusions

Despite the end of the Tevatron data taking in 2011, the collected data continues to be relevant
for the study of SM Higgs boson properties. The combined analysis of the Tevatron Run II
datasets collected by the CDF and D0 experiments show sensitivity to the SM Higgs signal in
a mass range of [90, 200] GeV/c2 with an excess, over the background only hypothesis, of 3σ
significance at a Higgs mass of 125 GeV/c2. The dataset has been used to measure a total SM
Higgs production cross section, with respect to the SM expectation, of σobs/σSM = 1.44+0.59

−0.56,
the channel dependent cross-sections times branching fractions, and the couplings of the Higgs
particle with fermions and vector bosons. The result of σV H→bb̄ = 0.19+0.08

−0.09 pb has still at
present comparable sensitivity to the LHC experiments.

Additional properties have been investigated recently by the CDF or by the D0 collaboration.
In particular the D0 collaboration excluded, with a model dependent analysis, the JP = 0− and
JP = 2+ hypothesis at more than 97% CL, with expectations above 3σ. The CDF collaboration



excluded at 95% CL the possibility of invisible decay of the Higgs, produced in association with
a Z boson, for masses below 120 GeV/c2, if BR(H → invisible) = 100% is imposed, or for a
cross section above 90 fb, if the BR(H → invisible) = 100% hypothesis is removed and the Higgs
mass is of 125 GeV/2.
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CONSTRAINTS ON THE HIGGS-BOSON TOTAL WIDTH USING H∗(126)→ ZZ
EVENTS

R. COVARELLI, for the CMS collaboration
Department of Physics and Astronomy, University of Rochester, 14627, Rochester, NY, United States

Constraints are set on the Higgs boson decay width, ΓH, using off-shell production and decay
to ZZ in the four-lepton (4`), or two-lepton-two-neutrino (2`2ν) final states. The analysis
is based on the data collected in 2012 by the CMS experiment at the LHC, corresponding
to an integrated luminosity L = 19.7 fb−1 at

√
s = 8 TeV. A maximum-likelihood fit of

invariant mass and kinematic discriminant distributions in the 4` case and of transverse mass
or missing energy distributions in the 2`2ν case is performed. The result of it, combined with
the 4` measurement near the resonance peak, leads to an upper limit on the Higgs boson
width of ΓH < 4.2× ΓSM

H at the 95% confidence level, assuming ΓSM
H = 4.15 MeV.

1 Introduction

After the discovery of a particle consistent with the standard model (SM) Higgs boson, direct con-
straints on the new boson width (ΓH) of 3.4 GeV at the 95% confidence level (CL) have been reported
by the CMS experiment in the 4` decay channel 1. With the current data, the sensitivity for a direct
width measurement at the resonance peak is therefore far from the SM Higgs boson expected width
of around 4 MeV.

It has been proposed2 to constrain the Higgs boson width using the off-shell production and decay
in ZZ, since, in the gluon-gluon fusion production mode, the off-shell production cross section has
been shown to be sizable at high ZZ invariant mass (mZZ) 3,4.

The production cross section as a function of mZZ can be written as:

dσgg→H→ZZ

dm2
ZZ

∝ g2
ggHg

2
HZZ

F (mZZ)

(m2
ZZ −m2

H)2 +m2
HΓ2

H

, (1)

where gHZZ (gggH) represent the (effective) couplings of the Higgs boson to Z bosons (gluons), mH is
the measured Higgs pole mass, and F (mZZ) is a function which depends on the Higgs boson production
and decay amplitudes. In the on-shell (off-shell) regions, the integrated (differential) cross sections
are respectively:

σon−shell
gg→H→ZZ =

κ2
gκ

2
Z

r
(σ · B)SM ≡ µ(σ · B)SM, (2)

and:
dσoff−shell

gg→H→ZZ

dmZZ
= κ2

gκ
2
Z ·

dσoff−shell,SM
gg→H→ZZ

dmZZ
= µr

dσoff−shell,SM
gg→H→ZZ

dmZZ
, (3)

where (σ · B) is the cross section times branching fraction to ZZ, all quantities are expressed as
adimensonal ratios to their SM values (κg = gggH/g

SM
ggH, κZ = gHZZ/g

SM
HZZ, r = ΓH/Γ

SM
H ), and the

quantity µ defined by this relationship is referred to as the “signal strength”. From Eqs. (2, 3) it is
clear that the ratio of off-shell and on-shell production and decay rates in the H→ ZZ channel leads
to a direct measurement of ΓH as long as the ratio of coupling constants remains invariant at the low
and high mZZ values. A similar formalism can be used for the vector boson fusion (VBF) production.



We obtain an upper bound on ΓH from the comparison of off-shell production and decay distri-
bution in the H → ZZ → 4` and H → ZZ → 2`2ν channels, and the 4` on-shell rate, where ` = e, µ.
The analysis is based on the dataset collected by the CMS experiment during the 2012 LHC running
period, which corresponds to an integrated luminosity of 19.7 fb−1 of pp collisions at a center-of-mass
energy of

√
s = 8 TeV. Details of this analysis can be found in 5,6. A detailed description of the CMS

detector can be found in Ref. 7. Concerning lepton and missing transverse energy reconstruction and
event selection, this analysis uses the same algorithms as in Refs. 1,8.

2 Analysis strategy

As shown above, once a value of µ is constrained from an independent measurement or calculation, the
off-shell cross section as a function of mZZ is proportional to ΓH. We use two different assumptions for
µ, i.e. the measured value from the the 4` on-shell analysis 1, or µ = 1 assuming the SM expectations
in the peak, with the expected uncertainties from the same analysis.

The VBF mechanism also leads to significant off-shell Higgs production. The signal strengths
can be considered separately for the gluon-gluon fusion (µF) and VBF (µV) production mechanisms.
However, because of the limited precision obtained on these quantities from the current data, we
assume in this analysis that µV = µF = µ.

At large mZZ, interference between signal and background for the processes with the same initial
and final states is not negligible and must be taken into account. Therefore the event likelihood can
be written as:

Poff-shell
tot (~x) =

[
µr × Pgg

sig(~x) +
√
µr × Pgg

int(~x) + Pgg
bkg(~x)

]
+

+
[
µr × PVBF

sig (~x) +
√
µr × PVBF

int (~x) + PVBF
bkg (~x)

]
+ Pqq̄

bkg(~x) + (other backgrounds) (4)

where Psig, Pint and Pbkg are signal, interference, and background probability functions, respectively,
for gluon-gluon fusion and VBF production, and defined as functions of the variables used in each
analysis.

3 Monte Carlo simulation

The Monte Carlo (MC) samples used in this analysis are the same as those described in Refs. 1 and 8.
Additionally, gg → 4` (2`2ν) events, as well as qq′ → ZZqq′ → 4`qq′ (2`2νqq′) VBF events,

have been generated at the leading order (LO) including the Higgs signal as well as the background
and interference using different MC generators: gg2VV 3.1.5 4,9, MCFM 6.7 10,11, and PHAN-
TOM 12. Samples have been generated with MSTW2008 LO parton density functions (PDFs) and
the renormalization and factorization scales are proportional to mZZ (“running” scales).

We apply to next-to-next-to-leading order (NNLO) corrections (“K-factors”) as a function of
mZZ

13 to the gluon-fusion signal process and, even if exact calculations of the background process
are limited to LO, we assign the same K-factor to it, relying on soft-collinear approximation 14. For
VBF production, the event yield is normalized to the cross section at NNLO 15, with a normalization
factor independent of m4`.

4 H→ ZZ→ 4` analysis

In addition to the reconstruction, selection, and analysis methods developed in 1, the 4` off-shell
analysis uses a dedicated kinematic discriminant Dgg which describes the production and decay dy-
namics in the ZZ center-of-mass frame using as observables the two dilepton masses as well as five
independent angles 16. The discriminant is defined as Dgg,a ≡ Pgg,a/(Pgg,a + Pqq̄), where Pi is the
probability for a 4` event to come either from gg → ZZ or qq̄ → ZZ processes. The discriminant
is defined for a signal-weight parameter a, where a = 1 corresponds to the SM. We set a = 10 in
constructing the discriminant, since an exclusion of the order of r = 10 is expected to be achieved.
Figure 1 shows the distribution of the the 4` invariant mass (left) and the Dgg variable (center) for
all expected contributions, as well as for the data.
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5 H→ ZZ→ 2`2ν analysis

Following the same event reconstruction and selection used in previous searches for high-mass Higgs
bosons 8, the selected events are split according to lepton flavors (e and µ) and jet categorization (0
jets, ≥1 jet, and “VBF-like”, i.e. two jets satisfying mjj > 400 GeV and ∆ηjj > 4). The transverse
mass (mT) distributions for the 0 and ≥1 jets categories and the missing transverse energy (Emiss

T )
distribution for the VBF-like category are used as final discriminant variables. The mT variable is
defined as follows:

m2
T =

[√
pT,``

2 +m``
2 +

√
Emiss

T
2

+m``
2

]2

−
[
~pT,`` + ~Emiss

T

]2
(5)

where ~pT,`` and m`` are the measured transverse momentum and invariant mass of the dilepton
system, respectively. One of the mT distributions is shown in Fig. 1 (right).

6 Systematic uncertainties

The main systematic uncertainty in this analysis comes from the measured value of µ: in the approach
using its expected (observed) value, it is taken from Ref. 1 to be 1.00+0.27

−0.24 (0.93+0.26
−0.24). In the approach

used in this analysis, all signal systematics for the 4` final state depending only on normalization cancel
when using the measured on-shell signal strength as a reference. Other experimental systematic
uncertainties are considered on the amount of reducible background in the 4` analysis and in the
evaluation of Emiss

T and the b-jet veto efficiency in the 2`2ν analysis.

Theoretical uncertainties are important in this analysis for the signal and interference contribu-
tions and for the qq̄→ ZZ background. QCD renormalization and factorization scales are varied by
a factor two both up and down, and uncertainties from PDF variations are extracted by changing
PDF sets. These uncertainties are computed on LO MC and K-factors and applied consistently. To
account for the limited knowledge on the gg → ZZ continuum background cross section at NNLO
(and therefore on the interference), we assign an additional systematic uncertainty of 10%.

7 Results

Using the normalization and shape of the signal and background distributions, which are derived
either from MC or control samples, an unbinned maximum-likelihood fit of the data is performed,
where systematic uncertainties are included as nuisance parameters. In the 4` analysis the kinematic
discriminant is combined with m4` in a two-dimensional fit, while mT or Emiss

T distributions are used



for the 2l2ν channel. Fit results are shown in Fig. 2, in the form of negative log-likelihood scans as a
function of r. The red dashed lines correspond to 68% and 95% CL exclusion values. Table 1 shows
the results obtained using the observed value of µ. Combination of the two channels results in an
observed (expected) exclusion of ΓH ≤ 4.2 (8.5)× ΓSM

H at the 95% CL, or ΓH ≤ 17.4 (35.3) MeV.

4` 2`2ν Combined

Expected 95% CL limit, r 11.5 10.7 8.5
Observed 95% CL limit, r 6.6 6.4 4.2
Observed 95% CL limit, ΓH (MeV) 27.4 26.6 17.4

Observed best fit, r 0.5 +2.3
−0.5 0.2 +2.2

−0.2 0.3 +1.5
−0.3

Observed best fit, ΓH (MeV) 2.0 +9.6
−2.0 0.8 +9.1

−0.8 1.4 +6.1
−1.4

Table 1: Expected and observed 95% CL limits and fitted values of r or ΓH for the 4` analysis, the 2`2ν analysis and
for the combination, using the observed value of µ.
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THE UNIVERSAL SCALAR FIT

MARTTI RAIDAL
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and
Institute of Physics, University of Tartu, Riia 142, 51014, Tartu, Estonia

I present results of global fits to presently available ATLAS, CMS and Tevatron scalar boson
data, and discuss implications of the results for the Standard Model as well as as for new
physics beyond it.

1 Introduction

The Large Hadron Collider (LHC) has discovered a new scalar boson with mass 125.6 GeV 1,2.
Whether this is the Standard Model (SM) Brout-Englert-Higgs boson3,4,5,6 or some other particle
must be established by studying its properties. In this talk I present results of a series of
works 7,8,9 studying properties of the newly discovered boson by performing global fits to all
available ATLAS, CMS and Tevatron data. The results presented here are based on the LHC
7 TeV and 8 TeV runs and on Tevatron final results presented in Moriond EW 2014 and before.

I show that the present data is in perfect agreement with the SM Brout-Englert-Higgs boson
and imposes constraints on models with modified couplings, new (s)particles in loops, two Higgs
doublets, and with large invisible width of the boson. However, when interpreting the results
in the context of SM, the SM vacuum is unstable and, after inflation, the Universe should have
found itself in the global minimum of the potential instead of the local SM one. I discuss simple
solutions to the apparent problem.

2 Universal fits to global data

At the LHC searches for the SM boson have been carried out in proton-proton collisions at√
s = 7 TeV (2011 data) and 8 TeV (2012 data) with about 25/fb of total integrated luminosity

per experiment. There are four main production modes for the Higgs boson at the LHC. The
gluon-gluon fusion production mode has the largest cross section, followed by the vector boson
fusion (VBF), by the associated Wh, Zh production, and by the production in association
with top quarks, tt̄h. Our analysis uses all available data presented before the Moriond 2014
conference by the CMS, ATLAS and Tevatron collaborations in the following five decay modes:
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Figure 1 – Experimental results channel by channel.

γγ, ZZ∗ (followed by ZZ∗ decays to 4`, 2`2ν, 2`2q, 2`2τ), WW ∗ (followed by WW ∗ decays to
`ν`ν, `νqq), τ+τ− (followed by leptonic and hadronic decays of the τ -leptons) and bb̄, and the
first tentative measurements in the µ+µ− and Zγ channels, as well as their combination. Here
and throughout, ` stands for electrons or muons and q for quarks. The data are presented in
Fig. 1 where we plot the measured rates over the SM prediction for every individual channel.
The green line represents an average and the red line is SM without the Higgs boson. For details
and for references we refer to Ref. 9.

The experiments report boson rates R in units of the central value of SM prediction. Their
results could be fully encoded in a likelihood L(R,Mh), but only a limited amount of information
is usually reported. Sometimes they report the measured rates as Rexp ± Rerr. Sometimes
collaborations only report the upper bounds on rates at 95% C.L., Rlimit

observed, and the expected
upper bound at 95% C.L. in absence of a Higgs boson signal, Rlimit

expected, as function of the

Higgs boson mass mh. Assuming that the χ2 = −2 lnL has a Gaussian form in R, these two
experimental informations allow one to extract the mean Rexp and the standard deviation Rerr as
Rexp = Rlimit

observed−Rlimit
expected and Rerr = Rlimit

expected/1.96, where 1.96 arises because 95% confidence

level corresponds to about 2 standard deviations. The χ2 is approximated as

χ2 =
∑
I

(Rexp
I − 1)2

(Rerr
I )2

, (1)

where the sum runs over all measured Higgs boson rates I. We perform the most generic fit in
terms of a particle h with couplings to pairs of t, b, τ,W,Z, g, γ equal to rt, rb, rτ , rW , rZ , rg, rγ
in units of the SM Higgs coupling. The effective Lagrangian reads

∗h = rt
mt

V
ht̄t+ rb

mb

V
hb̄b+ rτ

mτ

V
hτ̄τ + rµ

mτ

V
hµ̄µ+ rZ

M2
Z

V
hZ2

µ + rW
2M2

W

V
hW+

µ W
−
µ +

+rγc
γγ
SM

α

πV
hFµνFµν + rgc

gg
SM

αs
12πV

hGaµνG
a
µν + rZγc

Zγ
SM

α

πV
hFµνZµν , (2)

where cSM are the SM loop coefficients. Using that we extract from data the function

χ2(rt, rb, rτ , rW , rZ , rg, rγ , rZγ , rµ,BRinv), (3)

which describes all the information contained in Higgs data. We find χ2 = 58.8 at the best fit
(56 data points, 10 free parameters), marginally better than the SM fit, χ2

SM = 61.7 (no free
parameters). Higgs data are converging towards the SM predictions with small errors, therefore



Process X h→WW h→ ZZ h→ γγ V h→ V bb h→ ττ

Sensitivity cX 6.4%/GeV 7.8%/GeV −1.5%/GeV −5.4%/GeV −4.1%/GeV
Measured rate/SM 0.84± 0.17 1.06± 0.22 1.07± 0.19 1.19± 0.42 1.11± 0.28
Boson mass in GeV 123.0± 3.0 126.2± 2.7 121± 12 122± 8 123± 7

Table 1: Determinations of the scalar boson mass from the measured rates, assuming the SM.

it is useful to make the approximations ri = 1+ εi with εi � 1 and BRinv = εinv. The observable
rates RI are computed at first order in εi, and consequently the χ2 is expanded up to second
order in εi. This expansion simplifies fits to full data significantly. Therefore we call fits obtained
this way the ’universal’ fits. Full details of our methodology can be found in Ref. 9.

3 Results

To start, lets consider the new boson mass. The CMS and ATLAS collaborations have reported
measurements of the boson pole mass Mh from the peaks observed in the h→ γγ and h→ ZZ →
4` channels, resulting Mh = 125.66± 0.34 GeV. However, the Higgs mass can be independently
measured by requiring that the measured rates agree with their SM predictions. Such predictions
have a dependence on the Higgs mass that, around 125 GeV, can be approximated as

σ(pp→ X) ≈ σ(pp→ X)Mh=125GeV × [1 + cX × (Mh − 125GeV)], (4)

where the values of the coefficients cX , the measured rates for the various processes averaging all
experiments, as well as the indirectly derived boson mass from such rates are given in Table 1.
Averaging over all channels we find Mh = 124.2± 1.8 GeV, in an excellent agreement with the
pole mass.

Let us now study models in which the Higgs boson couplings to the W,Z bosons and to all
fermions have common rescalings compared with the SM, usually denoted by a and c, respec-
tively,

rW = rZ = a, rt = rb = rτ = rµ = c. (5)

This happens, for example, in composite Higgs models. The resulting fit is shown in the left
panel of Fig. 2. The approximated universal fit (dotted contours) reproduces very well our full fit
(continuous contours). The best fit converged towards the SM. In particular, data now disfavour
the solution with c < 0 which appeared in previous fits 7.

Next, lets assume that only the loop processes are modified with respect to the SM predic-
tions,

rt = rb = rτ = rµ = rW = rZ = 1,
Γ(h↔ gg)

Γ(h↔ gg)SM
= r2g ,

Γ(h→ γγ)

Γ(h→ γγ)SM
= r2γ , (6)

with BRinv = 0 and rZγ = 1. The result is shown in the right panel of Fig. 2. One can see
that the SM is well within the 1σ contour and, as previously, he universal fit approximates well
the full fit. The dashed trajectories show the loop effect due to extra scalar particles with the
same quantum numbers of the top (red), of the bottom (blue), of the tau (vertical black line).
Present results do not favour those new physics scenarios.

As next example we study two Higgs doublet models (2HDM) in which the vector couplings
are modified as rW = rZ = sin(β − α), where tanβ = v2/v1 is the ratio of the VEVs of the
two doublets and α is the mixing angle of the CP-even mass eigenstates. The results of our fits
are presented in the left panel of Fig. 3 in terms of the fermion couplings rt, rb, rτ , restricted by
the 2HDM models to lie within the green regions. The type II 2HDM allows for independent
modification of the t coupling rt, and for a common modification of the b and τ couplings,
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rb = rτ . The red line in the same panel shows the parameter space allowed by type I 2HDM,
where all the couplings scale uniformly. Again, those models are quite constrained.

Finally, we allow for a Higgs boson invisible width, for example into Dark Matter. We
perform fits assuming (i) the invisible scalar boson width is the only signal of new physics; (ii)
in addition, also non-standard values of h → γγ and h → gg are allowed. For the case (i) we
find (blue curves in the right panel of Fig. 3) that present data imply BRinv = −0.08±0.16, thus
BRinv < 0.19 at 95% C.L. For the case (ii) we find a weaker constraint on BRinv (red curves
in Fig. 3b), BRinv < 0.28 at 95% C.L. Notice that the main constraint on BRinv does not come
from the direct search for pp→ Zh→ `` /ET (included in our data-set) but from the global fit 7.

4 Implications for the SM

All our fits indicate for the SM Brout-Englert-Higgs boson whose couplings to new physics are
stringently constrained. However, those results also imply that those new couplings must likely
exist since the SM scalar potential is unstable10. Assuming the SM, and using the central values
of the measured gauge, top Yukawa and Brout-Englert-Higgs boson quartic couplings, we plot
in Fig. 4 the running of those couplings in the full perturbative validity range of the SM 11. The
quartic λ runs negative around 109 GeV, resulting in the SM scalar potential with deep global
minimum around 1025 GeV 11. Since the BICEP2 measurement of the tensor-to-scalar ratio r 12

implies the inflation scale to be 1016 GeV, the Higgs field should fluctuate up to this value during
inflation 13. Therefore, its a miracle that we live in the tiny local minimum around the origin
not in the global minimum of the SM potential.

There are two logical explanations to this puzzle. First, if the SM Higgs potential is indeed
as shown in Fig. 4, the Higgs must couple to inflaton φ with a positive portal coupling λφhφ

2H2

that quickly drives the Higgs field value to h = 0 during inflation 14. In this case we, indeed,
live in the metastable vacuum. Alternatively, the SM vacuum could, in fact, be stable since new
physics cures the problem. There are two known solutions. First, Higgs portal type coupling to
a new singlet scalar S, λShS

2H2, is large enough to contribute positively to the running of Higgs
quartic λ so that it never runs negative 15. Second, if the singlet S gets a vev, the Higgs quartic
λ receives a tree level threshold correction and remains positive 16,17. For a detailed treatment
of this subject see 18.

5 Conclusions

Although the present LHC and Tevatron scalar boson data prefer the SM Brout-Englert-Higgs
boson, there are compelling reasons to believe that the newly discovered boson provides a portal



to new physics. New collider experiments, Dark Matter searches and cosmological observations
may shed light on this possibility.
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WHERE COULD BEYOND THE SM PHYSICS HIDE
IN THE SCALAR SECTOR?

Alex Pomarol

Dept. de F́ısica, Universitat Autònoma de Barcelona, 08193 Bellaterra, Barcelona

Assuming that the new-physics scale is larger than the electroweak scale, as present experi-
ments seems to suggest, we can use the predictive power of the effective field theory approach
to know where to primarily look for new physics in future Higgs searches. We present a phys-
ical parametrization of the leading effects beyond the SM (BSM), that give us at present the
best way to constrain heavy new-physics at low-energies. We show that other BSM effects are
not independent from these ones, and we provide the explicit correlations.

1 Introduction

The absence at the LHC of new physics beyond the SM (BSM) suggests that the characteristic
scale of new-physics Λ must be heavier than the electroweak (EW) scale. Assuming this, one
can obtain an SM effective-theory as an expansion in SM fields and derivatives over Λ:

Leff = L4 + L6 + · · · , (1)

where L4 is made of dimension-4 operators and defines what we call the SM Lagrangian, while
L6, that contains dimension-6 operators 1,2, gives the leading BSM effects. a While the predic-
tions from L4 have been fully addressed and tested experimentally, it becomes now crucial to
understand what are the complete predictions from L6.

This is the main goal of this talk, that is based on the work of 3, and previous works of 4,5.
We will follow here a bottom-up approach and take as our starting point all possible interactions
among SM fields that can be induced by BSM physics. We will see that not all these interactions
can be obtained from L6 and, of the possible ones, not all of them are independent. We will
present the set of independent new-interactions that can arise from L6 and are, at present, the
experimentally best tested ones. This set of physical quantities, that give us the best way to
constrain new physics, will be called BSM primary effects. Our main result will be to show which
new-physics effects are not independent and are instead correlated with the BSM primaries (see
also Ref. 6). This information can be useful to understand where to prioritize new physics
searches. Furthermore, in the future, if a deviation from the SM is measured, the correlations
that we present will tell us where other BSM effects have to be found.

aAssuming lepton and baryon number conservation.



2 CP-conserving BSM primary effects

2.1 ĥ-dependent BSM effects

We start considering BSM-effects that can be parametrized as ĥ-dependent interactions, where
ĥ is the neutral component of the Higgs-field:

ĥ ≡ v + h(x) , (2)

where v ' 246 GeV is the Higgs vacuum expectation value (VEV) and h the Higgs excitation.
We first consider those CP-conserving effects which affect interactions involving only h, that
arise from dimension-6 operators generated by multiplying operators in L4 by |H|2/Λ2 (H being
the Higgs doublet). In the unitary gauge, that will be used henceforth, these effects can be
captured by promoting the SM parameters, that we take to be e, sθW , gs, Yf , λh, and the Higgs

kinetic-term Zh, b to ĥ-dependent functions:

e(ĥ), sθW (ĥ), gs(ĥ), Yf (ĥ), λh(ĥ), Zh(ĥ) . (3)

These functions can be expanded in powers of ĥ2/Λ2, e.g. e(ĥ) = e+δe ĥ2/v2 + · · · , where (here
and in what follows) we absorb powers of v2/Λ2 in the expansion coefficients. In the vacuum
ĥ = v, Eq. (3) only implies a redefinition of the SM parameters with no impact on physical
processes, i.e., these effects can only be probed in Higgs physics. To understand the effects
from e(ĥ), sθW (ĥ), gs(ĥ), it is convenient to write the SM gauge-interactions in a non-canonical
way, since this is suitable to accommodate space-time dependent couplings while keeping gauge-
invariance manifest. For the EW sector this is given by

LEW = − 1

4e2(ĥ)

(
Aµν + s2

θW
(ĥ)Zµν

)2
−
c2
θW

(ĥ)

4g2(ĥ)
Z2
µν −

1

2g2(ĥ)
W+
µνW

−µν

+
ĥ2

4

[
W+
µ W

−µ +
1

2
ZµZµ

]
+AµJ

µ
em + ZµJ

µ
3 +W+

µ J
µ
+ +W−µ J

µ
− , (4)

where g(ĥ) ≡ e(ĥ)/sθW (ĥ), and we have defined Jµ± = (Jµ1 ± iJ
µ
2 )/
√

2, Jµem = Jµ3 + JµY , Zµν =

Ẑµν − iW+
[µW

−
ν] , Aµν = Âµν , W±µν = Ŵ±µν ± iW±[µ(A + Z)ν] with V̂µν = ∂µVν − ∂νVµ, and Jµa

(a=1, 2, 3) and JµY being respectively the SU(2)L and U(1)Y currents. In the vacuum ĥ = v,
Eq. (4) gives the SM EW-interactions after substituting Aµ → Aµ − s2

θW
(v)Zµ and canonically

normalizing the gauge-boson fields. The two independent deviations w.r.t. the SM, parametrized
by e(ĥ) and sθW (ĥ), can be projected orthogonally into two different physical processes, that we
choose to be h→ γγ and h→ Zγ for the accuracy to which they are experimentally constrained.
Indeed, a hγγ coupling can arise from the ĥ-dependence of e with constant sθW :

e(ĥ) = e(1 + κγγ
ĥ2

v2
) , sθW (ĥ) = sθW , (5)

that plugged into Eq. (4) gives, in the canonical basis, the BSM-terms:

∆Lhγγ = κγγ

(
h

v
+

h2

2v2

)[
AµνA

µν + ZµνZ
µν + 2W+

µνW
−µν

]
, (6)

where now and henceforth Zµν = Ẑµν − igcθWW
+
[µW

−
ν] , Aµν = Âµν − igsθWW

+
[µW

−
ν] and W±µν =

Ŵ±µν±igW±[µ(sθWA+cθWZ)ν]. The first term of Eq. (6) contains a hγγ coupling and corresponds

bThe effect of |H|2/Λ2 multiplying the SM fermion kinetic-terms is redundant as can be eliminated by a
redefinition of the SM fermions.



to our first BSM primary effect: it defines the best observable that can be used to bound all
terms in ∆Lhγγ . Indeed, from the experimental value of h → γγ 7 we obtain bounds on κγγ at
the per-mille level 5.

On the other hand, we can take, orthogonally to Eq. (5), the direction

e(ĥ) = e , s2
θW

(ĥ) = s2
θW

(1− κZγ
ĥ2

v2
) , (7)

that in Eq. (4) gives the BSM-induced interactions

∆LhZγ = κZγ

(
h

v
+

h2

2v2

)[
tθWAµνZ

µν +
c2θW

2c2
θW

ZµνZ
µν +W+

µνW
−µν

]
. (8)

The first term of Eq. (8) defines another BSM primary effect: its contribution to the hZγ
coupling, that is constrained by h→ Zγ searches. Similarly, taking the SU(3)c coupling gs(ĥ) =
gs(1 + κGGĥ

2/v2), one obtains

∆LhGG = κGG

(
h

v
+

h2

2v2

)
GAµνG

Aµν , (9)

whose first term modifies the hGG coupling measured in GG→ h7, that leads also to a per-mille
bound on κGG

5. Also, from Yf (ĥ) and λh(ĥ), we obtain

∆Lhff = δghff

(
hf̄LfR + h.c.

)(
1 +

3h

2v
+

h2

2v2

)
,

∆L3h = δg3h h
3

(
1 +

3h

2v
+

3h2

4v2
+

h3

8v3

)
, (10)

with δghff = − v√
2
∂hYf (ĥ) and δg3h = −v2∂hλh(ĥ), whose BSM primary effects are respectively

the contributions to the hff and h3 interactions. Finally, from Zh(ĥ) we obtain, by going to
the canonical basis, and up to a redefinition of δghff and δg3h in Eq. (10), the BSM-effect

∆LhV V = δghV V

[
h

(
W+µW−µ +

ZµZµ
2c2
θW

)
+ ∆

]
, (11)

where

∆ =

(
W+µW−µ +

ZµZµ
2c2
θW

)(2h2

v
+

4h3

3v2
+

h4

3v3

)
+

m2
h

12m2
W

(
h4

v
+

3h5

4v2
+

h6

8v3

)
+

mf

4m2
W

(
h2

v
+

h3

3v2

)(
f̄LfR + h.c.

)
, (12)

The first term of Eq. (11) gives a contribution to the custodial-preserving coupling hV V (V =
Z,W ) and determines another BSM primary effect. This coupling can be measured, for example,
in WW → h.

It is important at this point to stress that, by construction, the different ∆Li are orthogonally
projected into different BSM primary effects, and none of the terms in a given ∆Li contributes
to other BSM primaries that is not its own (e.g., no term in ∆Lhγγ contributes to the hZγ, hGG,
hff , h3 nor hV V coupling). The additional terms in each ∆Li, beyond the BSM primary effect,
tell us what physical processes are not independent and are instead correlated with the BSM
primaries. This can be useful if a departure from the SM predictions is observed: for example,
if only a deviation in h → γγ is measured, Eq. (6) tells us that there must also be departures



in h → ZZ/WW . Alternatively, if no deviations from the SM are found in the BSM primary
effects, these relations can be used to put constraints on the size of the other terms in ∆Li.

Having presented all possible interactions achieved by an ĥ-dependent shift in the SM pa-
rameters, we study next the set of possible (CP-conserving) BSM contributions that can lead
to departures from gauge-coupling universality. How many effects of this type can we have?
Since EM and SU(3)c must be unbroken, only the W and Z couplings can receive deviations
from the SM. Assuming for simplicity family universality we have, in principle, 9 gauge-boson
couplings to fermions (the Z couplings to eL,R, νL, uL,R, dL,R and the W couplings to eLνL and

uLdL), the Z coupling to ĥ, c and triple-gauge (TGC) and quartic-gauge (QGC) self-couplings.
We must however keep in mind that not all deviations in these couplings are independent from
each other, since a linear combination of all these corresponds to the universal shift of Eq. (7).

Let us first look at the 10 gauge-boson couplings to fermions and to the Higgs-field ĥ. In the
gauge eigenstate basis, corrections to these couplings arise from the ĥ-dependent interactions

ĥ2V a
µ J

µa
f , ĥ2ηaV a

µ J
µ
Lf , ĥ2ηaV a

µ J
µ
Rf , (13)

ĥ4ηaηbV a
µ V

µ b , ĥ4ηaηbV a
µ J

µ b
L f , (14)

where V a
µ ≡ W a

µ − tθW δ
a3Bµ (to preserve EM) and, to make the global SU(2)L properties

manifest, we have separated the interactions in which the Higgs enters as a singlet, ĥ2, or as a
triplet,

ĥ2ηa ∈ H†σaH , with ηa = (0, 0, 1) . (15)

The lepton currents are Jµaf = L̄Lσ
aγµLL, JµLf = L̄Lγ

µLL and JµRf = ēRγ
µeR, and similarly

for quarks. All terms of Eq. (13) can arise from L6 built as products of fermion currents and
Higgs currents, these latter being, in the unitary gauge,

JH µ = iH†
↔
DµH = −g ĥ

2

2
ηaV a

µ , JaH µ = iH†σa
↔
DµH = g

ĥ2

2
V a
µ . (16)

Similarly, the first term of Eq. (14) can arise from JH µJ
µ
H . On the other hand, the second term

in Eq. (14), containing four Higgs, can only arise from a dimension-8 operator and can then
be neglected. This has the implication that, at the leading order (L6), BSM-effects in the W
couplings are not independent from those in the Z couplings.

There are many ways to connect the BSM-effects of Eq. (13) to experiments. Since the best
constraints on V ff vertices come from measurement of the couplings at the Z-pole by LEP, it is
convenient to parametrize the effects of Eq. (13) as modifications of the Z couplings to fermions:

∆LVee = δgZeR
ĥ2

v2
ZµēRγµeR (17)

+ δgZeL
ĥ2

v2

[
ZµēLγµeL −

cθW√
2

(W+µν̄LγµeL + h.c.)

]
+ δgZνL

ĥ2

v2

[
Zµν̄LγµνL +

cθW√
2

(W+µν̄LγµeL + h.c.)

]
,

cWe do not independently consider the W coupling to ĥ, since this is equivalent to considering the custodial-
preserving combination ĥ2(WµWµ + ZµZµ/2c

2
θW

) that does not break the EW symmetry and has already been
accounted for in Eq. (11).



for leptons, and similarly for quarks:

∆LVqq = δgZuR
ĥ2

v2
ZµūRγµuR + δgZdR

ĥ2

v2
Zµd̄RγµdR

+ δgZdL
ĥ2

v2

[
Zµd̄LγµdL −

cθW√
2

(W+µūLγµdL + h.c.)

]
+ δgZuL

ĥ2

v2

[
ZµūLγµuL +

cθW√
2

(W+µūLγµdL + h.c.)

]
. (18)

Notice that, as discussed above, modifications to the W couplings are explicitly related to
modifications to the Z couplings.

It remains to consider the independent effect of the first term of Eq. (14). We consider it in
the following linear combination (that includes also terms of Eq. (13)):

−δgZ1 c
2
θW

ĥ2

v2

[
g2ĥ2

2

(
W+
µ W

−µ +
c2θW

2c4
θW

ZµZ
µ
)

+ g(W−µ J
µ
− + h.c.) +

gc2θW

c3
θW

ZµJ
µ
Z + 2etθWZµJ

µ
em

]
,

(19)
where JµZ = Jµ3−s2

θW
Jµem. Why this particular combination? This is obtained by performing the

EM-preserving shift

s2
θW
→ s2

θW
(1 + 2δgZ1 c

2
θW
ĥ2/v2) (keeping e constant) , (20)

only in the SM gauge-couplings of the fermions and ĥ. In the vacuum ĥ = v (freezing the Higgs
h), the effects in Eq. (19) can only be probed as a relative difference of sθW as measured in

the fermion and ĥ sector (V ff couplings and gauge-boson masses), with respect to the value
as measured in interactions involving gauge bosons only. Therefore it requires the knowledge
of TGC/QGC. Indeed, by field redefinitions, the non-Higgs physics part of Eq. (19) can be
rewritten as a contribution to the VWW coupling (gV ) and V V ′WW coupling (gV V

′
) only.

This explicitly gives

δgZ1 =
δgZ

gZSM
=

δgWW

2c2
θW
gWW
SM

=
δgZZ

2gZZSM
=
δgγZ

gγZSM
. (21)

where δgZ1 has been chosen to match the TGC definition of Ref. 8. Eq. (19) gives however also
a contribution to the custodial-preserving hV V coupling that defines one of our BSM primary,
δghV V . To eliminate this, we redefine δghV V → δghV V + g2vδgZ1 c

2
θW

in Eq. (11), that gives an

extra contribution proportional δgZ1 to be added to Eq. (19). The final result is

∆LgZ1 = δgZ1

[
igcθW

(
Zµ(W+νW−µν − h.c.) + ZµνW+

µ W
−
ν

)
+

e2v

2c2
θW

hZµZ
µ

− 2c2
θW

h

v

(
g(W−µ J

µ
− + h.c.) +

gc2θW

c3
θW

ZµJ
µ
Z + 2etθWZµJ

µ
em

)(
1 +

h

2v

)

− g2c2
θW

(
W+
µ W

−µ +
c2θW

2c4
θW

ZµZ
µ
)(5

2
h2 + 2

h3

v
+

h4

2v2

)
+ g2c2

θW
v∆

]
. (22)

The interesting property of our parametrization in Eqs. (17,18,22) is the following. Since
BSM-effects to SM propagators can always be eliminated through the equations of motion
(EOM), there is a one to one correspondence between each of the δgZf of Eqs. (17,18) and

the corresponding Γ(Z → ff) partial-width measured at LEP1 9. d Therefore all the 7 param-
eters δgZf can be bounded at the per-mille level by Z decay-widths and asymmetries at LEP1,

dThis is true in the limit in which mf is neglected, so that interference with dipole-type BSM effects vanishes.



using αem, mW and mZ as the SM input parameters. This latter choice makes the phenomeno-
logical analysis particularly transparent, since these input parameters receive no corrections
from BSM-effects. e On the other hand, δgZ1 is constrained by TGC measurements at LEP2 10

and LHC. Although a global analysis on the L6 contributions to TGC, using all existing data,
does not exist yet, we expect that bounds on δgZ1 can reach at present the per-cent level 11,12.
Eq. (22) gives also contributions to Higgs physics, such as a custodial-breaking hV V coupling or
new effects to h→ V f̄f that could be also used to constrain δgZ1 . We believe however that when
rigorous analyses of both TGC and Higgs physics (on the lines of Ref. 13) will be available, TGC
constraints will always outdo Higgs physics ones 12, so that our parametrization will remain the
most convenient.

Apart from Eq. (13), there can also be BSM-induced interactions between fermion and gauge-
bosons of a different type than those in the SM. These include couplings of W to right-handed
quarks and dipole-type interactions, that we parametrize as

∆LWR = δgWR
ĥ2

v2
W+
µ ūRγ

µdR + h.c. , (23)

∆LVdipole =
Yqĥ

m2
W

[
δκGq q̄LT

AσµνqRG
A
µν + δκAq (T3q̄Lσ

µνqRAµν +
sθW√

2
ūLσ

µνdRW
+
µν)

+ δκZq (T3q̄Lσ
µνqRZµν +

cθW√
2
ūLσ

µνdRW
+
µν) + h.c.

]
,

for quarks q = u, d, where the coefficients are assumed to be real and T3 denotes weak isospin
(and similarly for leptons). Note that the dipole interactions with W are not independent from
those of A and Z, as the term that splits these dipole interactions, ĥ2ηaW

a
µν ĥq̄Lσ

µνqR, arises at
dimension-8.

Let us now move to TGC and QGC. At O(p4) there are 4 possible CP-conserving TGC
couplings and 5 QGC14, but not all can arise from L6. We already encountered one with the same
Lorentz structure as in the SM: ∆LgZ1 that led to Eq. (21). Other contributions could in principle

arise from L6 operators containing covariant derivatives and/or field-strengths. However, by
integration by parts and using the EOM, one can reduce them to dimension-6 operators with
only field-strengths 2. The only operators at O(p4), made of field-strengths and contributing to
EWSB, are

ĥ2ηaW a
µνB

µν , ĥ4ηaηbW a
µνW

b µν . (24)

The second one involves four Higgs and cannot arise from dimension-6 operators, while the first
one gives

ĥ2ηaW a
µνB

µν = ĥ2
[
Ŵ 3
µνB

µν + 2igcθWW
−
µ W

+
ν (Aµν − tθWZ

µν)
]
. (25)

The second term clearly contains a new dipole-type TGC for the W , that can be identified with
δκγ of Ref. 8. Since Eq. (25) also contains contributions to other BSM primaries (such as the
S-parameter and h→ γγ, Zγ), we must arrange a linear combination that does not project into
them. We find that

∆Lκγ =
δκγ
v2

[
ieĥ2(Aµν − tθWZµν)W+µW−ν + Zν∂µĥ

2(tθWA
µν − t2θWZ

µν)

+
(ĥ2 − v2)

2

(
tθWZµνA

µν +
c2θW

2c2
θW

ZµνZ
µν +W+

µνW
−µν
)]
, (26)

gives us the combination that we were looking for: it projects into a new BSM primary effect,
the TGC δκγ

8, but not into previous ones.

eFour-fermion interactions in L6 (which have no direct relation with Higgs physics and can therefore be studied
separately) affect the value of GF as extracted through the measurement of µ-decay. For this reason the traditional
choice of using GF to fix one input parameter is less convenient than the one we propose here.



The list of the ĥ-dependent interactions presented so far is in principle not complete. We
could also have dimension-6 interaction terms of the following type: (∂µĥ)2V νVν , ∂µĥV

µVνV
ν ,

(∂µĥ)Vν f̄Lσ
µνfR and ĥVµV

µf̄LfR (other ones can be reduced to previous ones by redefinitions
or partial integration). Nevertheless, it is easy to check that none of these terms can arise from
operators in L6 independent from the ones introduced before.

2.2 ĥ-independent BSM effects

The list of CP-even independent effects is completed by 4-fermion interactions ∆L4f and O(p6)
interactions, both of which cannot contain the Higgs-field ĥ if they arise from dimension-6 opera-
tors (they preserve the SM symmetries). The relation of 4-fermion interactions with experiments
is straightforward and they do not interfere with the observables determining our previous BSM
primaries (see footnote e). The complete list can be found in Ref. 2. On the other hand, we
have two O(p6) interactions, εabcW

a ν
µ W b

νρW
c ρµ and εABCG

Aν
µ GBνρG

C ρµ, since terms with only
two gauge field-strengths can be eliminated by EOM. In the physical basis these are given by

∆Lλγ =
iλγ
m2
W

[
(eAµν + gcθWZ

µν)W−ρν W+
ρµ

]
,

∆L3G = κ3GεABCG
Aν
µ GBνρG

C ρµ . (27)

The former projects onto the TGC observable λγ defined in Ref. 8 and can interfere with the
extraction of δgZ1 and δκγ from ff →WW 11.

3 CP-violating BSM primary effects

For completeness, we also briefly comment on CP-violating interactions ∆LCPV, beyond those
in ∆L4f : these can easily be obtained from the CP-even ones of Eq. (10) and Eq. (23) by
δghff → iδghff , δgWR → iδgWR , δκVq → iδκVq , and by substituting one of the field strengths

with its dual (Vµν → Ṽµν) in each term of Eqs. (6), (8), (9), (26) and (27).

4 Conclusions

The Lagrangian up to dimension-6 operators can be written as L = LSM + ∆LBSM with

∆LBSM = ∆Lhγγ + ∆LhZγ + ∆LhGG + ∆Lhff + ∆L3h + ∆LhV V + ∆LVee + ∆LVqq
+ ∆LWR + ∆LVdipole + ∆LgZ1 + ∆Lκγ + ∆Lλγ + ∆L3G + ∆L4f + ∆LCPV . (28)

The first term of each ∆Li gives a BSM primary effect which sets, at present or in the near future,
the most compelling constraint on the coefficient of ∆Li. Notice that ∆LBSM only includes
interaction terms, as BSM contributions to propagators have been eliminated through the EOM,
making the connection between BSM primaries and observables particularly transparent. The
main predictions from Eq. (28) are: the Wff and Zff vertices are related (Eqs. (17,18)); the
W dipole-type interaction for the fermions are related to those of A and Z (Eq. (23)); there are
only 3 types of CP-conserving TGC, characterized by δgZ1 , δκγ and λγ

8, while QGC are related
to them by Eqs. (21,27); there are only 8 Higgs BSM primary effects (for one family) 4 while all
other Higgs interactions are related to BSM primaries 5,15. In particular, we find that the test
of the custodial symmetry used at LHC 16 defined as

λ2
WZ ≡

Γ(h→WW (∗))

ΓSM(h→WW (∗))

ΓSM(h→ ZZ(∗))

Γ(h→ ZZ(∗))
, (29)

is given by (neglecting δgZf whose bounds are at the per-mille level)

λ2
WZ − 1 ' 0.6δgZ1 − 0.5δκγ − 0.4κZγ . (30)

Similar analysis can be done for h→ V ff 5.
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Beyond the Standard Model Higgs Searches at the LHC
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This article presents recent results from the ATLAS and CMS collaborations on searches
for Higgs bosons from different theoretical scenarios beyond the standard model (BSM). No
excesses above background expectations are observed and the data are used to constrain
the parameters of BSM models including the Two Higgs Doublet Model and the Minimal
Supersymmetric Standard Model.

1 Introduction

The ATLAS and CMS experiments at the Large Hadron Collider (LHC) have performed many
measurements of the properties of the Higgs boson particle measured to have a mass around
125.5 GeV. Studies of its spin and parity measurements of its couplings strongly suggest that
it is the Higgs boson of the standard model (SM). An important question is whether there is
only one Higgs doublet, as predicted by the SM, or whether the Higgs sector is extended. In
many beyond the standard model (BSM) theories more than one Higgs boson is predicted, one
of which has SM-like properties. The “hierarchy problem” of the low Higgs boson mass and
the nature of dark matter are not answered in the SM and motivate the possible existence of
additional particles or interactions.

There are a large number and variety of BSM models. For example, these include Two Higgs
Doublet Models (2HDM) 1,2,3,4 which extend the SM Higgs sector with an additional doublet.
2HDMs predict the existence of five Higgs bosons: two neutral CP-even bosons h and H, one
neutral CP-odd boson A, and two charged bosons H±. The Glashow-Weinberg 5 condition is
satisfied by four types of 2HDMs which differ in the way each Higgs doublet couples to vector
bosons and fermions. For example, in Type I models, one doublet couples to vector bosons while
the other couples to fermions. Both Higgs doublets acquire vacuum expectation values, v1 and v2
respectively. Their ratio is denoted by tanβ ≡ v2/v1, and they satisfy v21+v22 = v2 ≈ (246 GeV)2.
The Higgs sector of the 2HDM model can be described by six parameters: four Higgs boson
masses (mh, mH , mA, and mH±), tanβ, and the mixing angle α of the two neutral, CP-even
Higgs states.

Supersymmetric models provide a means to solve the hierarchy problem by introducing su-
perpartner particles whose radiative corrections to the Higgs boson mass cancel those of the
corresponding SM particles. One example of this model is realized in the Minimal Supersym-
metric Standard Model (MSSM) 6,7,8 which requires two Higgs doublets, one coupling only to
up-type quarks and the other only to down-type quarks and leptons. In its simplified form the
MSSM is fully described by the parameters mh, mA and tanβ.

The search for BSM Higgs bosons can be performed in two ways. Firstly, the measurements
of the couplings of the Higgs boson can be interpreted within the context of BSM models and



used to place limits on the parameters of those models. Secondly, direct searches for additional
neutral or charged Higgs bosons can be performed. The following sections highlight recent
results from ATLAS and CMS using both approaches.

2 Constraints via Higgs Boson Coupling Measurements

The ATLAS collaboration recently produced constraints 9 on various extensions of the standard
model by using the measured production and decay rates of the Higgs boson in the h → γγ,
h → ZZ∗ → 4l, h → WW ∗ → lνlν, h → ττ and h → bb̄ channels, the measured mass in
the h → γγ and h → ZZ∗ → 4l decay modes, and the measured upper limit on the rate
of the Zh → ll + Emiss

T process. The data is interpreted within a number of BSM models:
2HDM, simplified MSSM, mass scalings of couplings, minimal composite Higgs, an additional
electroweak singlet and the Higgs portal to dark matter. Some examples of the ATLAS results
are given below.
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Figure 1 – Regions of the (cos(β −α), tanβ) plane of Type I(left) and Type II(right) 2HDMs excluded by fits to
the measured rates of Higgs boson production and decays. The likelihood contours, corresponding approximately
to 95% CL (2σ), are indicated for both the data and the expectation assuming the SM Higgs sector. The cross
in each plot marks the observed best-fit value. The light shaded and hashed regions indicate the observed and
expected exclusions, respectively.

The Higgs boson rate measurements in different production and decay modes are interpreted
in each of the four types of 2HDMs assuming that the observed new particle with mass mh ∼
125.5 GeV is the light CP-even neutral Higgs boson h. This is done by rescaling the production
and decay rates as functions of the couplings to vector bosons (κV ), up-type fermions (κu),
down-type fermions (κd), and leptons (κl). These couplings are in turn expressed as a function
of the underlying parameters, the two angles β and α. Here it is also assumed that the decay
modes are the same as those for the SM Higgs boson.

Figure 1 shows the regions of the (cos(β − α), tanβ) plane that are excluded at 95% CL or
greater for two example types of 2HDMs, overlaid with the expected exclusion limits obtained



by assuming the SM Higgs sector. The observed and expected exclusion regions in cos(β − α)
depend on the particular functional dependence of the couplings on β and α, which are different
for each of the two types of 2HDMs. The data are consistent with the SM-like alignment limit
at cos(β − α) = 0 within ∼1–2σ for each of the models.

2.2 Simplified MSSM

The coupling data is interpreted in terms of a simplified MSSM model. By taking the trace of
the mass mixing matrix, neglecting sub-leading corrections and evaluating the light Higgs boson
mass at mh = 125.5 GeV, the mass mixing matrix is fully determined by mA and tanβ. The
matrix is diagonolized to find the eigenvectors which allow the Higgs boson couplings κV , κu,
and κd, as ratios to the corresponding SM expectations, to be determined as functions of mA

and tanβ only.
The two-dimensional likelihood scan in the (mA, tanβ) plane for this simplified MSSM model

is shown in Fig. 2 (left). The observed (expected) lower limit at 95% CL on the CP-odd Higgs
boson mass is mA > 400 GeV (280 GeV) for 2 ≤ tanβ ≤ 10, with the limit increasing to larger
masses for tanβ < 2. Note that the results reported here pertain to the simplified MSSM model
studied. The MSSM includes other possibilities such as Higgs boson decays to supersymmetric
particles, decays of heavy Higgs bosons to lighter ones, and effects from light supersymmetric
particles 10 which are not studied here.
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Figure 2 – Left: Regions of the (mA, tanβ) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours, corresponding approximately to 95% CL
(2σ), are indicated for the data and expectation assuming the SM Higgs sector. The light shaded and hashed
regions indicate the observed and expected exclusions, respectively. Right: Two-dimensional likelihood scan of the
mass scaling factor, ε, and the vacuum expectation value parameter, M . The likelihood contours, corresponding
approximately to 68% CL (1σ) and 95% CL (2σ) respectively, are shown for both the data and the prediction for
a SM Higgs boson. The best fit to the data and the SM expectation are indicated as × and + respectively.

2.3 Mass Scaling of Couplings

The observed rates in different channels are used to determine the mass dependence of the
Higgs boson couplings to other particles. The couplings are parametrized using scale factors
denoted κi, which are defined as the ratios between the couplings and their corresponding SM
values evaluated at mh = 125.5 GeV. The coupling scale factors for different fermion and vector
boson species, respectively, are expressed in terms of a mass scaling parameter ε and a “vacuum
expectation value” parameter M 11:

κf,i = v
mε
f,i

M1+ε

κV,j = v
m2ε
V,j

M1+2ε ,
(1)



where v ≈ 246 GeV is the vacuum expectation value in the SM, mf,i denotes the mass of each
fermion species (indexed i), and mV,j denotes each vector boson mass (indexed j). The mass-
scaling dependence of the couplings, and the vacuum expectation value, of the SM are recovered
with parameter values ε = 0 and M = v, which produce κf,i = κV,j = 1.

Combined fits to the measured rates are performed with the mass scaling factor ε and the
vacuum expectation value parameter M as the two parameters of interest. Figure 2(right) shows
the two-dimensional likelihood scan as a function of ε and M . The best-fit point is compatible
with the expectation for the SM Higgs boson within approximately 1.5σ. The extracted value
of ε is close to zero, indicating that the measured couplings to fermions and vector bosons are
consistent with the linear and quadratic mass dependences, respectively, predicted in the SM.

3 Direct Searches

3.1 Search for H → hh and A→ Zh

The CMS collaboration recently produced results 12 on direct searches for the heavy neutral
scalar H → hh and pseudo-scalar A → Zh Higgs bosons where the standard model-like Higgs
boson h decays to either multilepton or diphoton final states. The multilepton events with
or without diphoton candidates are organized into exclusive search channels based on event
properties such as number of leptons, photons, opposite-sign same-flavour dilepton pairs, number
of hadronic τ candidates and number of b-tags. The events are further categorized by whether
they are consistent with being on or off the Z-mass shell and are then binned in intervals of
missing transverse momentum. The observed number of events for all categories is found to be
consistent with the Standard Model expectation and is used to place 95% CL limits on the cross
section times branching ratio for the heavy Higgs in the mass range 260 < mH ,mA < 360 GeV.
An upper limit of 7 pb is placed on σ ×B for H → hh and 2 pb on A→ Zh. The limits can be
used to exclude significant portions of the 2HDM parameter space. For example, the observed
and expected exclusions are shown for the Type I and Type II 2HDM models in Figure 3.
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Figure 3 – The observed and expected exclusion limits with 1 and 2 σ bands for the Heavy Higgs (mH = mA =
300 GeV) in the 2HDM model for Type I (left) and Type II (right). The region below the observed limit line is
excluded.

3.2 Search for t→ cH

The large cross section for top production at the LHC combined with the top quark having the
largest coupling to the Higgs sector provides an ideal opportunity to investigate the coupling of
the top quark to the Higgs boson. In the SM the flavour changing decay of the top quark to a
Higgs boson and charm quark is highly suppressed due to the GIM mechanism 13 and second-
third generation mixing, which results in a branching ratio in the region of 10−13 − 10−15.



The CMS collaboration recently produced results 14 on this rare flavour-changing decay by
interpreting results on Heavy Higgs boson searches using multilepton 15 and diphoton 12 final
states. No significant excess of events above the background expectations are observed in the
data and a limit of B(t→ cH) < 0.56% is obtained. The limit on the branching fraction can be
converted to a bound on the left and right handed top-charm flavour violating Higgs Yukawa
couplings of

√
|λtc|2 + |λct|2 < 0.14. The ATLAS collaboration also recently released final Run

I results 16 on the t→ cH decay where the Higgs boson decays to two photons. This yielded an
observed(expected) branching ratio 95% CL limit of B(t → cH) < 0.79(0.51)% and a limit on
the Yukawa coupling λt→cH < 0.17(0.14).

3.3 Search for tHq

The production of a Higgs boson in association with a single top quark is also sensitive to the
top-Higgs boson coupling. A negative coupling of the Higgs boson to fermions (Ct = −1) is not
fully excluded by fits to the current Higgs data and implies an enhanced rate of around a factor
15 in tHq production plus a doubling of the Higgs to diphoton decay rate. A high rate is also
expected in some BSM models such as a composite Higgs with a heavy top partner decaying to
tH. The CMS collaboration has recently obtained results 17 searching for tHq production with
H → γγ and t→ blν decays. The analysis is optimized through the use of a likelihood function
in order to reduce the ttH background which results in an expected significance of 1.2σ. No
events are observed in the data leading to 95% CL limits on the cross section multiplied by
the branching ratio B(H → γγ) of 4.1 times the expectation for a negative Yukawa coupling
Ct = −1.

3.4 MSSM Higgs Searches to ττ

The CMS collaboration has recently performed searches18 for the neutral MSSM Higgs (H,A, h)
with the h decaying to a ττ lepton pair. To enhance the sensitivity to neutral MSSM Higgs
bosons the search includes the case where the Higgs boson is produced in association with a
b-jet. No excess above the expected SM background is observed and so the measurements are
used to place limits on MSSM models. For example, the limit on the MSSM mmax

H scenario is
shown in Figure 4(left) as a function of mA. The excluded region extends down to tanβ = 4.2
for mA = 140 GeV and starts to close the parameter space between limits set previously at LEP
for lower values of tanβ.

3.5 Charged Higgs Searches

In addition to searches for neutral Heavy Higgs bosons searches are also performed for Heavy
charged Higgs bosons. The production mode depends heavily on the mass of the heavy Higgs
mH relative to the mass of the top quark mt. If mH < mt then the charged Higgs boson is most
likely produced via a tt̄ pair where one top quark decays to Wb and the other to Hb. Conversely,
if mH > mt then the heavy charged Higgs boson is most likely produced in association with a
single top quark. The ATLAS collaboration has recently produced results 19 on charged Higgs
searches where H → τν. In the region mH+ < mt a limit is set on the branching fraction
B(t → H+b) of between 0.21 − 0.24% assuming B(H+ → τν) = 1. The limits are used to
exclude regions of the tanβ-m+

H parameter space in MSSM models. As shown in figure 4(right)
a large region of the tanβ-m+

H parameter space is excluded with a significant improvement in
sensitivity being provided by the 2012 dataset compared with that of 2011. In the heavy Higgs
mass range 180 GeV < mH+ < 600 GeV, 95% confidence level upper limits are set on the
production cross section of a charged Higgs boson in the range 0.017-0.9 pb, again with the
assumption that B(H+ → τν) = 1.
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Figure 4 – Left: Exclusion at the 95% CL in the tanβ-mA parameter space for the MSSM mmax
h scenario. The

dark grey(red) line shows the expected exclusion limit for no SM or MSSM Higgs → ττ (a SM Higgs of mass
125.5 GeV but no MSSM Higgs). Right: Exclusion at the 95% CL in the tanβ-mH+ parameter space for a light
charged Higgs H+. For comparison the 2011 limits are overlaid.

4 Summary

Recent results from the ATLAS and CMS collaborations on searches for Higgs bosons from
beyond the standard model are presented. The data is consistently found to be compatible with
the expected SM background. The results of the couplings measurements and direct searches
are used to place limits and constrains on the parameter space of, for example, the Two Higgs
Doublet Model and the Minimal Supersymmetric Standard Model.
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ONE EXTRA COMPLEX SINGLET = STABILITY + DM + INFLATION

K. KANNIKE

National Institute of Chemical Physics and Biophysics, Rävala 10, 10143, Tallinn, Estonia

I show that the most minimal completion of the Standard Model (SM) with stable vacuum is
obtained by extending it with one complex singlet scalar. The model contains a stable dark
matter candidate due to CP conservation without imposing additional discrete symmetries,
and may accommodate inflation at the same time.

1 Introduction

So far, the Large Hadron Collider has discovered nothing but the Brout-Englert-Higgs boson.1,2

There is no sight of supersymmetry or other new physics such as extra dimensions or compos-
iteness. However, there are hints that the SM is not the whole story. The electroweak (EW)
minimum of the SM scalar potential is at best metastable.3,4 In addition to the shallow EW
minimum, there is a much deeper minimum at high energies threatening the universe with a
catastrophic phase transition (see Fig. 1). It also begs the question of initial conditions: why
should we be in the low energy EW minimum after all, if the universe began at a high temper-
ature or high values of scalar fields, including the Higgs boson?
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Figure 1 – Left: Running of the SM gauge, the top Yukawaa and Higgs quartic couplings. Right: The SM scalar
potential.



There are signs of physics beyond the SM, such as dark matter (DM), inflation and baryogen-
esis. Not to mention the hierarchy problem: why are the Higgs mass and its vacuum expectation
value so much smaller than the Planck scale MP where gravity is expected to become strong?

We want to build a minimal extension of SM that takes care of vacuum stability, known
new physics and can alleviate the hierarchy problem.5 Potentially, SM could be valid up to the
U(1)Y Landau pole at 1040 GeV.

Classical scale invariance means that there are only dimensionless couplings in the La-
grangian and especially, only quartic couplings in the scalar potential. As Bardeen has pointed
out,6 one has to be careful and use a renormalisation scheme that respects classical scale invari-
ance, for example, dimensional reduction. Quadratic divergences of the cutoff scale do not exist:
they are artifacts of a badly chosen renormalisation scheme. Classical scale invariance is not
an exact symmetry of the Nature. In general it is broken by the running of gauge and scalar
quartic couplings. An important thing to notice is that the running is logarithmic. This means
that a model can be valid on a large range of energy scales without becoming non-perturbative.

In the SM, the only dimensional term is the Higgs mass term in the scalar potential:

VH = µ2|H|2 + λ|H|4 (1)

The recipe to generate a mass term in a classically scale-invariant model is to introduce a
scalar S that has a portal coupling λSH |S|2|H|2 with the Higgs. The singlet self-coupling λS
runs negative below a scale much lower than MP and generates 〈S〉. This can be easily seen,
considering the running λS as a function of the field S in the scalar potential V (S) = λS(µ ≈
S)|S|4. The mass term for the Higgs boson is generated as µ2 = λSH |〈S〉|2.

Note that if there are no new high scales associated with new particles, there are no large
quantum corrections to the mass of the Higgs boson. Here, one has to assume that gravity
differs in this respect from ordinary particle physics and the Planck scale MP does not induce
quantum corrections.

2 Minimal Extension of the SM

We extend the SM by a complex singlet S = sR+isI . The most general classically scale invariant
potential of H and S, invariant under the CP transformation S → S†, is

V = λH |H|4 + λS |S|4 +
λ′S
2

[
S4 + (S†)4

]
+
λ′′S
2
|S|2

[
S2 + (S†)2

]
+ λSH |S|2|H|2 +

λ′SH
2
|H|2

[
S2 + (S†)2

]
.

(2)

For convenience we go to the basis of real fields,

V =
1

4
λHh

4 +
1

4
λIs

4
I +

1

4
λRIs

2
Is

2
R +

1

4
λRs

4
R +

1

4
λRHh

2s2R +
1

4
λIHh

2s2I (3)

where sR is the real part and sI is the imaginary part of S.
We let the self-coupling of sR run negative at a low scale. Without losing generality, it can

be parametrised as

λR = βλR ln
|sR|
s0

. (4)

The vacuum expectation value (VEV) of sR induces EWSB7 for λRH < 0:

vH ≡ v = vR

√
|λRH |
2λH

, vR ' s0e−1/4. (5)

We want to keep the Higgs portal coupling λRH of sR small as not to induce a large mixing
and and keep the Higgs couplings withing experimental bounds. The imaginary component sI
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1.1 Producing the Hard Copy

The hard copy may be printed using the procedure given below. You should use two files: a

moriond.cls the style file that provides the higher level LATEX commands for the proceedings.
Don’t change these parameters.

moriond.tex the main text. You can delete our sample text and replace it with your own
contribution to the volume, however we recommend keeping an initial version of the file
for reference.

The command for (pdf)LATEXing is pdflatex moriond: do this twice to sort out the cross-
referencing.

Page numbers should not appear.

1.2 Headings and Text and Equations

Please preserve the style of the headings, text fonts and line spacing to provide a uniform style
for the proceedings volume.

Equations should be centered and numbered consecutively, as in Eq. 1, and the eqnarray
environment may be used to split equations into several lines, for example in Eq. 3, or to align
several equations. An alternative method is given in Eq. 2 for long sets of equations where only
one referencing equation number is wanted.

In LATEX, it is simplest to give the equation a label, as in Eq. 1 where we have used
\label{eq:murnf} to identify the equation. You can then use the reference \ref{eq:murnf}

when citing the equation in the text which will avoid the need to manually renumber equations
due to later changes. (Look at the source file for some examples of this.)

The same method can be used for referring to sections and subsections.

1.3 Tables

The tables are designed to have a uniform style throughout the proceedings volume. It doesn’t
matter how you choose to place the inner lines of the table, but we would prefer the bor-
der lines to be of the style shown in Table 1. The top and bottom horizontal lines should
be single (using \hline), and there should be single vertical lines on the perimeter, (using
\begin{tabular}{|...|}). For the inner lines of the table, it looks better if they are kept
to a minimum. We’ve chosen a more complicated example purely as an illustration of what is
possible.

The caption heading for a table should be placed at the top of the table.

aYou can get these files from our site at http://moriond.in2p3.fr/proceedings.php.
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Figure 2 – Left: Feynman diagrams for DM annihilation. Right: The spin-independent cross section vs. DM
mass.

is a candidate of DM since it remains stable due to a Z2 remnant of CP. Its relic density is
determined by the annihilation processes shown in Fig. 2.

The contribution of the Higgs portal to running of λH , ∆βλH ∝ (λ2RH + λ2IH), stabilises the
SM vacuum. Since |λRH | � 1 to avoid large mixing with Higgs, one needs a relatively large
λIH > 0.35 to cure the instability of the SM scalar potential. This requirement together with
experimental constraints from direct detection predict a relatively heavy DM. Fig. 2 plots the
allowed region for different ranges of the value of the coupling λIH together with the XENON100
bound 8 and future projections for XENON1T 9 and LUX/ZEP20.

Of course, a sizable λIH will run faster to non-perturbative values. If λIH > 0.60, the Landau
pole of scalar couplings is brought below MP . To obtain the singlet VEV s0 below 105 GeV,
the coupling λRI > 0.3 if λR ∼ −10−3 at the EW scale. The reason is that the beta function of
λR is dominated by λRI . This is another reason why we need a complex singlet. The running
of the couplings is shown on Fig. 3.
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Both chaotic or hilltop inflation are possible in this model at the cost of fine-tuning the
couplings, namely taking λR < 10−13. See Fig. 4, where the model predictions are shown on the
plane of the tensor-to-scalar ratio r vs. spectral index ns. (Therefore, the model could fit either
the Planck 10 or BICEP2 11 data.) However, since there is a fixed point at λR = λRH = λRI = 0,
this may not be so unnatural.

3 Conclusions

We have considered a classically scale invariant version of the SM extended by a complex singlet.
The mass term of the Higgs boson is generated dynamically via dimensional transmutation. The
singlet is a jack of all trades: it can dynamically induce EWSB, provide a candidate of DM and
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combination of the Planck and BICEP2. Figure courtesy A. Racioppi.

provide the inflaton. The Brout-Englert-Higgs boson provides a portal to the new physics.
Classically scale-invariant models may alleviate the hierarchy problem. Perhaps SM + S

could be valid on all scales. One has to assume that quantum gravity does not couple strongly
to particle physics and that at the Planck scale and at Landau poles, no new fields are intro-
duced and therefore these scales do not induce large corrections in the Higgs boson mass term.
Considering the implications of the recent BICEP2 result for inflation, this looks more realistic.
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Beyond the Standard Model physics:
Strong Susy production searches at ATLAS & CMS

Dr. Pedrame Bargassa

LIP - Av. Elias Garcia 14-1, 1000-149 Lisboa, Portugal

The accumulation of 20 fb−1 of data at 8 TeV has been a unique window for Supersymmetry
searches at the LHC, allowing the ATLAS & CMS collaborations to search for specific super-
symmetric particles. This article covers the search for strong production of supersymmetric
particles in a variety of decay modes as well as channels. It focuses on the search for scalar
quarks of third generation, the lightest scalar top (stop) which might be the only observable
in the case where Supersymmetry is realized in nature, and which can play a unique role in
“naturalness”.

1 Introduction

Supersymmetric (Susy) theories 1 predict the existence of a scalar partner for each standard
model fermion. The search for a rather low energy Susy has special interest in view of the dis-
covery of a light Higgs boson 2, which constrains the Susy parameter space: While a Susy Higgs
is being seriously constrained in the case of a τ -phobic Higgs and for a light supersymmetric
tau (stau), more possibilities subsist for the realization of Susy in the case of a light stop as
an example 3. In the following sections, different searches of Susy performed by the ATLAS
& CMS collaborations at

√
s=8 TeV and in different final states are presented; in each case,

interpretations are provided in terms of sensitivity to the mass of searched supersymmetric par-
ticles. These searches consider strong production processes and cascade decays producing jets,
leptons and missing transverse momentum (Emiss

T ) from unobserved, weakly interacting parti-
cles. Unless specified, the Lightest Supersymmetric Particle (LSP) is assumed to be the lightest
neutralino χ̃0

1, itself assumed to be stable. Interpretation of results are mostly provided in the
context of simplified models where no assumption is made about the mechanism breaking Susy,
thus about the parameters of any underlying supersymmetric theory; different mass hypothesis
about the searched supersymmetric particles are considered, to render the searches as generic
as possible in their interpretation.



Figure 1 – Left: Gluino pair production with the decay: g̃ → ttχ̃0
1. Centre and right: Domain of sensitivity of

the gluino search in the above mentioned decay mode and in different final states in the (m(t̃1),m(χ̃0
1)) plan, for

ATLAS and CMS respectively.

2 Search for gluino pair production

The supersymmetric partner of the gluon, the gluino g̃, benefiting from a large production cross
section (see figure 1), has been and is one of the benchmark particles searched for, from the LEP
until the LHC. The decay mode of the gluino g̃ → qq̃χ̃0

1 has been the most explored; at the LHC
however, the energy reach of the machine allows to search for the gluino in the g̃ → tt̃χ̃0

1 decay
mode, where four top quarks are expected thus allowing to expect a rather low background from
the Standard Model (SM). The search for gluino through such a decay mode also allows, in
case of discovery, cross checks across different final states; the hypothesis of these searches is:
m(g̃)�m(q̃). Both ATLAS and CMS collaborations have searched for gluino pair production
followed by the above mentioned decay mode, this through five final state with different number
of leptons: No excess of data is observed versus the predicted SM background; this absence
is interpreted as 95% Confidence Limit 4 (CL) exclusion of signal as function of the mass of
searched supersymmetric particles. Both experiments exclude the existence of a gluino with a
mass smaller than ∼ 1.3 TeV/c2 this for an LSP mass smaller than ∼ 700 GeV/c2.

3 Third generation squark searches

The searches covered in the previous section are motivated by models of new physics, which
are possible to interpret in many models, including Susy. Being frequently based on selections
requiring high HT (defined as the scalar sum of the pT of all jets reconstructed in the event) and
Emiss

T , they are most of the time sensitive to the production of rather high mass Susy objects such
as gluino and light-flavor squarks, sometimes involving long decay chains. This section covers
the exclusive search for direct production of squarks of third generation, purposefully searching
for a supersymmetric object which is probably at the bottom of the Susy mass chain. Because of
the large mass of the standard model top quark, the mixing between its chiral supersymmetric
partners is the largest among all squarks; therefore the lightest supersymmetric partner of the
top quark, t̃1 (stop), might be the lightest squark producible at the LHC. Furthermore, the stop
sector t̃1,2 is the Susy sector most sensitive to the Higgs mass 5. Finally, the measure of the Cold
Dark Matter (CDM) density 6 gives preference to a particle whose mass is close to the one of
the CDM; in the framework of Susy, this can be the lightest stop with a mass close to the one
of χ̃0

1, natural supersymmetric candidate for the CDM. These arguments in favor of the lightest
stop t̃1 can also be applied to the lightest sbottom b̃1.



Figure 2 – Diagrams of the pair production of the lightest stop t̃1 at the LHC, as considered in searches presented
in this article. Different decay modes are considered: t̃1 → t(∗)χ̃0

1 → bW±χ̃0
1 (left), t̃1 → bχ̃±

1 → bW±χ̃0
1 (center),

t̃1 → cχ̃0
1 (right).

3.1 Stop searches

We present in the two following subsections searches for stop pair production, in different final
states, where the lightest stop t̃1 decays via the t(∗)χ̃0

1 and bχ̃±
1 decay modes, both ultimately

decaying in bW±χ̃0
1; for these decays to take place, the mass of the lightest stop must verify

the condition: m(t̃1) ≥ m(b)+m(W±)+m(χ̃0
1) (see figure 2). If m(t̃1) < m(b)+m(W±)+m(χ̃0

1),
other decays of the lightest stop such as t̃1 → cχ̃0

1 (see figure 2) can dominate; a search for stop
pair production in this latter decay mode is presented in the last subsection of 3.1.

Search for direct stop production in final states with 0 lepton

The search for stop in hadronic final states performed by CMS7 is looking at stop pair production
followed by t̃1 → t(∗)χ̃0

1 decays. It is mainly characterized by the requirement of at least five jets
with transverse momenta pT (j1,2) > 70, pT (j3,4) > 50 and pT (j5) > 30 GeV/c, at least one jet
tagged as stemming from the hadronization of a b quark (b-tagged), and cuts on the difference
between the angle of the three leading jets and the missing transverse momentum vector ~pmiss

T of
the event. Since the main background of this search the top pair production, a reconstruction of
the kinematics of the top is performed to better disentangle this background from the signal: A
system top1 of 3 jets out of 5 is fully reconstructed as originating from the t→ j1W

± → j1j2j3
decay (requiring compatibility of jet invariant masses with the top and W masses), while the
system top2 of remnant jets is partially reconstructed (no full kinematic reconstruction as in the
case of top1) to gain acceptance while kinematically constraining the top quark to some extent.
Then, two transverse invariant masses are formed from these two systems:

M3jet
T = m(top1)⊕ ~pmiss

T , MRsys
T = m(top2)⊕ ~pmiss

T . (1)

The best separation between the SM background and the signal is obtained by considering a
linear combination of these two invariant masses, see figure 3. The final signal regions, where
the signal is more abundantly expected, are defined as function of number of b-tagged jets and
~pmiss
T . No excess of Data events has been observed in these regions, leading to the 95 % CL

exclusion of signal as function of the mass hypothesis on t̃1 and χ̃0
1: As can be observed on figure

3, this search excludes the lightest stop up to ∼ 580 GeV/c2 for LSP mass up to ∼ 180 GeV/c2,
this, within the hypothesis of the t̃1 → tχ̃0

1 decay mode. It has to be noted that since this search
explicitly reconstructs the kinematics of the top quark, it doesn’t have any sensitivity for the
kinematic region where the top of the t̃1 is virtual: m(t̃1)-m(χ̃0

1)<m(t).

The search for third generation squarks in hadronic final states performed by ATLAS8 covers
the search for the lightest stop t̃1 and for sbottom b̃1; the pre-selection is summarized in the table
of figure 4. The data is scrutinized through the following topological and kinematic variables:

• ∆φmin = min(|φ1 − φpmiss
T
|,|φ2 − φpmiss

T
|,|φ3 − φpmiss

T
|); φi: Polar angle of the jet i;



Figure 3 – Results of the CMS stop search in the hadronic final state. Left: Distribution of the linear combi-
nation of the two discriminating variables M3jet

T and MRsys
T , where the contribution of observed data, expected

background and benchmark signal points are shown. Right: Expected and observed sensitivity of the search in
the (m(t̃1),m(χ̃0

1)) plan.

• meff (k) =
∑k

i=1(p
jet
T )i + Emiss

T : Measures of an effective invariant mass;

• HT,3 =
∑n

i=4(p
jet
T )i;

• mbb: Invariant mass of the 2 leading b-tagged jets;

• m2
CT (v1, v2) = [ET (v1) +ET (v2)]

2 − [pT (v1) + pT (v2)]
2, where v1,2 are two b-jets from the

squark decay: mCT measures masses of pair-produced and semi-invisibly decaying heavy
particles: t̃1, b̃1 → Xχ̃0

1.

Signal regions SRA and SRB are conceived as kinematic regions respectively with a large and
small ∆m=m(q̃)-m(χ̃0

1). In SRA, advantage is taken from the larger available phase space to
select events with a high mbb (see benchmark signal point on figure 4); furthermore, differential
cuts are made on mCT to optimize the selection for signal points with different ∆m. In SRB,
advantage is taken from the jet from Initial State Radiation (ISR) which is harder and boosts
to some extent the system: It is required that the leading jet to be more energetic than in
SRA, to be back-to-back to the Emiss

T which is also required to be higher; furthermore, this
leading jet is required not to be a b-tagged jet while the second and third leading jets of the
event are required to be b-tagged, since two b jets are expected both in the pair production of
t̃1 and b̃1. The absence of excess in Data versus the expected SM background is interpreted as
95 % CL exclusion of signal. The interpretation for t̃1 → bχ̃±

1 decays is provided in figure 5
in the (m(t̃1),m(χ̃0

1)) plan, as well as hypothesis about the χ̃±
1 mass: Depending on the mass

of the lightest chargino, stop masses between ∼ 450 and 600 GeV/c2 are 95% CL excluded for
m(χ̃0

1)∼250 GeV/c2; it has to be noted that this search doesn’t have sensitivity in the kinematic
region m(t̃1)≥m(χ̃±

1 )+m(b), where the phase space of the signal is limited: This is due to the
tight cuts made on the transverse momenta of leading jet and Emiss

T (see table in figure 4). The
interpretation of this search for the sbottom is provided in section 3.2.

Search for direct stop production in final states with 1 lepton

The CMS exclusive search for the direct production of the lightest stop in the single lepton final
state 9 considers the decays of the lightest stop in bχ̃±

1 and t(∗)χ̃0
1, both decaying in bW±χ̃0

1.
This search requires an electron or muon with pT > 30 GeV/c, at least four jets with at least
one of them b-tagged, a Emiss

T larger than 100 GeV, and a transverse invariant mass of the
(lepton,Emiss

T ) system larger than 150 GeV. Then discriminating kinematic and topological
variables are fed into Boosted Decision Tree (BDT) in order to maximize the separation between



Figure 4 – ATLAS third generation squark search in the hadronic final state. Top: Pre-selection and definition of
the signal regions SRA and SRB. Bottom: mbb (left) and mCT (center) distributions in the SRA region; Emiss

T

(right) distribution in the SRB region; for all distributions the contribution of observed data, expected background
and benchmark signal points are shown.

Figure 5 – Results of the ATLAS stop search in the hadronic final state: Expected and observed sensitivity of
the search in the (m(t̃1),m(χ̃0

1)) plan. The results are presented for different hypothesis about the mass of the
intermediate lightest chargino: m(χ̃±

1 )-m(χ̃0
1)=20 GeV/c2 and 5 GeV/c2.



Figure 6 – Results of the CMS stop search in the single lepton final state. First row: BDT output distributions for

data, SM background and signal points with ∆m = 200 and 400 GeV/c2 in the tχ̃0
1 (left) and bχ̃±

1 (right) decay

mode. Second row: t(∗)χ̃0
1 decay mode: Sensitivity of the single lepton stop search as function of the stop and

LSP masses for an unpolarized (center) and right-handed (right) top. Third row: bχ̃±
1 decay mode: Sensitivity

of the single lepton stop search as function of the stop and LSP masses for m(χ̃±
1 ) = 0.25m(t̃1) + 0.75m(χ̃0

1),

0.5m(t̃1) + 0.5m(χ̃0
1) and 0.75m(t̃1) + 0.25m(χ̃0

1).

signal and background. The variation of the kinematics of a large variety of (t̃1,χ̃
0
1) signal points

is taken into account by training different BDTs for signal with different ∆m = m(t̃1)−m(χ̃0
1).

In figure 6 we report the output of the BDT for both decay modes, and for each decay mode for
signals with different ∆m; for each decay mode, we can observe that signal points with a high
∆m is better separated from the SM background. The observed absence of data versus the SM
background for the different BDT trainings is interpreted as 95% CL exclusion of signal as a
function of the mass of the lightest stop and LSP, this for the two decay modes (see figure 6). In
the bχ̃±

1 decay mode, three different hypothesis are made about the mass of the lightest chargino
(figure 6), while in the t(∗)χ̃0

1 decay mode, the case for unpolarized and right-handed tops are
considered in the interpretation of the results. Across the different hypothesis on the decay
mode, and within them, different kinematic configurations, stop masses below ∼ 650 GeV/c2

are excluded for LSP masses below ∼ 230 GeV/c2. It has to be noted that in the case of the
t(∗)χ̃0

1 decay mode, there is a loss of sensitivity along the m(t̃1)−m(χ̃0
1) = m(t) line below which

the top is virtual. The details about the selection of the ATLAS search for stop in the single
lepton final state are provided in Ref. 10. The reach of this search, interpreted in the bχ̃±

1 and
tχ̃0

1 decay modes is shown in figure 7.



Figure 7 – Results of the ATLAS stop search in the single lepton final state: Expected and observed sensitivity
of the search in the (m(t̃1),m(χ̃0

1)) plan. Left: Interpretation of the results in the bχ̃±
1 decay mode for a constant

value of the lightest chargino mass. Right: Interpretation of the results in the tχ̃0
1 decay mode.

Search for direct stop production in the cχ̃0
1 decay mode

We report in this section the results of the ATLAS search for stop pair production where the
lightest stop t̃1 decays through the cχ̃0

1 mode 11 (see figure 2). This search is characterized by
the presence of jets stemming out of the hadronization of two c quarks, and Emiss

T due to the
presence of two χ̃0

1. The pre-selection is based on the requirement of at least one jet with pT >
120 GeV/c, and Emiss

T > 150 GeV. Then, in order to get the best sensitivity to kinematically
different regions, two selections are performed as follows:

• Low ∆m:

– Like for the signal selection at low ∆m in the stop search with 0 lepton, advantage
is taken from the ISR jet which is harder; it is therefore required that the leading jet
has a pT greater than 280 GeV/c: pT (j1) > 280 GeV/c.

– Since the phase space is limited, it is required that the number of jets with pT > 30
GeV/c to be less or equal to three: N(jet)≤3.

– Emiss
T > 220 GeV.

• Medium ∆m:

– In order to increase the signal purity of the selected data, charm-tagging 11 is per-
formed

– pT (j1) > 270 GeV/c.

– Since the phase space is less limited, at least two jets from the hard-scatter plus
additional jets from ISR can be expected; it is therefore required to have at least
three jets with pT > 30 GeV/c: N(jet)≥3.

– Emiss
T > 410 GeV.

On figure 8 we can observe the Emiss
T distribution in data compared with the total predicted SM

background, whose composition differs across the low and medium ∆m signal regions; are also
represented the distribution of benchmark signal points in each case. The absence of excess in
data events is interpreted as 95 % CL exclusion of signal in the (m(t̃1),m(χ̃0

1)) plan, see figure
8: The lightest stop t̃1 is excluded up to ∼230 GeV/c2 for a mass of χ̃0

1 up to ∼200 GeV/c2.

Summary of stop searches at
√
s = 8 TeV

Figure 9 presents the summary of all searches of the lightest stop pair production across different
decay modes and final states, as performed by ATLAS, the CMS experiment having overall a
comparable sensitivity across the (m(t̃1),m(χ̃0

1)) plan. For the two-body t̃1 → bχ̃±
1 decay mode,

ATLAS excludes stop up to ∼500 GeV/c2 for LSP mass up to ∼200 GeV/c2 through the



Figure 8 – ATLAS stop pair production search in the cχ̃0
1 decay mode. Left and centre: Emiss

T spectrum in the
low and medium ∆m signal regions respectively. Right: Expected and observed sensitivity of the search in the
(m(t̃1),m(χ̃0

1)) plan.

Figure 9 – Summary of all searches of stop pair production, across different final states, and different decay modes,
as pursued by ATLAS. Left: Searches in the t̃1 → bχ̃±

1 → bW±χ̃0
1 decay mode. Right: t̃1 → t(∗)χ̃0

1 → bW±χ̃0
1

and t̃1 → cχ̃0
1 decay modes.

searches in the single and dilepton final states, with specific hypothesis about the mass of the
lightest chargino χ̃±

1 ; the sensitivity is further extended through the search in the hadronic final
state with the hypothesis of the lightest chargino being almost degenerate with the LSP, thus
maximally opening the phase space for the b jets stemming directly out of the decays of the stop.
CMS reaches sensitivity to a stop mass up to ∼600 GeV/c2 for an LSP mass up to ∼200 GeV/c2

through the search in the single lepton final state, where the mass of the lightest chargino is
varied as function of the mass of the stop and of the LSP. For the two-body t̃1 → tχ̃0

1 decay mode
with an on-shell top quark, both experiments exclude a stop mass up to ≥600 GeV/c2 for an LSP
mass up to ∼250 GeV/c2. For the three-body t̃1 → bW±χ̃0

1 decay mode, which dominates in
the m(b)+m(W±)+m(χ̃0

1)<m(t̃1) <m(t)+m(χ̃0
1) region, CMS excludes a stop mass up to ∼300

GeV/c2 for an LSP mass up to ∼180 GeV/c2.

3.2 Sbottom searches

The interpretation of the ATLAS search 8 in the hadronic final state (see section 3.1) for pair
production of the lightest sbottom b̃1 in b̃1 → bχ̃0

1 decays is provided in figure 10: In the high
∆m region, sensitivity to sbottom mass of up to ≥600 GeV/c2 is reached for LSP mass up to
∼260 GeV/c2 thank to the differential cuts on mCT ; at low ∆m a sensitivity down to m(b̃1)-
m(b)-m(χ̃0

1)∼40 GeV/c2 is reached thank to the specific selection for signal with low phase
space which takes advantage from the presence of an ISR jet. The CMS search for sbottom pair



Figure 10 – Two left plots: Sensitivity of the ATLAS and CMS respective searches for the lightest sbottom b̃1.
Two right plots: CMS sbottom search: Distribution of the mCT variable in the N(b)=1 and 2 regions respectively.

production in the b̃1 → bχ̃0
1 decay mode 12 is based on the requirement of at least two jets with

pT > 70 GeV/c, where at least one jet should be b-tagged, the scalar sum HT of the pT of all
jets (with pT > 30 GeV/c) to be larger than 250 GeV, Emiss

T larger than 175 GeV, and the
transverse invariant mass MT (j2,E

miss
T ) to be larger than 200 GeV. Then the final selection is

performed in exclusive bins of number of b-tagged jets N(b) and mCT to increase the sensitivity
of the search across the (m(b̃1),m(χ̃0

1)) plan. In figure 10 the distribution of the mCT variable
is shown for N(b)=1 and 2: The distribution of data is well reproduced by the SM background,
up to regions where signal points with different ∆m could be expected. Thank to the exclusive
binning of the signal regions, this search excludes sbottom masses up to ∼700 GeV/c2 for LSP
masses up to ∼300 GeV/c2; having not yet a specific selection for the low ∆m region, this search
doesn’t yet have sensitivity to signal below m(b̃1)-m(b)-m(χ̃0

1) ∼100 GeV/c2.

3.3 Naturalness

As mentioned in section 3, the masses of the two stops t̃1,2 are the ones most sensitive, among
the squarks, to the mass of the Higgs. Furthermore, when the parameters of the Susy model
are not unduly contrived, the measure of the Higgs boson mass at ∼125 GeV/c2 gives a hint, if
Susy is realized, that the lightest stop can have a mass of the order of 1 TeV/c2 5; this suggests a
’natural’, i.e. O(TeV/c2) realization of Susy where the masses of the Higgs and the lightest stop
are rather close, the mass of the latter being enough to stabilize the mass of the Higgs boson.
CMS has searched for the experimental signature of a ’natural’ Susy, where the lightest stop t̃1
and higgsinos are light, and where the lightest chargino χ̃±

1 and the two lightest neutralinos χ̃0
1,2

are almost pure higgsinos, therefore degenerate in mass 13. Two modes are considered for the
production of the higgsino: The direct electro-weak production, and via the strong production
t̃Rt̃R (see figure 11). Concerning the decay modes (see figure 11):

• For the strong production, two two-body decays of the stop are considered: t̃R → bχ̃±
1 , tχ̃

0
1,2.

• For the decays of the degenerate lightest chargino and two lightest neutralinos, the follow-
ing is considered: χ̃±

1 , χ̃
0
1,2 →W ∗, Z∗χ̃0

1.

• Finally, within the context of Gauge Mediated Susy Breaking (GMSB), the lightest neu-
tralino decays into the higgs and gravitino, this latter being considered as the LSP.

Two higgs particles plus Emiss
T and two b quarks (in the case of the strong production) are

expected as signatures of this search. The selection takes the advantage of the known Higgs
mass by requiring at least one H → γγ decay; at least two jets are required, either stemming
from higgs of stop decays; finally, two jets are required to be b-tagged. Then three signal regions
are defined to optimize the signal selection across different kinematic regions: Region (a) where
at least three b-tagged jets are required, for the large ∆m=m(t̃R)-m(χ̃0

1) region. Region (b)
with two b-tagged jets and m(bb)∈[95,155] GeV/c2 for the small m(t̃R)-m(H) region. Region



Figure 11 – CMS Susy search in ’natural’ scenario. and Higgs. Left and centre: Production of higgsinos via the
strong and electro-weak production modes, and subsequent decays. Right: Expected and observed sensitivity of
the search in the (m(t̃R),m(χ̃0

1)) plan.

(c) with two b-tagged jets and m(bb) off from the Higgs mass for the larger m(t̃R)-m(H) region.
Assuming m(χ̃0

2)=m(χ̃±
1 )+5 GeV/c2, m(χ̃±

1 )=m(χ̃0
1)+5 GeV/c2, and Br(χ̃0

1 → HG̃)=1, this
search excludes stop masses up to ∼400 GeV/c2 for the LSP masses up to ∼340 GeV/c2.

4 Conclusions

During the year 2012, the ATLAS and CMS collaborations have pursued an extensive search
program through many final states, with sensitivity to many Susy particles. General searches
exclude the gluino with a mass ≤ 1.3 TeV/c2 for LSP mass ≤ 700 GeV/c2. The amount of
collected data allowed exclusive searches for the direct production of third generation squarks
which might be the only supersymmetric particles produced at the LHC, and are well motivated
searches in regard of measurements of the CDM 6. These searches are however challenging be-
cause of their lower production cross section and their kinematic signature being very entangled
with the one of SM processes. Searches for the lightest stop have been pursued across a variety
of final states and four decay modes. The general mass domain of exclusion of third generation
searches extends to ∼700 and ∼300 GeV/c2 for the squarks and LSP respectively. Given the
strong motivations for this type of searches, they are to be actively pursued at the next period
of LHC’s data taking at a center of mass energy of 13 TeV.
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NATURAL SCALARS IN THE NMSSM

DARIO BUTTAZZO
TUM Institute for Advanced Study, Lichtenbergstr. 2a, 85747 Garching, Germany

In the motivated hypothesis that the scalar bosons of the Next-to-Minimal Supersymmetric
Standard Model (NMSSM) be the lightest new particles around, a possible strategy to search
for signs of the extra CP-even states is outlined. It is shown how the measurements of the
couplings of the 126 GeV Higgs boson constrain the region of the physical parameters in a
generic NMSSM which minimises the fine-tuning of the electroweak scale. We also determine
the cross section for the production of a heavier CP-even scalar, together with its most relevant
branching ratios.

1 Introduction

Is the Higgs boson recently discovered at the LHC alone, or is it a member of an extended family
of scalar particles? While this is a relevant question on its own, it has a fundamental importance
in the context of supersymmetry, where at least a second doublet is required.

Also in view of the negative results in the searches for many supersymmetric partners up to
TeV-range masses, the extra Higgs bosons may well be the lightest particles in the spectrum –
perhaps with the exception of the LSP – making the search for these scalar states an important
task for present and future experiments.

The Higgs system of the NMSSM contains two scalar SU(2)L doublets Hu and Hd, and a
complex singlet S, all parts of the corresponding chiral supermultiplets, coupled through a cubic
term λHuHdS in the superpotential. 1 Taking naturalness as a guideline, there are two main
reasons for considering the NMSSM: 2

1. it adds a new tree-level contribution to the Higgs mass, which makes a 126 GeV Higgs
boson compatible with lighter stops with respect to the MSSM;

2. it reduces the fine-tuning of the electroweak scale v (fixed by the weak gauge couplings in
the MSSM) for moderate tanβ and λ ≈ 1.

The aim here is to present an analytical study of the Higgs system of the general NMSSM
in a most natural scenario, without specifying any particular form of the scalar potential and



avoiding the use of benchmark points. a In order to simplify the analysis, however, we shall
make the following motivated assumptions:

1. we assume a negligibly small CP violation in the Higgs system, and therefore we ignore
the two CP-odd states, which do not influence the physics of the CP-even states;

2. we neglect any effect from loops of supersymmetric particles other than the correction ∆t

to the quartic coupling of Hu due to the top-stop loop; this is motivated by the choice of
a spectrum with all the s-particles as close as possible to their “naturalness limit”;

3. we assume µAt . m2
t̃
, due to naturalness arguments, where mt̃ is the average stop mass,

At is its trilinear coupling, and µ is the quadratic term in the superpotential;

4. we do not include any invisible decay of the lightest Higgs boson – e.g. into a pair of
neutralinos; this can easily be corrected for rescaling all the branching ratios and signal
strengths by a common factor Γ/(Γ + Γinv).

2 Parameter space of a generic NMSSM

Assuming a negligibly small violation of CP in the Higgs sector, the three neutral CP-even fields
H = (H0

u, H
0
d , S)T are related to the physical mass eigenstates Hph = (h1, h2, h3)

T by

H = R12
α R

23
γ R

13
σ Hph ≡ RHph, (1)

where Rijx are rotations by an angle x in the (i, j) sector. Their squared mass matrix reads, in
the H basis,

M2 =

 m2
Ac

2
β +m2

Zs
2
β + ∆2

t /s
2
β

(
2v2λ2 −m2

A −m2
Z

)
cβsβ vM1(

2v2λ2 −m2
A −m2

Z

)
cβsβ m2

Zc
2
β +m2

As
2
β vM2

vM1 vM2 M2
3

 , (2)

where
m2
A = m2

H± −m2
W + λ2v2, (3)

mH± is the physical mass of the single charged Higgs boson, ∆2
t is the well-known effect of the

top-stop loop corrections to the quartic coupling of Hu, and v ' 174 GeV. Here and in the
following we write sx = sinx, cx = cosx. We neglect the corrections toM11 andM12, which are
suppressed as the second and first power of µAt/m

2
t̃
, respectively, and the analogous correction

to (3). We leave unspecified the other parameters M1,M2,M3 in (2), which are not directly
related to physical masses and depend on the particular NMSSM under consideration – i.e. the
form of the singlet potential. The matrix M is related to the physical scalar masses by

RTM2R = diag(m2
h1 ,m

2
h2 ,m

2
h3). (4)

In the following, we identify h1 with the state found at the LHC, so that mh1 = 125.7 GeV.
For simplicity we shall always consider h1 as the lightest CP-even state, although other cases
with a lighter scalar are still compatible with current data. 4

Although the full matrix M2 depends on the specific model in consideration, its 2 × 2
submatrix in the (1,2) sector provides, by the use of (4), three relations between the mixing
angles and the physical masses 3,4 which do not depend on the unknown quantities M1, M2,
M3. The Higgs system of the NMSSM is thus completely determined by the parameters mh1,2,3 ,
mH± , λ, tβ, ∆t. Due to the large number of free parameters, in order to simplify the analysis
we will consider the limiting cases where only two states out of three are light:

• Singlet decoupled: mh3 � mh1 ,mh2 or M2
3 � vM1, vM2, and σ, γ → 0;

• Doublet decoupled: mh2 � mh1 ,mh3 or m2
A � vM1, vM2, and σ, δ = α− β + π/2→ 0.

aSee Barbieri et al. 3,4 for more details.



-0.2 0.0 0.2 0.4 0.6

2

4

6

8

10

12

14

sin ∆

ta
n

Β

68%C.L.

95%C.L.

0.00 0.05 0.10 0.15 0.20 0.25
0

1

2

3

4

sin2
Γ

D
Χ

2

Figure 1 – Fit of the measured signal strengths of h1 = hLHC. Left: 3-parameter fit of tβ , sδ and s2γ . The allowed
regions at 95% C.L. are given for s2γ = 0 (green) and s2γ = 0.15 (grey). Note that the two regions overlap in part.
The dashed line shows the fit reach expected at LHC14 for s2γ = 0. Right: fit of s2γ in the case of δ = 0 (solid)
and its projection at LHC14 (dashed).

3 Higgs couplings

From (1), h1 = hLHC is related to the gauge eigenstates by

h1 = cγ(−sαH0
d + cαH

0
u) + sγS, (5)

and similar relations, also involving the angle σ, hold for h2 and h3. The angles δ = α−β+π/2
and γ alone thus determine the couplings of h1 to the fermions and to vector boson pairs,
normalised to the corresponding couplings of the SM Higgs boson,

gh1tt
gSMhtt

= cγ

(
cδ +

sδ
tβ

)
,

gh1bb
gSMhbb

= cγ(cδ − sδtβ),
gh1V V
gSMhV V

= cγcδ. (6)

A fit of all ATLAS, CMS and TeVatron data collected so far6, b on the various signal strengths
of hLHC can then be used to put bounds on δ and γ (as a function of tβ). We perform this fit
adapting the code of Giardino et al. 5 As stated above, we do not include in (6) and in the fit
any loop effect from supersymmetric particles. The 95% C.L. allowed regions for δ, at different
fixed values of γ, and for γ at δ = 0, are shown in Figure 1.

bSee Barbieri et al. 3,4 for a detailed list of references.

Table 1: Projected uncertainties of the measurements of the signal strengths of hLHC, normalized to the SM, at
the 14 TeV LHC with 300 fb−1, both for ATLAS and CMS.

ATLAS CMS

h→ γγ 0.16 0.15
h→ ZZ 0.15 0.11
h→WW 0.30 0.14
V h→ V bb̄ – 0.17
h→ ττ 0.24 0.11
h→ µµ 0.52 –



0.6 0.8 0.9 1 1.1 1.2 1.4 1.6

300

400

0.7

200

1.8

2 4 6 8 10
150

200

250

300

350

400

450

500

tan Β

m
h 2

@G
eV

D
70% 50% 30% 10%

0.5 pb
2 pb

4 pb

6 pb

1 pb

2 4 6 8 10
150

200

250

300

350

400

450

500

tan Β

m
h 2

@G
eV

D
Figure 2 – Singlet decoupled in the (tβ ,mh2) plane. The orange region is excluded at 95% C.L. by the Higgs fit,
the blue region is unphysical. Left: the colored dashed lines show the fit reach expected at LHC14, black isolines
of λ (solid) and mH± (dashed). Right: isolines of the gluon fusion production cross-section σ(gg → h2) at 14 TeV
(solid) and of the decay branching ratio into top quark pairs BR(h2 → tt̄) (dashed).

To quantify the impact of the future experimental improvement in the measurements of the
various signal strengths of hLHC, as foreseen in the next run of the LHC, we have repeated the
previous fit assuming the expected errors on the signal strengths 7 with a luminosity of 300 fb−1

at
√
s = 14 TeV as in Table 1, and central values as in the Standard Model. The results of this

projection are also shown in Figure 1 as a comparison. Notice that, while a big improvement
is expected in the – already quite precise – determination of δ, the fit of γ will only marginally
improve.

4 Singlet decoupled

If the singlet is decoupled, the only nonzero mixing angle is

s2δ =
m2
hh −m2

h1

m2
h2
−m2

h1

, (7)

where
m2
hh = m2

Zc
2
2β + v2λ2s22β + ∆2

t , (8)

and both mh2 and mH± can be expressed in terms of the three parameters λ, tβ,∆t. The λ→ 0
limit corresponds to the MSSM case. The dependence on ∆t is very mild and can be neglected if
∆t itself is not too large, corresponding to a moderate level of fine-tuning. We therefore choose
to fix ∆t = 75 GeV, which is compatible with an average stop mass of about 700 GeV.

The left panel of Figure 2 shows the regions excluded by the fit, present and forseen, in the
(tβ,mh2) plane, together with the isolines of λ and mH± . A second light state is allowed for
small tβ and moderate values of λ . 1, unlike in the MSSM, 3 although masses below 300 GeV
are disfavoured by the presence of a too light charged Higgs. Notice that with the improved
measurements of the signal rates of hLHC in the next stage of the LHC it will be possible to
probe a large fraction of the parameter space solely by the Higgs fit.

The couplings of h2, on the other hand, are given by

gh2tt
gSMhtt

= sδ −
cδ
tβ
,

gh2bb
gSMhbb

= sδ + cδtβ,
gh2V V
gSMhV V

= sδ, (9)
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Figure 3 – Doublet decoupled in the (tβ ,mh3) plane, for fixed λ = 1. The orange region is excluded at 95% C.L.
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isolines of the gluon fusion production cross-section σ(gg → h3) at 14 TeV (solid) and of the decay branching
ratio of h3 into two Higgs bosons BR(h3 → h1h1), with vS = 2v (dashed).

and allow to calculate its production cross-sections and most relevant branching ratios. The
small values of λ in the region allowed by the fit make the phenomenology of h2 quite similar
to the one of the heavier Higgs state of the MSSM. Its dominant decay mode is into fermions,
either top or bottom quarks, depending on the mass mh2 and on tβ. The right panel of Figure 2
shows the predictions for the NNLL gluon fusion production cross-section of h2 at

√
s = 14 TeV,

and for its branching ratio into top quark pairs BR(h2 → tt̄), in the same (tβ,mh2) plane.

5 Doublet decoupled

If the standard-like Higgs mixes with a singlet, and the second doublet is decoupled, the only
nonzero mixing angle is

s2γ =
m2
hh −m2

h1

m2
h3
−m2

h1

. (10)

Since the off-diagonal entries M1 and M2 in (2) are unknown, there is one free parameter more
respect to the previous case. We therefore fix λ = 1, along with choosing ∆t = 75 GeV as
before, in order to produce the plots of Figure 3. The left panel shows, as before, the 95% C.L.
excluded region from the Higgs fit, together with its projection at 14 TeV, and the isolines of
the mixing angle s2γ . Recall from (8) that s2γ increases with λ, thus enlarging the region allowed
by the fit for smaller values of λ. 3 The mild improvement in the fit foreseen for the next run of
the LHC in this particular case makes the direct searches for the heavy state h3 crucial.

The couplings of h3, due to its singlet-like nature, are proportional to the ones of a standard
Higgs boson with mass mh3 ,

gh3tt
gSMhtt

=
gh3bb
gSMhbb

=
gh3V V
gSMhV V

= −sγ . (11)

The branching ratios of h3 are therefore the same as the standard ones, while the production
cross-sections and decay widths are simply rescaled by s2γ (still neglecting radiative corrections
from supersymmetric particles). The dominant decay channel, if kinematically allowed, is the
one of h3 into two h1 bosons, followed, in order of relevance, by the one into two vector bosons.



Unfortunately, all the triple scalar couplings depend on the particular form of the singlet poten-
tial, and are therefore model dependent. At leading order in λ, however, this dependence can
be parametrized simply by the vacuum expectation value of the singlet vS . 3

In the right panel of Figure 3 we show the branching ratio BR(h3 → h1h1) for vS = 2v,
together with the gluon fusion production cross-section at

√
s = 14 TeV. Although not easily,

searches in the bb̄γγ and bb̄bb̄ channels could reach comparable sensitivities in the near future,
probing regions of the parameter space difficultly accessible by other means.

Finally, it is worth to mention that very large deviations of the triple h1 coupling from the
standard value can arise in some part of the parameter space, 3 perhaps making this measure
also accessible at the LHC in the future.

6 Conclusions

We have analysed the Higgs system of a most natural NMSSM, focussing on relations between
physical parameters. The modified couplings of h1, which influence the signal strengths measured
at the LHC, provide a powerful tool to exclude regions of the parameter space.

We have considered two limiting cases in which one of the states is much heavier than the
others. In both cases a second light neutral CP-even scalar is consistent with all the constraints.
If the singlet is decoupled, it will be possible to thoroughly explore the parameter space combin-
ing the refined measurements of the signal strengths of hLHC with searches for the second Higgs
decaying into fermions in the remaining allowed regions. The case where the doublet is decoupled
is more difficult to test, since the h1 signal strengths are not very sensitive to the mixing with
the second state, due to its singlet-like nature. Furthermore, the small production cross-section
of h3, together with its large branching ratio into a pair of h1, whenever kinematically allowed,
makes the search at the LHC challenging, although not impossible.

It will in any case be interesting to follow the progression of the experimental searches for
additional Higgs-like states, either direct or indirect, which are an independent way to probe
weak-scale supersymmetry, complementary to the search for superpartners.
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Electroweak SUSY production searches at ATLAS and CMS
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The discovery of weak-scale supersymmetric (SUSY) particles is one of the primary goals of the
Large Hadron Collider experiments. Depending on the mechanism of SUSY breaking, it could
be that strongly interacting squarks and gluinos are too massive to produce at the LHC. In this
case, the primary SUSY production mode is of charginos, neutralinos and sleptons, mediated
by electroweak interactions. However, the experimental signatures for discovery vary widely,
depending on the mass hierarchy, SUSY particle mixing parameters and conservation/violation
of R-parity, necessitating a large and complex suite of experimental search strategies. These
strategies include searching for events with multiple charged leptons, photons, reconstructed
higgs bosons or new long-lived particles. In this presentation, the latest ATLAS and CMS
search results in these channels are presented, based mainly on 20 fb−1 of pp collisions at√
s = 8 TeV collected in 2012. The resulting constraints on the parameter spaces of various

SUSY models are shown.

1 Introduction

The apparent shortcomings of the Standard Model (SM) as a final theory of nature have
prompted many searches for the production of non-SM particles in high-energy particle col-
lisions. A great number of these have been inspired by the invention of supersymmetry (SUSY),
which, if realised at the TeV scale, would allow a vast range of new particles to be produced and
discovered at the LHC. To date, no such discovery has been made, resulting in very powerful
constraints on the production of strongly interacting SUSY particles (the squarks and gluino) in
particular. This motivates the separate consideration of electroweak (EW) SUSY particle pro-
duction, that is, direct production of particles that have no colour charge. These comprise the
charged sleptons (˜̀) and sneutrinos (ν̃), partners of the SM leptons, together with the partners
of the electroweak gauge bosons (bino B̃ and winos W̃ ) and Higgs bosons (higgsinos H̃). The

mixing between bino, wino and higgsino states produces in total four neutralinos χ̃
0
1..4 and two

χ̃±
1

χ̃∓
1

˜̀

˜̀

p

p
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`
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Figure 1 – Example two-lepton signatures arising from chargino, neutralino and slepton production.
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charginos χ̃
±
1,2 as physical mass eigenstates.

Most searches for SUSY at the LHC additionally assume R-parity conservation. This implies
that EW SUSY particles are produced in pairs and decay, either directly or via a cascade, to the
stable lightest SUSY particle, or LSP. In all of the models described here, the LSP is either the
least massive neutralino (χ̃

0
1) or the gravitino (G̃), the SUSY partner of the graviton. The LSPs

escape the detector unseen, producing missing transverse momentum (Emiss
T ), while the decays

to the LSP produce visible SM particles that can be used to trigger and select SUSY events.
Depending on the SUSY model parameters, SM fermions, gauge bosons and Higgs bosons can all
be produced in EW SUSY particle cascades, producing a wide variety of potential experimental
signatures.

This note presents a selection of the most recent searches for EW SUSY particle produc-
tion at the LHC by the ATLAS ? and CMS ? collaborations. All of the searches use the full
dataset collected in pp collisions in 2012, amounting to about 20 fb−1 per experiment. The
searches are presented in three sections. The first two differ mainly in the assumed nature of
the LSP: neutralino (usually bino-like) or gravitino. In the final section, searches for stable
or metastable SUSY particles are considered, which yield distinct experimental signatures that
demand dedicated techniques for their discovery.

2 Searches assuming a neutralino LSP

One of the most promising ways to discover EW SUSY production at the LHC is through the
detection of events with multiple charged leptons. The leptons could be produced in a number
of ways. For example, charginos and neutralinos may produce sleptons or gauge bosons in
their decays, and charged sleptons may also be produced directly if they are sufficiently light.
Examples of these processes yielding two charged leptons are shown in Fig. 1.

These topologies are the target of a recent ATLAS search for events with two electrons or
muons and anomalously large Emiss

T
?. Direct slepton production results in two leptons of the
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same flavour (e+e− or µ+µ−) and two LSPs. To detect these, the stransverse mass variable mT2

is used to reject SM WW diboson production and tt̄ events, as it has a kinematic edge at the W
mass for these processes. With no significant excess of events observed, constraints are placed
on the allowed slepton and LSP masses, shown in Fig. 2 in the case of mass-degenerate ẽL and
µ̃L. Slepton masses of up to 325 GeV are excluded in this scenario.

The same analysis also constrains chargino pair production, where the charginos may decay
either via sleptons (Fig. 1 (left)) or via χ̃±

1 → W±χ̃0
1 → `±νχ̃

0
1. The latter is targeted using

dedicated selections, optimised for a W±W∓-like event topology. Finally, a two-lepton region
requiring leptons consistent with a Z → `` decay targets the signature shown in Fig. 1 (middle).

ATLAS has also published a complimentary search in the three-lepton channel, which im-
proves on earlier preliminary results on the same dataset ?. A binned signal region increases
the sensitivity of the analysis to lepton-rich final states across a wide range of SUSY models.
Additionally, selected events may contain up to two hadronically decaying τ leptons, improving
sensitivity to models where the τ̃1 is light and events with Higgs bosons in the final state.

Constraints on chargino and neutralino production from both of these analyses, and several
others, are summarised in Fig. 3. Considering only direct (wino-like) χ̃

±
1 χ̃

0
2 production, the

strongest constraints are set by the three-lepton analysis if they decay flavour-democratically
via sleptons. Chargino and neutralino masses of up to 700 GeV can be excluded in the best
cases. This limit is weaker, but still significant (m . 380 GeV) if decays proceed mainly via tau

sleptons. Both the two- and three-lepton searches are sensitive to the process χ̃
±
1 χ̃

0
2 →WZχ̃

0
1χ̃

0
1,

and the results are statistically combined to exclude chargino and neutralino masses of up to
420 GeV if this is the only available decay channel. Comparable constraints on all of these
models are reported in preliminary multi-lepton searches from the CMS collaboration ?.

If the χ̃
0
2 decays mostly into hχ̃

0
1, the signal-to-background ratio is reduced with respect to

the other channels. In both ATLAS and CMS, the three-lepton final state (with, e.g. h → ττ)
has some sensitivity at low chargino and neutralino masses, but the strongest constraint comes
from the ebb̄/µbb̄ channel?,?. Figure 4 (left) shows how the bb̄ invariant mass can be used to select
SUSY events with a Higgs boson, with a yield nearly independent of mχ̃±

1 ,χ̃
0
2

for an assumed

LSP mass of 1 GeV. The resulting constraints on the chargino and neutralino masses are shown
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±
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0
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0
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0
1 production ?. Left: bb̄ pair mass distribution,

showing data points compared to the background prediction (shaded, stacked histograms) and three signal models
(unshaded histograms). Right: 95% CL limits on the production cross-section as a function of the SUSY particle

masses. The observed and expected exclusion limits as a function of mass, assuming wino-like χ̃
±
1 χ̃

0
2 production

is also shown.

in Fig. 4 (right) for CMS and in Fig. 3 for ATLAS.

3 Searches assuming a gravitino LSP

Even restricting attention to SUSY models where R-parity is conserved, the LSP need not be
a neutralino. It may instead be the gravitino, which in theories with gauge-mediated SUSY
breaking is predicted to very light, essentially massless relative to LHC kinematic scales. As
couplings to the gravitino are very weak, SUSY particles generally cascade to the next-to-lightest
SUSY particle, or the NLSP. The NLSP then decays to its SM partner and a gravitino, and thus
the nature of the NLSP largely defines the observable signature in pp collisions. Sometimes the
signatures covered in Sec. 2 are still produced, for example ˜̀ → `G̃ can mimic ˜̀ → `χ̃

0
1 when

the χ̃
0
1 is massless, but in other cases alternative signatures can be enhanced.

The neutralinos are mixtures of bino, wino and higgsino states, and therefore a neutralino
NLSP will produce a photon, Z boson or a Higgs boson when it decays. If the NLSP is bino-
like, there will be a significant branching fraction to photons, a fact exploited by an ATLAS
search in the diphoton final state?. Separate search regions are defined for strong and EW SUSY
production. For EW production, additional leptons and/or jets are not required, but neither are
they vetoed, ensuring sensitivity to a variety of production processes and SUSY cascade decays.
The scalar pT sum of photons, leptons and jets (called HT) is used to suppress SM background
processes, together with the Emiss

T and various angular requirements on reconstructed objects.

Using data-driven techniques to estimate the main backgrounds, wino-like χ̃
0
2 and χ̃±

1 particles
that decay directly to the NLSP are excluded for massess less than 570 GeV.

Another limiting case occurs when the NLSP is higgsino-like. If the wino and bino mass
parameters are sufficiently high, the χ̃

0
1, χ̃

0
2 and χ̃±

1 are nearly degenerate in mass, and the χ̃
0
1

decays to a Higgs boson and a gravitino, illustrated in Fig. 5 (left). The Higgs boson decays
primarily to bb̄, and so the dominant final state is 4b + Emiss

T . This is probed by a CMS
search looking for 4-jet events with multiple b-tagged jets and significant Emiss

T
?. Higgs boson

candidates are constructed by forming two pairs of jets with the smallest absolute difference in
dijet mass (mjj), with no explicit mass constraint to avoid biasing the background shape. After
construction of the candidates, the average mass of the two jet pairs is required to lie between
100 and 140 GeV. The dominant semileptonic tt̄ background is estimated using an ABCD-like
method. A slight excess in the data (< 2σ) prevents exclusion of a higgsino-like NLSP for any
mass, as shown in Fig. 5 (right).
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If the NLSP is a slepton, events with large numbers of charged leptons in the final state
will be common. For example, charginos and neutralinos production could lead to the following
cascade: χ̃

0
1 → `˜̀R → ``G̃. Additionally, mixing in the stau sector suggests that the τ̃1 may be

less massive than the other sleptons, opening up the possibility for a lepton-rich cascade such
as ˜̀

R → `τ τ̃R → `ττG̃. CMS has placed constraints on these models by searching for events
with at least three charged leptons, including up to one hadronic τ decay ?. Candidate events
are separated into a large number of exclusive channels depending, amongst other things, on
Emiss

T , the presence of a Z boson candidate, and the number of identified b-jets. In the case
of charginos and neutralinos decaying to degenerate ẽR, µ̃R and τ̃R co-NLSPs, chargino masses
below about 850 GeV are excluded at the 95% confidence level (CL). When first- and second-
generation sleptons decaying to a τ̃1 NLSP are considered, a 3σ excess is observed in data,
weakening the observed limit compared to expectation. However, this excess is not statistically
significant when the large number of search channels is taken into account.

4 Searches for metastable or stable SUSY particles

The searches described so far assume that all SUSY particles except the LSP decay promptly
at the primary interaction vertex, with decay lengths . O(1 mm). This assumption may not
be correct, as, for example, extremely degenerate SUSY spectra could lead to metastable par-
ticles with phase-space-suppressed decays. Alternatively, a SUSY particle that can only decay
via extremely weak couplings may also travel a macroscopic distance before decaying. Such
interactions could be gravitational (i.e. decays to a G̃ LSP) or an R-parity-violating decay of
the LSP, to give two examples. Events with stable charged particles or SUSY particles de-
caying within the detector volume will typically be mis-reconstructed or explicitly vetoed by
conventional analyses; special reconstruction and identification techniques are usually required
to detect these signatures.

The CMS search for heavy stable charged particles (HSCPs) ? reconstructs detector-stable
charged particles as massive muons, combining information from both the inner tracker and the
muon system. These tracks are selected using three main variables: the track pT, the time-of-
flight measurement in the muon system, and the anomalously large ionisation charge deposited
in the inner tracker. The ionisation measurement is also used to estimate the particle’s mass. In
models with gauge-mediated SUSY breaking, a τ̃1 NLSP can be long-lived. Using this search,
detector-stable τ̃1 particles with masses below 339 GeV are excluded at the 95% CL, assuming
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only their direct pair production.

The HSCP analysis has also been used to constrain the parameter space of the phenomino-
logical minimal supersymmetric SM (pMSSM) with a χ̃

0
1 LSP ?. In a significant portion of the

parameter space, the lightest chargino is nearly degenerate with the LSP and therefore detector-
stable. Figure 6 shows the distribution of the χ̃

±
1 decay length within the models considered,

together with the fraction excluded by the HSCP search and more conventional prompt SUSY
searches. The latter were only considered when cτ < 10 mm, the HSCP search extends this by
excluding a large fraction of models with cτ > 1 m.

Intermediate chargino lifetimes are probed by an ATLAS search for “disappearing” tracks ?.
If the χ̃±

1 -χ̃
0
1 mass difference is O(160 MeV), the chargino lifetime will be of the order of a

nanosecond, i.e. decay lengths O(30 cm). In this regime, the dominant chargino decay mode

is χ̃
±
1 → π±χ̃

0
1. The small mass splitting makes the pion too soft to reconstruct, and thus

the track from the χ̃
±
1 appears to end abruptly where it decays. Events are triggered using

one or more jets radiated from the initial state partons, together with the Emiss
T associated

with the SUSY LSPs. A modified track reconstruction algorithm optimised for short tracks
is used to increase the efficiency of SUSY signal events, which can be seen in Fig. 7 (left)

as a function of the χ̃±
1 decay position. Charginos which decay less than 300 mm from the

beam pipe are not reconstructed, as there are too few measurements to sufficiently constrain
the transverse momentum measurement. Tracks from charginos which decay at radii greater
than about 700 mm are difficult to differentiate from hadron tracks, which leads to a falling
efficiency in this region. The observed data are consistent with the data-driven background
model, and Figure 7 (right) shows the resulting constraints from this analysis on the mass of a

long-lived chargino, as a function of its lifetime within the range where the χ̃
±
1 → χ̃0

1π± decay
is kinematically accessible. The analysis is most sensitive to χ̃

±
1 lifetimes between 1 and 10 ns,

where chargino masses of up to approximately 500 GeV are excluded.



η
-2 -1 0 1 2

R
ad

iu
s 

[m
m

]

0

200

400

600

800

1000

E
ffi

ci
en

cy

0

0.2

0.4

0.6

0.8

1

Pixel

SCT

TRTATLAS Simulation

 [GeV]
1

±χ∼m
100 150 200 250 300 350 400 450 500 550 600

 [n
s]

1± χ∼τ

-110

1

10

ATLAS
-1

 L dt = 20.3 fb∫ = 8 TeV, s

)
theory

σ1 ±Observed 95% CL limit (

)expσ1 ±Expected 95% CL limit (

, EW prod.)-1 = 7 TeV, 4.7 fbsATLAS (

ALEPH (Phys. Lett. B533 223 (2002))
±

1
χ∼‘Stable’ 

 > 0µ = 5, βtan

Figure 7 – Left: Efficiency for reconstruction in ATLAS of “disappearing” tracks as a function of pseudorapidity
and the radius at which the track disappears ?. The tracking detectors (Pixel, SCT and TRT) are also shown.
Right: Observed (solid line) and expected (dotted line) constraints on the mass and lifetime of the lightest chargino
from this search. The shaded band around the expected limit shows the expected ±1σ variation.

5 Conclusions

The EW SUSY searches performed by ATLAS and CMS are now mature, in particular including
signatures where a Higgs boson is produced and scenarios with metastable charged particles.
Many of the remaining loopholes in previous searches are now being closed, and further gains
in sensitivity are anticipated in Run 2.
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Motivated by the absence of any clear signal of physics beyond the Standard Model (SM)
at the LHC after Run I, we discuss one possible slight hint of new physics and one non-
minimal extension of the SM. In the first part we provide a tentative explanation of a small
excess of multilepton events, observed by the CMS collaboration, by means of a simplified
model of gauge mediated supersymmetry breaking (GMSB). In the second part we discuss
how the standard phenomenology of GMSB can be significantly modified if one makes the
non-minimal assumption that supersymmetry is broken in more than one hidden sector. Such
multiple hidden sector models involve light neutral fermions called pseudo-goldstini and, due
to the extra decay steps they induce, where soft photons are emitted, these models give rise
to multiphoton plus missing energy signatures. We discuss why the existing LHC searches are
poorly sensitive to these model and we propose new searches designed to probe them.

1 Introduction

The discovery of a SM-like scalar boson reinforces the desire to understand the origin of the
electroweak scale. The quadratic sensitivity of the scalar mass to ultraviolet physics suggests
the presence of new states beyond the SM (BSM) at or below the TeV scale. But, in spite of
the impressive range of searches performed by the LHC collaborations during Run I, no such
new states have been observed so far. While these null results may be taken as an indication of
the absence of new states in this energy range, they may also be taken as a motivation to push
forward in new directions in the exploration of TeV scale physics.

Supersymmetric (SUSY) extensions of the SM have the potential to both stabilize the elec-
troweak scale and explain why it is hierarchically smaller than the Planck scale. The current
bounds on superpartner masses are discomforting, but one should perhaps keep in mind that
many searches are designed to probe particular SUSY extensions which are minimal in terms of
their particle content and the underlying assumptions. However, given the non-minimality of,
for example, the particle content of the SM, with three generations of quarks and leptons with
a hierarchical mass spectrum, it could be that minimality is not a good guiding principle.

By going beyond minimality in terms of model building, non-standard phenomenology can
easily arise, with new search channels opening up and/or with standard search channels closing
down. In the fist part of this note, by allowing for spectra beyond those of minimal models, we
discuss an example of a BSM model that both fits a slight excess in the data and that predicts
non-standard signatures which are currently not being targeted at the LHC. In the second part,
we discuss a scenario where a deviation from the minimal model building assumptions opens up



new search channels, while evading constraints coming from the standard ones.

We consider simplified models based on the framework of gauge mediated SUSY breaking
(GMSB), with R-partity conservation. In Section 2, based on the paper 1, we do the exercise of
explaining a slight excess in terms of multi-lepton events observed by the CMS collaboration 2.
We provide a simple model that can explain the excess, without being excluded by any other
data, and we discuss how to best probe this model. In Section 3, based on the paper 3, we
discuss how the standard phenomenology of GMSB is modified if SUSY is broken in more than
one hidden sector.a In such multiple hidden sector models, the final state spectrum is typically
softer than in standard GMSB, which implies that existing LHC searches are not very sensitive
to these kind of models. The upshot is that these models typically give rise to additional (soft)
photons in the final state, and we propose new searches designed to probe them.

2 Multilepton signatures

Let us start by discussing the small excess observed by the CMS collaboration in a search for
events with three or more leptons with 19.5 fb−1 of data at

√
s = 8 TeV 2. This small excess

was seen in the final state category of events with three electrons or muons,b one hadronically
decaying tau lepton (τh), low hadronic activityc and no tagged b-jets. In this category, CMS
observed (expected) 15 (7.5± 2.0), 4 (2.1± 0.5) and 3 (0.60± 0.24) events in the three E/ T -bins
E/ T<50 GeV, 50<E/ T<100 GeV and E/ T>100 GeV, respectively. The probability to observe 22
events in the combined E/ T -range, when 10.1± 2.4 events were expected, is about 1%. However,
when taking into account the fact that they search in 64 independent categories, the probability
for this fluctuation in the combined E/ T -range is about 50%, while the joint probability to observe
such an excess in all the three E/ T -bins is about 5% 2.

The most likely explanation for this slight excess is that it is due to a statistical fluctuation
and that it will go away with more data. Nevertheless, we take the opportunity to perform the
exercise of trying to fit this excess with some BSM physics. We consider two simplified models of
GMSB, denoted by M.I and M.II, with spectra given in Figure 1. These models were studied
in 2. Here we extend that study by taking into account the exclusion bounds arising from
pair production of the next-to-lightest SUSY particle (NLSP), determining the best fit model,
considering other relevant searches and discussing prospects and possible new searches designed
to probe such a model.

Concerning the particle content of the models in Figure 1, as always in GMSB, the lightest
SUSY particle (LSP) is the nearly massless gravitino G̃. In model M.I/M.II we take the NLSP
to be the right-handed stau/sleptons, τ̃R/˜̀

R, where “slepton” refers to either a selectron or a
smuon, ˜̀

R = ẽR, µ̃R. The next-to-NLSP (NNLSP) is the ˜̀
R/τ̃R, while the Bino B̃ is taken

to be heavier. All remaining superpartners are assumed to be sufficiently heavy and effectively
decoupled. While such a decoupling is typically not possible in minimal GMSB models, where the
soft masses are determined in terms of the gauge quantum numbers, it is possible to realize such
spectra within the framework of General Gauge Mediation6. See7 for a complete characterisation
of models realizing the non-standard GMSB spectrum of the simplified model M.II in Figure 1.

Concerning the decay channels, since we assume R-parity, the NLSP only has one decay
mode, i.e. to its SM partner and the gravitino. In contrast, the NNLSP has two possible decay
channels, either the two-body decay to its SM partner and the gravitino, or the three-body
decay, via an off-shell Bino, to the NLSP. For the parameter space region we are interested
in, where the gravitino mass is in the range 0.1 eV<m3/2< 10 eV, the NNLSP coupling to the

aFor different discussions and aspects of multiple hidden sector models in the context of gravity mediation and
gauge mediation, see 4 and 5, respectively.

bOut of these three electrons or muons, there is one opposite sign same flavor (OSSF) lepton pair whose
invariant mass is outside a window of ±15 GeV around the Z boson mass.

cThe scalar sum of the jet pT values, denoted by HT , is required to be below 200 GeV.
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Figure 2: The NNLSP pair production processes for models M.I (left) and M.II (right).

gravitino is strongly suppressed compared to the gauge couplings entering the three-body decay,
and the dominant NNLSP decay mode is the three-body decay.

At the LHC, the models M.I and M.II give rise to the processes shown in Figure 2, and
the final states 4τ + 2`+E/ T and 2τ + 4`+E/ T , respectively. Hence, the NNLSP pair production
gives rise to multi-lepton events which are relevant for the CMS search 2. In order to see if we
can fit the excess in 2, we simulate the two processes in Figure 2 at the LHC and analyze 19.5
fb−1 of data at

√
s = 8 TeV, with kinematic and geometric cuts applied in accordance with the

CMS search.

In Figure 3, we show the number of signal events the processes in Figure 2 give rise to in the
stau/slepton mass plane, where model M.I/M.II corresponds to the lower/upper triangular half
plane. Figure 3 (left) corresponds to the final state category where CMS observed the excess,
and we see that both model M.I and M.II contain regions in the mass plane where the number
of signal events fill the gap between the observed and expected number of events.

So far we have only discussed the multi-lepton final states arising from the pair production
of the NNLSP. Of course, in these models, there will also be pair production of the NLSP. In
model M.II, the pair produced NLSP sleptons decay to the final state `+`−+E/ T . The current
bound on such right-handed sleptons is m˜̀

R
> 245 GeV 8, which actually excludes the entire

parameter space region of M.II relevant for explaining the CMS excess. In model M.I, the pair
produced NLSP staus decay to the final state τ+τ−+E/ T . The current strongest bound on such
right-handed staus is still the one set by LEP at mτ̃R > 87 GeV 9. As can be seen from Figure
3, even if this stau mass bound imposes a non-trivial constraint on M.I, there still remains a
parameter space region of M.I that can explain the CMS excess. The best fit model, obtained
by considering the three E/ T -bins individually, has m˜̀

R
= 145 GeV and mτ̃R = 90 GeV.

In Figure 3 (middle) and (right), we show the number of signal events we obtain for two of
the other final state categories in 2. We see that the best fit model gives rise to a number of
signal events that is within the 1σ variation from the SM prediction in the middle plot. Also in
the right plot there is no conflict with the data. We refer the reader to the paper1 for discussions
about data from other categories and searches.
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Figure 3: The number of signal events in the m˜̀
R
/mτ̃R mass plane, where we have combined the three E/ T -bins.

The left plot corresponds to the category discussed in the text, where CMS observed an excess. The middle
plot corresponds to a similar category, but where the invariant mass of the OSSF lepton pair is instead within a
window of ±15 GeV around the Z boson mass. The right plot corresponds to the category where the final state
consists of four electrons or muons, but no hadronic tau. In all three plots, the number of expected and observed

events are indicated, as well as the LHC and LEP exclusion bounds arising from NLSP pair production.

Concerning the possibility to probe this best fit model, it is important to realize that, in
the last decay step of the process in Figure 2 (left), each of the 90 GeV staus decays to two
approximately massless particles, a gravitino and a tau, which therefore roughly share the energy.
Since the taus dominantly decay hadronically, many of these signal processes give rise to at least
two hadronic taus which are hard enough to allow for reconstruction. We find that the most
promising search channel for the best fit model would be in the final state involving two hadronic
taus, two or three electrons or muons and E/ T . In the paper 1 we estimate the number of signal
events the best fit model would contribute with to these final states, and we find that, already
with the existing data set, such a search could have very good sensitivity.

3 Multiphoton signatures

If SUSY is realized in Nature it must be in a broken phase at low energies. A model-independent
consequence of (global) SUSY breaking is the presence of a spin 1/2 Goldstone mode, the
goldstino. Upon coupling to gravity, the goldstino is eaten by the spin 3/2 gravitino, becoming its
longitudinal components, and the gravitino becomes massive. This is in analogy with electroweak
symmetry breaking in the SM, where the Goldstone bosons are eaten by the Z and W bosons,
which become massive. When the mass of the gravitino is small compared to the energy scale
under consideration, in analogy with the equivalence theorem in the SM, the gravitino can be
replaced by its longitudinal goldstino components. We consider this case, where the gravitino
mass is small and where the communication of SUSY breaking to the visible sector, which we
take to be the MSSM, is done via gauge interactions (i.e. within the framework of GMSB).

In this section we investigate how the usual phenomenology of GMSB models is modified
if we make the non-minimal assumption that SUSY is broken in more than one hidden sector.d

If SUSY is broken in n hidden sectors, there will be n neutral spin 1/2 goldstino-like fermions
in the spectrum. However, there is only one particular linear combination that corresponds to
the true goldstino mode, i.e. the one that is eaten by the gravitino. The remaining n−1 linear
combinations correspond to so called pseudo-goldstini which, in contrast to the true goldstino,
are not protected by the Goldstone shift symmetry and therefore they acquire masses, both at
the tree and the radiative level. In comparison to standard GMSB models, where it is assumed
that SUSY is broken in only one hidden sector and that there is only the nearly massless gravitino
below the SM superpartners, multiple hidden sector models will, in addition, contain a tower of

dAlso for such a multiple breaking of a symmetry, there is a SM analogy since the electroweak symmetry is
broken both by the vacuum expectation value of the SM scalar field and by the chiral condensate in QCD.
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Figure 4: The spectrum of the simplified model we consider, and the process it gives rise to.

these massive pseudo-goldstini.
In the case where the lightest SM superpartner is a Bino-like neutralino, its dominant decay

channel is generically to a photon and the heaviest of the pseudo-goldstini. The reason is that
the strength of the neutralino couplings are related to the mass of the pseudo-goldstini and
the larger the mass, the stronger the coupling. In paper 3 we also show that, in models with
more than two hidden sectors, i.e. with more than one pseudo-goldstino, the heaviest pseudo-
goldstino can decay promptly to a photon and a lighter pseudo-goldstino.e Hence, in comparison
to standard GMSB, the final states will contain additional photons.

In order to illustrate the characteristic features of GMSB models with multiple hidden sectors
and with a Bino-like neutralino being the lightest SM superpartner, let us for concreteness take
the number of hidden sectors to be three, and thereby the number of massive pseudo-goldstini to
be two. Above the Bino-like neutralino, depending on the ultraviolet model one has in mind, one
could consider different superpartners which could be produced at the LHC. Here, as an example,
we include the right-handed sleptons in the simplified model we consider. For simplicity, we take
all three families of sleptons to be mass-degenerate, and with a change of notation with respect
to the Section 2, “slepton” here refers to a selectron, smuon or stau, ˜̀

R = ẽR, µ̃R, τ̃R.
In the simplified model depicted in Figure 4 (left), the main production mode is slepton pair

production and the relevant process is shown in Figure 4 (right). In this model, the heaviest
pseudo-goldstino, to which the neutralino decays via a photon, is denoted by G̃′′. This pseudo-
goldstino subsequently decays promptly to the lighter pseudo-goldstino G̃′ which, in contrast to
G̃′′, is stable on collider time scales. Eventually G̃′ will decay to the gravitino G̃ but since that
coupling is very small, this decay takes place outside the detector. Thus, from the point of view
of collider physics, the gravitino plays no role and therefore it is not included in Figure 4 (left).

The process in Figure 4 (right) gives rise to the final state `+`−+ 4γ+E/ T . Note that, if we
would consider a different production mechanism by replacing the sleptons by other SM super-
partners, then the OSSF lepton pair in Figure 4 (right) would be replaced by the corresponding
SM partners. In order to be as model-independent as possible in terms of the production mode,
let us focus on the last two decay steps in the process, from which the photons and E/ T originate.
In comparison to standard GMSB, where each of the two neutralinos decays to a photon and a
nearly massless gravitino, since the pseudo-goldstini are massive, the emitted photons will here
be softer. Moreover, since some of the E/ T that would be carried away by G̃′′ is transformed into
soft photon energy in the last decay step, also the amount of E/ T will here be smaller.

In paper 3 we show that, due to the hard cuts on the transverse momentum of the photons
(pγT ) and the E/ T , the existing LHC searches for GMSB are not very sensitive to multiple hidden
sector models. Instead, what one should do in order to probe these models is to relax the pγT
and E/ T cuts, but require additional soft photons in the final state. In 3 we find that a search
for four photons, each with pγT > 20 GeV, and E/ T >50 GeV could easily lead to a discovery (or

eIn order for this decay to be prompt, the SUSY breaking scales should be hierarchical with at least two of them
having values around or below 5−10 TeV. See 10 for some recent discussions concerning low scale SUSY breaking.



very strong constraints) already with the existing amount data, i.e. 20 fb−1 at
√
s = 8 TeV.

4 Conclusions

In the first part of this note we provided a possible explanation of a slight excess, observed by
the CMS collaboration, in terms of a simplified model of GMSB, with a gravitino LSP, a stau
NLSP at around 90 GeV and mass-degenerate selectron/smuon at around 145 GeV. Since the
stau mass is close to the LEP bound it will be interesting to see if the LHC at some point will be
able to set a stronger bound on the stau mass. The search we propose that would best probe this
model is in the final state 2τh + (2/3)`+E/ T . In the second part, we discussed GMSB models in
which SUSY was broken in more than one hidden sector. The two key features of such multiple
hidden sector models were that the final state spectrum was generically softer than in standard
GMSB, making the existing LHC searches poorly sensitive, and the presence of additional decay
steps, where soft photons are emitted, opening up new search channels. The search we propose,
that would be model-independent in terms of the production mode, is an inclusive search in
the final state (3/4)γ + E/ T , with minimal pT -requirements on the photons. We focused on the
example of slepton pair production which, due to the presence of a lepton pair in the final state,
could be probed by a search in the final state 2`+ 2γ + E/ T , which would capture also the case
where one or two photons are too soft to allow for reconstruction.
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We study the impact of TeV-scale sterile neutrinos on electroweak precision observables and
lepton number and flavour violating decays in the framework of a type-I see-saw extension of
the Standard Model. At tree level sterile neutrinos manifest themselves via non-unitarity of
the PMNS matrix and at one-loop level they modify the oblique radiative corrections. We
perform a numerical fit to the electroweak observables and find regions of parameter space
with a sizable active-sterile mixing which provide a better over-all fit compared to the case
where the mixing is negligible. Specifically we find improvements of the invisible Z-decay
width, the charged-to-neutral-current ratio for neutrino scattering experiments and of the
deviation of the W boson mass from the theoretical expectation.

1 Introduction

The Standard Model (SM) is extremely successful and has passed numerous experimental tests.
Moreover the last missing piece, the Higgs particle, has recently likely been seen by the ATLAS
and CMS collaborations. On the other hand, the SM is incomplete as it fails to explain the tiny
active neutrino masses, the baryon asymmetry of the Universe and the existence of dark matter.
A simple yet elegant way to solve the first two or even all of these problems is to supplement
the SM by three heavy sterile neutrinos:

L = LSM + 1
2N̄i

(
i/∂ −Mi

)
Ni − hαi ¯̀αφ̃Ni − h†iαN̄iφ̃

†`α . (1)

The existence of Majorana neutrinos has well known consequences on the phenomenology below
the electroweak scale. In particular, the new states can contribute to the amplitude of the neu-
trinoless double-beta decay 1,2,3,4,5 and induce rare charged lepton decays 6,7. Furthermore, they
can affect the electroweak precision observables (EWPOs) via tree-level as well as loop contri-
butions and thus provide an explanation for anomalies in the experimental data. In particular,
the tree-level effects result in non-unitarity of the active neutrino mixing matrix 6 and lead to a
suppression of the invisible Z-decay width. This is in agreement with the long standing fact that
the LEP measurement of the invisible Z-decay width is two sigma below the value expected in
the SM 8. Furthermore the neutral-to-charged-current ratio in neutrino scattering experiments
can be changed thus providing an explanation for the NuTeV anomaly 9. Also a slight shift of
the W boson mass from the value derived from other SM parameters is induced, reducing the
tension between the input parameters of the electroweak fit and the experimentally observed
value 10.

aPresenting author. Talk based on arXiv:1302.1872.



Encouraged by the fact that sterile neutrinos are very well motivated we study their phe-
nomenological impact. Specifically we consider TeV-scale sterile neutrinos with a sizable active-
sterile mixing and determine their over-all contributions to the EWPOs and to indirect detection
experiments in the framework of the see-saw type-I extension of the SM.

2 Impact on low-energy observables

After the electroweak symmetry breaking the active and sterile flavor eigenstates mix. In other
words, the light mass eigenstates acquire a small sterile component. Simultaneously, the heavy
mass eigenstates acquire a small active component and couple to the W - and Z-bosons,

Lint =− e

2cwsw
Zµ
∑3+n

i,j=1

∑
α=e,µ,τ ν̄iU

†
iαγ

µPLUαjνj

− e√
2sw

Wµ
∑3+n

i=1

∑
α=e,µ,τ ν̄iU

†
iαγ

µPLeα + h.c. . (2)

This affects the low-energy observables in two ways. First, this introduces additional processes
with the heavy neutrinos in the intermediate state. Second, because the light mass eigenstates
acquire a small sterile component their couplings to the W - and Z-bosons are smaller than
assumed in the Standard Model.

Lepton universality constraints. The second effect has an immediate impact of the probability
of the W -decay into a charged lepton of one of the three generations and a light neutrino. First,
one can expect that the decay width is smaller than in the Standard Model, just because the
coupling is smaller. Second, the decay probabilities for the electron, muon and tau leptons are
now in principle different. This goes under the name lepton universality violation. There are
relatively stringent experimental constraints on the violation of lepton universality 11,

εe − εµ = 0.0022± 0.0025 , (3a)

εµ − ετ = 0.0017± 0.0038 , (3b)

εe − ετ = 0.0039± 0.0040 , (3c)

where εα ≡
∑

i≥4|Uαi|2. Note that εα 6= 0 implies non-unitarity of the PMNS matrix, i.e. of the
3× 3 mixing matrix of the light eigenstates.

W -boson mass. The modification of the couplings to the W -boson also affects another very
important observable. Because of the non-unitarity the Fermi constant measured in the muon
decay differs from the Fermi constant measured in experiments with semi-leptonic processes.
And because the muon decay width is used as input in the Standard Model fit, this modification
influences many observables. In particular it changes the theoretical expectation for the W -bo-
son mass whose experimental value, MW = 80.385± 0.015, is roughly one sigma away from the
Standard Model expectation, 80.359± 0.011 GeV.

Invisible Z-decay width. The existence of the heavy neutrinos also affects couplings to the
Z-boson. Because we now have two neutrino lines, the effect is roughly speaking twice as strong
as for the W -boson. Typically, adding new particles to a theory means larger decay widths,
simply because there are more states to decay into. Surprisingly, this is not what happens with
the invisible Z-decay width once we add heavy neutrinos. It becomes smaller instead. Here is
the reason. On the one hand, the non-unitarity of the PMNS matrix makes couplings of the
light neutrinos to the Z-boson smaller. This automatically makes the decay width into these
states smaller. On the other hand, because the Z-boson is lighter than the heavy neutrinos,
it simple cannot decay into the new states for kinematical reasons. As a result, the invisible
Z-decay width is smaller than expected in the Standard Model. Put in another way, this means
that the effective number of neutrinos measured by LEP should be slightly smaller than three.
This is in qualitative agreement with the experimental result Γinv/Γlept = 5.942± 0.016, which
is roughly two sigma away from the Standard Model expectation 5.9721± 0.0002.



Charged to neutral current ratio. The existence of the heavy neutrinos makes coupling
of the light ones to the W - and Z-bosons smaller. The coupling to the Z-boson is affected
roughly twice as strong as the coupling to the W -boson. The immediate implication is that the
neutral current is suppressed stronger than the charged current. This conclusion is qualitatively
consistent with the results of the NuTeV experiment. After including a recent NNLO analysis9,12

the experimental values for gL and gR are given by g2L = 0.3026±0.0012 and g2R = 0.0303±0.0010,
whereas the Standard Model expectations are 0.3040± 0.0002 and 0.0300± 0.0002 respectively.

Lepton flavor violating decays. Recall now that the heavy neutrinos affect the low energy
observables not only because of non-unitarity, but also because they appear as intermediate
states in the Feynman diagrams. The prime example where both effects play a role is a lepton
flavor violating decay µ → eγ. The contribution of the light neutrinos is completely negligible.
Taking into account the unitarity of the full mixing matrix U we find for the contribution of
the heavy states, δν = 2

∑3+n
i=4 U

∗
eiUµi

[
g
(
m2
i /M

2
W

)
− 5/3

]
, where the second term in the square

brackets comes from non-unitarity of the PMNS matrix, whereas the first one is induced by the
intermediate heavy neutrinos. The recent limit on this branching ratio obtained by the MEG
collaboration 13 is BR(µ+ → e+γ) ≤ 5.7 · 10−13 at 90% confidence level.

Neutrinoless double beta decay. Another example is neutrinoless double beta decay. The
effective electron neutrino mass is given by |〈mee〉| ≈

∣∣∑3
i=1U

2
eimi −

∑3+n
i=4 F (A,Mi)U

2
eimi

∣∣.
Typically, one takes into account only the contributions of the light neutrinos, this is the first
term, but the heavy neutrinos can also contribute, this is the second term. The experimental
bound has also been recently updated 14 by the GERDA collaboration, |〈mee〉| < 0.2 − 0.4 eV.

STU parameters. Last but no definitely not least, the heavy neutrinos can also appear in the
self-energy loops of the W - and Z-bosons and affect theoretical predictions for the low-energy
observables we have discussed so far. These loop corrections can be taken into account using
the STU parameters developed by Peskin and Takeuchi.

Combination of the tree-level and loop corrections. Explicit expressions for the corrections
to the electroweak observables read,

Γlept

[Γlept]SM
= 1 + 0.6 (εe + εµ + 0.0145T )− 0.0021S , (4a)

Γinv/Γlept

[Γinv/Γlept]SM
= 1− 0.67 (εe + εµ + ετ ) + 0.0021S − 0.0015T , (4b)

sin2 θleptw[
sin2 θleptw

]
SM

= 1− 0.72 (εe + εµ + 0.0145T ) + 0.0016S , (4c)

g2L[
g2L
]
SM

= 1 + 0.41 εe − 0.59 εµ − 0.0090S + 0.0022T , (4d)

g2R[
g2R
]
SM

= 1− 1.4 εe − 2.4 εµ + 0.031S − 0.0067T , (4e)

MW

[MW]SM
= 1 + 0.11 εe + 0.11 εµ − 0.0036S + 0.0056T + 0.0042U , (4f)

where S, T, and U are the STU parameters which encode the loop corrections, and εe, εµ and
ετ encode the tree-level non-unitarity effects. Importantly, the loop corrections can be as large
as the tree-level ones and therefore we can have partial cancellation of the tree-level and loop
corrections. If this cancellation happens or not of course depends on the values of the model
parameters and this is where we approach the question of parameter scan.

Parameter scan. The contribution of the heavy neutrinos to most of the observables may be
small, but it is decisive as far as masses and mixing angles of the light neutrinos are concerned.
Within the past fifteen years there has been an enormous progress in this field. On the one hand
most of the neutrino parameters have been measured experimentally. On the other hand, and



this is very important for the parameter scan, Casas and Ibarra have developed a very handy
parametrization 15 of the full six-by-six neutrino mixing matrix in terms of the experimentally
measurable quantities and a few unknown parameters,

R = −iU m̂
1
2
lightO

∗m̂
− 1

2
heavy , (5a)

U =
(

1−R R†
) 1

2 U , (5b)

with O being an arbitrary complex orthogonal matrix, U the unitary matrix diagonalizing m̂ν ,
m̂heavy the diagonal mass matrix of the heavy neutrinos and m̂light that of the light neutrinos.
Now comes the question of the number of degrees of freedom. In principle, we start with nine
variables: three masses of the heavy neutrinos plus three complex angles in the matrix O.
However, the corrections are expressed in terms of only six quantities: the three parameters
of non-unitarity plus the three STU parameters. In other words, the initial nine degrees of
freedom map to six. Out of the STU parameters, the S and U parameters are negligibly small.
So effectively, the initial degrees of freedom map to four parameters: εe, εµ, ετ and T . I would like
to emphasize that our goal was not to perform a full parameter scan, but rather to find examples
of regions in the parameter space where the fit is improved with respect to the Standard Model.
For every considered point in the parameter space we have checked that it is compatible with
the µ→ eγ and 0νββ constraints.

Rare processes. If the point passed this test, as is the case for all points in figure 1, then we
computed the values of the other low-energy observables and used them to calculate χ2 using

χ2
EWPO =

∑
i

(Oi −Oi,SM)2

(δOi)2 + (δOi,SM)2
, (6)

where Oi,SM denotes the predictions of the SM, δOi,SM are the theoretical errors and δOi
are the experimental errors. If the heavy neutrinos had absolutely no impact on the low-energy
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Figure 1: χ2 for four d.o.f. as a function of the ratios of the µ → eγ branching ratio and |〈mee〉| to the
corresponding experimental bounds (NH). Here εµ is suppressed.

observables, then χ2 ≈ 7.5. Such points are color-coded by red on this plot. For the best fit points
we get a moderate decrease of χ2 to 4. These points are color-coded by green. The improvement
of χ2 per new degree of freedom is roughly one. Which of the electroweak observables are
responsible for this improvement?

Electroweak fit. The answer can be inferred from figure 2. The main improvement is due to
the charged-to-neutral current ratio and due to the W-mass. The improvement of the invisible



Z-decay width is rather minor. Here the tree-level corrections are largely compensated by the
loop ones. Note that figure 2 assumes normal hierarchy of the light neutrino masses. For

-3 -2 -1 0 1 2 3

Γlept

Γinv/Γlept

sin2 θW

g2L

g2R

M2
W

0νββ

µ → eγ

Figure 2: EWPOs calculated at the best-fit point for NH and suppressed εµ (green dots) compared to the
experimentally observed values, denoted by the zero line. The colored lines stand for the respective experimental
sigma deviations, thus the displacement of the predicted values form the observations is presented in units of the
experimental error. Note that for the 0νββ and µ → eγ constraints we present only the one sigma exclusion
limits. The theoretical predictions of the SM with their theoretical uncertainties are displayed as well (blue bars).
(The best-fit point is at M1 = 20.3 TeV, M2 = 14.1 TeV, M3 = 21.0 TeV, εe = 2.1 · 10−3, εµ = 3.0 · 10−6 and

ετ = 4.5 · 10−3.)

the inverted and quasidegenerate mas hierarchies χ2 at the best-fit points reduces to roughly
χ2 ≈ 5.5 and χ2 ≈ 5 respectively 16.

3 Summary

To summarize, sterile neutrinos with masses at the TeV-scale and a sizable active-sterile mixing
affect electroweak precision observables as well as µ → eγ and 0νββ processes. The effect is
twofold. On the one hand, the coupling of the light mass eigenstates to the W - and Z-bosons is
smaller than expected in the Standard Model. On the other hand, the heavy mass eigenstates
also couple to the W - and Z-bosons and can contribute as intermediate states. Given that there
some discrepancies between the predictions of the Standard Model and the experimental data,
corrections induced by the sterile neutrinos are more than welcome. Accepting some fine-tuning
we can improve the fit of the neutral-to-charged current ratio, of the W-mass, and to a lesser
extent of the invisible decay width.
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DARK MATTER SEARCHES AT THE LARGE HADRON COLLIDER
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Searches for Dark Matter (DM) are performed by the ATLAS and CMS experiments in events
involving large missing transverse energy in the detector. Recent analyses have been carried
out in the context of the mono-jet, mono-photon, mono-top, mono-W and mono-Z signatures,
including both hadronic and leptonic W and Z decays. No evidence of physics beyond the
expectation of the Standard Model has been observed, and the production of DM particles
has been interpreted assuming an effective field theory and simplified models. Limits on the
suppression scale of the effective theory have been translated into bounds on the DM-nucleon
scattering and DM annihilation cross sections. Results were derived from datasets of collisions
at a center-of-mass energy of

√
s = 7 and 8 TeV, with an integrated luminosity of up to 20 fb−1.

1 Introduction

Multiple cosmological observations indicate the existence of Dark Matter (DM), as suggested by
the rotation velocities of galaxies, the gravitational lensing, or the fluctuations in the temperature
spectrum of the Cosmic Microwave Background (CMB). Assuming that DM consists in weakly
interacting massive particles (WIMP), it could then be produced in proton-proton collisions at
the Large Hadron Collider (LHC), but would be seen as missing energy. Two types of models
are considered to simulate the production of DM, namely an Effective Field Theory (EFT) and
simplified models.

In the case of the EFT, the hypothetical mediators between the Standard Model (SM)
particles and the dark sector are supposed to be too heavy to be produced directly, so that the
production of DM can be modeled by contact interactions. The DM candidates are supposed to
be to be Dirac fermions and to be produced exclusively via scalar, vector, axial-vector or tensor
operators 1, by coupling universally to quarks or gluons from the SM. To circumvent the issue of
validity of the EFT at high momentum transfer, UV-complete simplified models with a specific
massive mediator have been considered in addition.

At the ATLAS or CMS experiments, the DM particles are expected to be stable enough
to travel through the detector without interacting, and would thus be seen as missing energy.
However, due to the conservation of energy in the transverse plane of the detector, DM candidates
would be balanced by additional particles. The latter could be produced in association with
DM, or be radiated from colliding partons.

Therefore, mono-X final states consisting of large missing transverse energy ( 6ET ) plus a
particle X being a jet, a W or Z boson, a photon, or a top-quark have been considered. In the
following of this document, these mono-X searches are reported.



2 Search in the mono-jet final state

Events with the mono-jet signature have been investigated by both CMS and ATLAS using
datasets at

√
s = 8 TeV totalizing 19.5 fb−1 and 10.5fb−1, respectively 2,3. Previous results had

been published with 5 fb−1 of data at 7 TeV 4,5. In these analyses, pair-produced DM candidates
are supposed to recoil against a jet originating from radiation in the initial state (ISR).

The main background from the SM consists in the Z boson production in association with
jets, followed by its decay to neutrinos. Events with a central leading jet of high transverse
momentum (pT ) are selected and the sensitivity is increased by allowing up to two jets, to
account for a trailing jet that could be radiated by the leading one. To reduce leptonic W boson
decays, vetoes on charged leptons are applied. CMS suppresses the multi-jet background by
requiring the two leading jets not to point in the same direction, while ATLAS discards events
were the 6ET points in the direction of the second leading jet. The signal regions considered
by CMS are defined by a leading jet pT that exceeds 110 GeV and by lower cuts on the 6ET
from 250 to 550 GeV. Another strategy is chosen by ATLAS with symmetric lower bounds from
120 to 500 GeV on both the 6ET and the leading jet pT . The determination of the electroweak
background relies on control regions from data based on leptonic W or Z decays. These are
corrected by simulation to account for the acceptance of the control region cuts and the difference
of phase space, branching fractions, and cross sections between the control and signal processes.

A model of contact interaction (EFT) with a suppression scale M? has been used to interpret
the results. Lower bounds on M? are derived for different operators as function of the WIMP
mass mχ. Figure 1 shows these limits in the case of a vector operator, and compares them to the
thermal relic density observed by the WMAP experiment6. For a given mχ, the value on the relic
line corresponds to the value of M? at which the considered WIMP pair annihilation (exclusively
via the given operator to quarks or gluons) would result in the thermal relic density observed
by WMAP. If the lower bound on M? is larger than the relic line, it is then not consistent
with WMAP. Depending on the operator considered, the bounds on M? can also be translated
into upper limits on the WIMP-nucleon scattering cross section (σχ−Nucleon) and the WIMP
annihilation cross section, as illustrated in Figures 2 and 3, respectively. In the case of a spin-
independent operator, excluded regions in the plane (σχ−Nucleon, mχ) show competitive collider
limits at low mχ compared to astroparticle experiments, while results on WIMP annihilation
are comparable to those of the Fermi LAT experiment.
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CMS further interpreted the results using a UV-complete simplified model with a massive
vector mediator that couples to DM. Lower bounds on the scale Λ of the theory are computed
as function of the mediator mass M, and converge to the results obtained assuming contact
interactions at high M, as presented in Figure 4.
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3 Search in the mono-W(→ `ν) final state

The CMS experiment carried out a search for pair-produced DM candidates recoiling to a W
boson from ISR, using 20 fb−1 of data at

√
s = 8 TeV 7. The interaction between DM and the

SM quarks is predicted by an EFT. The W boson is assumed to be radiated from either an u or
d-quark, which constitutes two interfering production processes. If the interference parameter ξ
is equal to 1 (−1), then the interference is destructive (constructive).

The analysis is based on the CMS W
′

search 8 with both electron and muon channels. The
main background is the W boson leptonic decay, which is modeled by simulation and scaled to
a next-to-leading order prediction as function of the reconstructed W mass. In order to enhance
signal over background, the 6ET is required to balance the selected lepton.

The reconstructed W mass constitutes the main observable to distinguish signal from back-
ground, and its shape is used to derive lower limits on the scale of the EFT. Results are also
translated into upper bounds on σχ−Nucleon as function of the DM particle mass Mχ. Fig-
ure 5 compares these bounds to the limits of the CMS mono-jet search and to astroparticle
experiments, in the case of a spin dependent operator.

4 Search in the mono-W/Z(→ qq) final state

A search for WIMP pairs balanced by a W or a Z boson has been performed by ATLAS, using
20 fb−1 of data at

√
s = 8 TeV 9. Similarly to the CMS mono-W(→ `ν) search presented above,

the W or Z boson is supposed to be radiated from an u or d-quark from ISR. However, hadronic
W and Z decays are considered.

In order to reconstruct the W or Z boson, a single massive “fat” jet of distance parameter
R = 1.2 and mass mjet is considered, using the Cambridge-Aachen algorithm 10. Figure 6
provides the distribution of mjet in a validation region enriched in top-quarks, where a W peak
can be observed, as well as a tail due to b-jets originating from the top-quark decays. The main
backgrounds and their determination are similar to the mono-jet analysis previously described



in this document. The event selection consists in requiring one fat jet with a pT larger than
250 GeV, and mjet between 50 and 120 GeV. Events with no electron, muon or photon are
selected, and not more than one narrow jet (R = 0.4) separated from the fat jet is allowed. The
signal regions are defined by inclusive lower bounds on the 6ET , namely 350 and 500 GeV.

In the context of an EFT, upper limits on the WIMP-Nucleon cross section are derived as
function of the WIMP mass. Figure 7 represents these bounds with the hypothesis of spin-
dependent and spin-independent operators. In the case of the operator D5 with constructive
interference of the production processes, the limits are improved by three orders of magnitude.
Furthermore, hadron collider limits involving a spin-dependent operator are competitive for
the complete range of WIMP masses, from the GeV to the TeV scale. The hypothesis of an
interaction between DM and SM quarks via a Higgs boson H is also considered. Upper limits on
the DM production cross section times branching fraction normalized by the SM cross section
of the W/Z+H production are computed as function of the H mass. An upper limit of 1.6 is
found for a H mass of 125 GeV.
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5 Search in the mono-Z(→ ``) final state

The pair production of DM candidates recoiling to a leptonically decaying Z boson has been
investigated by ATLAS, using 20 fb−1 of data at

√
s = 8 TeV 11. An EFT is considered in two

different scenarios, namely the associated production of a Z boson with a pair of DM particles,
and the pair production of DM particles with a Z boson radiated from ISR. In the case where
the Z boson interacts directly with DM, the relative contribution of the Z and γ∗ diagrams is
an additional parameter of the theory.

Events with either two electrons or muons are considered, and the main background from
the SM consists in the ZZ di-boson production with one Z decaying to two oppositely charged
leptons, and the other to two neutrinos. This background is estimated from simulation and
normalized to a next-to-leading order production cross section. The two leptons of the signal
candidate events are required to have an invariant mass compatible with the Z boson mass, and
events containing jets, a third lepton, or a 6ET arising from mismeasured jets are vetoed. Signal
regions are defined by inclusive lower cuts on the 6ET from 150 to 450 GeV.

Lower limits on the EFT scale are computed and translated into upper bounds on σχ−Nucleon

as function of the DM mass mχ, as provided in Figure 8 in the case of a spin-dependent operator.
In addition, an UV-complete model is considered with a scalar mediator η of mass mη. Upper
bounds on the coupling f between the DM and η are calculated in the plane (mη, mχ), and
shown in Figure 9. The most sensitive limits on f are obtained at low mη and mχ, and the
region above the black line in the upper-left corner includes the upper bounds on f that are
smaller than the lower limit from the relic abundance.
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6 Search in the mono-photon final state

Both ATLAS and CMS experiments analyzed the signature consisting in one photon and large
6ET . The results were interpreted in the context of pair-produced DM particles in events including
a photon radiated from colliding partons 12,13. Results were derived from 5 fb−1 of data at√
s = 7 TeV.

The main background of the mono-photon analysis consists in the production of a Z boson
in association with a photon, followed by its decay to neutrinos. ATLAS evaluates this back-
ground by relying on a data control region containing events with a photon, a muon, and 6ET ,
whereas CMS estimates it from simulation (normalized to next-to-leading order production cross



section). Candidate events are required to have a reconstructed photon with a pT greater than
150 and 145 GeV, as well as a 6ET exceeding 150 and 130 GeV, in the case of ATLAS and CMS,
respectively. Events with an electron or a muon are vetoed, and hadronic activity is constrained.

Upper Limits on σχ−Nucleon are obtained under the hypothesis of an EFT, and similar results
are found by ATLAS and CMS. The mono-photon search yet proved to be less sensitive than
the mono-jet analysis.

7 Search in the mono-top final state

A search for DM in events with a top-quark balanced by a large 6ET has been achieved by CMS,
using a dataset of 20 fb−1 at

√
s = 8 TeV 14. The signal consists in the associated production of

a DM candidate and a hadronically decaying top quark, in the context of an EFT.
The contribution from the SM mainly consists in the W and Z boson productions in associa-

tion with jets, followed by their leptonic and invisible decays, respectively. Both are determined
using a control region from data, whereas the production of top pairs is estimated from simula-
tion with a corrected top pT and a cross section normalized to a next-to-next-to-leading order
computation. Selected events include one b-tagged jet, as well as three jets with an invariant
mass below 250 GeV and transverse momenta above 60, 60, and 40 GeV. No event with an
electron or a muon is kept, and the 6ET is required to be larger than 350 GeV.

Upper bounds on the signal production cross section time branching fraction are derived as
function of the mass of the DM particle, and interpreted as lower limits on the mass of the DM
candidate. Assuming either a scalar or a vector DM particle, masses up to 327 and 655 GeV are
ruled out, respectively.

8 Conclusion

Searches for DM candidates have been performed by both the ATLAS and CMS Collaborations,
using up to 20 fb−1 of data from proton-proton collisions at

√
s = 7 or 8 TeV. A large scope of

final states have been considered, based on a single SM particle X recoiling to 6ET . Accurate
techniques have been used for the determination of the main backgrounds, but no deviation
from the expectation of the SM has been observed. Both UV-complete simplified models and
effective field theories have been exercised to predict the production of DM, and limits on the
underlying parameters have been set. Finally, the DM interpretations of the Mono-X searches
proved to be complementary to results from direct and indirect astroparticle experiments.
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We present our study of lepton flavour violating decays of a Higgs boson with properties
compatible with those of the particle recently discovered at the LHC. We worked in the
context of the inverse seesaw model, considering the most generic case where the Standard
Model is extended by three pairs of fermionic singlets in order to generate the neutrino masses
and mixings required by neutrino oscillations. Using a full one-loop calculation together with
the most recent experimental and theoretical constraints, we discuss the dependence on the
parameters of the inverse seesaw model before concluding on the largest allowed branching
ratios through scans over the full parameter space.

1 Introduction

During the past twenty years, neutrino experiments have harvested a vast number of exciting
results and, nowadays, neutrino oscillations are a well studied phenomena whose parameters have
all been precisely measured, with the exception of a CP violating phase 1. This corresponds to
the indisputable observation of lepton flavour violation (LFV) in the neutral sector. We are then
forced to ask if charged lepton flavour could be violated too. Indeed, once non-zero masses and
mixings in the neutrino sector are taken into account, charged LFV (cLFV) can arise at the
one-loop level. However, in the Standard Model (SM), these signals are strongly suppressed by
a GIM mechanism, making them unobservable at any current or planned experiment. Thus, the
detection of a cLFV process would provide a clear evidence of new Physics. This has motivated
numerous experiments in the past 2, most of them focusing on radiative or three-body lepton
decays or neutrinoless µ− e conversion in muonic atoms.

Two years ago, the CMS and ATLAS experiments announced the discovery of a new particle
and they have started a vast experimental program aimed at measuring its properties. Their latest
results point toward a mass between mh = 125.5± 0.6GeV (ATLAS 3) and mh = 125.7± 0.4GeV
(CMS 4) and characteristics otherwise compatible with the Higgs boson of the Standard Model.
Both experiments are actively searching for leptonic decays of the Higgs boson and they have
evidence for its decay into τ leptons. This makes the search for cLFV Higgs decays very timely
and complementary to other cLFV searches.

The Standard Model cannot accommodate neutrino masses, which are needed to explain
neutrino oscillations. This calls for new Physics in the leptonic sector and one of the simplest
extensions of the SM is the addition of right-handed (RH) neutrinos, which are fermionic gauge
singlets. In this work, we consider the Inverse Seesaw (ISS) model 5,6,7 whose main advantage
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over the usual type I seesaw is that it naturally allows for large neutrino Yukawa couplings, of
order O(1), and a seesaw scale close to the electroweak scale. This makes the ISS simultaneously
testable at the LHC, through the direct production of the RH neutrinos, and at low-energy
experiments via loop-generated effects.

In our study, we have considered the complete set of one-loop diagrams contributing to cLFV
Higgs decays which can be found with the corresponding formulas in our main article 8, together
with our full numerical results.

2 The inverse seesaw model

Neutrino oscillations are clearly established nowadays and can easily be explained by the exis-
tence of massive neutrinos with intergenerational mixing. However, neutrino masses cannot be
generated in the SM due to the absence of fermionic singlets or SU(2) triplets. The inverse seesaw
addresses this shortcoming of the SM by adding two types of fermionic singlets, νR and X with
opposite lepton numbers, per generation. The corresponding Lagrangian is

LISS = −Y ij
ν LiΦ̃νRj −M

ij
R ν

C
RiXj −

1

2
µijXX

C
i Xj + h.c. , (1)

where L is the SM lepton doublet, Φ is the SM Higgs doublet, Φ̃ = ıσ2Φ∗, with σ2 the correspond-
ing Pauli matrix, Yν is the neutrino Yukawa coupling matrix, MR is a lepton number conserving
mass matrix, and µX is a Majorana mass matrix that violates lepton number conservation by
two units. This leads to the following neutrino mass matrix in the (νCL , νR , X) basis, after
electroweak symmetry breaking,

MISS =

 0 mD 0
mT
D 0 MR

0 MT
R µX

 , (2)

with mD = Yν〈Φ〉, where the Higgs vacuum expectation value is taken to be 〈Φ〉 = v = 174 GeV.
Considering only one generation and making the natural assumption µX � mD,MR, the diago-
nalization of the mass matrix gives the following mass eigenstates

mν =
m2
D

m2
D +M2

R

µX , (3)

mN1,N2 = ±
√
M2
R +m2

D +
M2
RµX

2(m2
D +M2

R)
. (4)

What makes the ISS mechanism attractive is the fact that the smallness of the light neutrino mass
is directly proportional to the smallness of µX , the parameter that controls the size of the lepton
number violating mass term. As such, its smallness is natural in the sense of ’t Hooft9. Moreover,
the presence of this extra parameter decouples the Weinberg operator which generates the light
neutrino masses from the higher dimensional operators responsible for low-energy effects like
cLFV and lepton universality violation. Thus, it is natural to expect that lepton flavour violating
Higgs decays will be strongly enhanced in the inverse seesaw model.

3 Lepton flavour violating Higgs decays in the inverse seesaw

We have implemented the complete set of one-loop diagrams in our private Mathematica code,
considering a Higgs boson with a mass mH = 126 GeV whose total SM decay width was computed
using FeynHiggs 10,11,12. We have also included the relevant experimental constraints, starting
with neutrino oscillation data as given by the NuFit collaboration in the v1.2 of their results1 and
the upper limit on the effective electron neutrino mass in β decays from the Mainz and Troitsk
experiment 13,14. This was done by using a modified Casas-Ibarra parametrization as described



in our article 8, whose validity was checked by requiring that the difference between the input
and output light neutrino masses was below 10% and that the full 9 × 9 rotation matrix was
unitary. Since arbitrary large Yukawa couplings can be generated when using the Casas-Ibarra
parametrization, we have required, for i, j = 1, 2, 3,

|Yij |2

4π
< 1.5 , (5)

ensuring that the neutrino Yukawa couplings do not leave the perturbative regime.

In addition to the above mentioned requirements, we have also implemented constraints com-
ing from the LHC and low-energy experiments. First, RH neutrinos lighter than the Higgs boson
could open new invisible decay channels, strongly enhancing the Higgs invisible decay width in
some case. In order to avoid this, we have required that sterile neutrinos are heavier than 200 GeV,
thus escaping these potential constraints. Having simultaneously large neutrino Yukawa couplings
and RH neutrinos with a mass close to the electroweak scale would generate large cLFV branching
ratios. We have implemented the one-loop computation of the `i → `jγ decay rates within the
same framework using standard analytical formulas 15,16 and have applied the upper bounds on
cLFV radiative decays coming from the MEG 17 (BR(µ → eγ) ≤ 5.7 × 10−13 at 90% CL) and
BaBar 18 experiments (Br(τ → µγ) < 4.4× 10−8, Br(τ → eγ) < 3.3× 10−8 at 90% CL). If large
contributions to cLFV processes can be generated, a large contribution to lepton EDMs could
also be expected in the general case. To avoid this, we assume in most of our study that all mass
matrices and the PMNS matrix are real. It was recently shown that lepton universality tests
provide constraints complementary to the one derived from cLFV processes 19,20. However, since
we consider only RH neutrinos heavier than the Higgs boson, points in the parameter space that
are excluded by lepton universality test are also excluded by radiative cLFV decays. In the end,
we found that the most constraining observable for our study is µ → eγ, due to the stringent
upper limit obtained by the MEG collaboration.

We have focused on the decays H → µτ̄ , eτ̄ , eµ̄. While this is not necessarily the case in the
most general scenario, their branching ratios are equal to the ones of their CP conjugates under
our assumptions of real PMNS and mass matrices. We have distinguished two cases in our study:
degenerate or hierarchical heavy neutrinos. We will present here our results for the degenerate
scenario, since they illustrate well the main features of our full study. A discussion of cLFV Higgs
in both degenerate and hierarchical cases can be found in our main article 8.
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Figure 1 – Branching ratios of H → µτ̄ and µ → eγ as a function of MR for different values of µX . Dotted lines
correspond to non-perturbative neutrino Yukawa couplings while the red dashed line is the experimental upper
bound from MEG.

Let us start by studying the dependence of cLFV decays on the parameters of the ISS, as
can be seen in Fig. 1 where we have plotted the decays H → µτ̄ , the cLFV Higgs decay with
the largest branching ratio, and µ → eγ, the most constraining radiative cLFV observable, in a
degenerate scenario. Degenerate heavy neutrinos were obtained by choosing degenerate entries



in MR = diag(MR1 ,MR2 ,MR3) and in µX = diag(µX1 , µX2 , µX3), i.e., by setting MRi = MR

and µXi = µX (i = 1, 2, 3). First, we can see that smaller values of µX correspond to larger
cLFV branching ratios. In Fig. 1, mν1 is fixed to 0.1 eV, thus decreasing µX will increase the
size of the neutrino Yukawa couplings Yν , leading in turn to larger cLFV decay rates. Second,
cLFV Higgs and radiative decays present qualitatively different behaviours as functions of MR.
BR(µ → eγ) exhibits a very mild dependence on MR, being constant for values MR ≥ 103 GeV.
As a consequence, µ→ eγ will mostly constrain µX . However, this should not be interpreted as
a non-decoupling behaviour but it is an artefact originating from the use of a modified Casas-
Ibarra parametrization where keeping mν1 fixed will lead to an increase in the neutrino Yukawa
couplings when MR increases. We have explicitly checked that at large MR, the cLFV radiative
decays exhibit the expected behaviour, going like

BRapprox
`m→`kγ = 8× 10−17

m5
`m

(GeV5)

Γ`m(GeV)

∣∣∣∣ v2

2M2
R

(YνY
†
ν )km

∣∣∣∣2. (6)

On the contrary, BR(H → µτ̄) exhibits a distinct behaviour, with a different dependence on the
model parameters for various values of MR . At large MR, it grows as M4

R, reaching its maximal
value when the neutrino Yukawa couplings reach the perturbativity limit. There are also dips
that we have identified as coming from an interference between the dominating diagrams when
MR is large and from an interference between the other diagrams when MR ∼ 300 GeV.

The observed functional behaviour of BR(H → µτ̄) implies that it is not simply proportional

to |YνY †ν /M2
R|2 as the radiative decays are. We have further explored this by focusing on the

diagrams that dominate at large MR and have isolated their contribution in Fig. 2 where it is
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Figure 2 – Comparison between the full calculation (dashed line), the dominant contribution at large MR (full line)
and our approximate formula (dotted line) for BR(H → µτ̄) as a function of MR.

compared with the full calculation and with the following approximate formula

BRapprox
H→µτ̄ = 10−7 v4

M4
R

∣∣∣(YνY †ν )23 − 5.7(YνY
†
ν YνY

†
ν )23

∣∣∣2 , (7)

which reproduces extremely well the dominant contribution at large MR. This approximate
formula can be understood by using the mass insertion approximation (MIA). Indeed, at the lowest
order in the MIA, this contribution takes a form similar to the dimension 6 operator governing
radiative cLFV decays, which gives the first term of Eq. 7. But there are also higher order
contributions like the one corresponding to diagrams with two chirality flipping mass insertions
on the internal neutrino line of a loop leading to the second term in Eq. 7. Besides, if the two



contributions have opposite signs they will interfere destructively, leading to dips that verify
M−2
R µX ∼ constant, which explains the dips at large MR in Figs. 1 and 2.

In a degenerate scenario, once the light neutrino masses and mixing are fixed, the only re-
maining free parameters are MR and µX . This allows us to search for the largest BR(H → µτ̄)
by the means of a contour-line plot like Fig. 3. From Fig. 1, we expect the largest branching ratio
to be found at large MR and small µX , where the limits from the neutrino Yukawa couplings
perturbativity and the upper bound on BR(µ → eγ) intersect. Looking at Fig. 3, we found
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Figure 3 – (left) Contour lines of BR(H → µτ̄) as a function of both MR and µX . The pink-shaded area is excluded
by the upper limit on BR(µ→ eγ) from MEG, while the blue-shaded area is excluded by the non-perturbativity of
the neutrino Yukawa couplings. (right) Scatter plot for BR(H → µτ̄) as a function of MR. Red points are excluded
by the MEG limit on BR(µ→ eγ) while blue points are allowed by all the constraints.

that this corresponds to BR(H → µτ̄) ∼ 10−10, which is found for MR ∼ 2 × 104 GeV and
µX ∼ 5× 10−8 GeV. To conclude with more generality, we have randomly scanned over the ISS
parameter space in a degenerate scenario. As can be seen in the right hand plot of Fig. 3, the
maximum allowed branching ratio is BR(H → µτ̄) ∼ 10−10, in agreement with the result derived
from the contour-line plot.
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Figure 4 – Scatter plots for BR(H → eµ̄) (left) and BR(H → eτ̄) (right) as functions of MR. Red points are
excluded by the MEG limit on BR(µ→ eγ) while blue points are allowed by all the constraints.

We have focussed here on the decay H → µτ̄ but the other cLFV Higgs decays exhibit the
same properties. Using similar random scans on the ISS parameter space, we obtained the plots
of Fig. 4 which can be used to conclude that, in a degenerate scenario, the other decays have
maximal branching ratios of BR(H → eτ̄) ∼ 10−10 and BR(H → eµ̄) ∼ 10−13. We have also



performed this study in the hierarchical scenario finding that cLFV Higgs decay rates can be
enhanced by as much as one order of magnitude with respect to the degenerate scenario. More
details and the corresponding plots can be found in our main article 8.

4 Conclusion

In this work, we have studied cLFV Higgs decays in the inverse seesaw model, where the SM
is extended by three pairs of fermionic singlets. Using a full one-loop calculation of the partial
decay width for H → µτ̄ , eτ̄ , eµ̄, we have carefully studied the dependence on the parameters
of the model, finding that the main constraints are the upper limit on BR(µ → eγ) and the
perturbativity of the neutrino Yukawa couplings. Taking them into account, we conclude that
the maximal allowed cLFV Higgs decay rates are for H → eτ̄ and H → µτ̄ , reaching at most
BR ∼ 10−10 for the degenerate heavy neutrinos case and BR ∼ 10−9 for the hierarchical case.
While LHC experiments will not be sensitive to branching ratios so small, this should not deter the
searches for cLFV Higgs decays since they are a powerful probe that would help to discriminate
between extensions of the Standar d Model.
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EXPERIMENTAL SIGNATURES
OF A LIGHT SINGLET-LIKE SCALAR IN NMSSM

MARCIN BADZIAKa, MAREK OLECHOWSKI, STEFAN POKORSKI
Institute of Theoretical Physics, Faculty of Physics, University of Warsaw

ul. Hoża 69, PL–00–681 Warsaw, Poland

NMSSM with a light singlet-like scalar and strongly suppressed couplings to b and τ is inves-
tigated. It is shown that in such a scenario the singlet-like scalar to diphoton signal can be
larger than for the SM Higgs for a wide range of masses between 60 and 110 GeV, in agreement
with all the LEP and LHC data. Enhancement of the singlet-like scalar to diphoton signal is
correlated with positive correction to the SM-like Higgs mass from mixing between SM-like
Higgs and the singlet. It is also shown that the couplings to b and τ and, in consequence,
branching ratios of the SM-like Higgs are anti-correlated with those of the singlet-like scalar.
If the singlet-like scalar to diphoton signal is enhanced, the signal strengths of the 125 GeV
Higgs in the diphoton and WW ∗/ZZ∗ channels are predicted to be smaller than for the SM
Higgs.

1 Introduction

The measurement of the Higgs mass of about 125 GeV 1,2 stimulated increased interest in
extensions of Minimal Supersymmetric Standard Model (MSSM) in which additional positive
corrections to the Higgs mass are present allowing for lighter stops relaxing the little hierarchy
problem of the MSSM. One of the most attractive and certainly the simplest among those
extensions is Next-to-Minimal Supersymmetric Standard Model (NMSSM). In these proceedings
we focus on a case in which additional positive correction to the Higgs mass originates from
mixing effects in the CP-even scalar sector of NMSSM. We identify particularly attractive part
of parameter space in which the singlet-light scalar is lighter than the discovered Higgs and has
suppresed couplings to b and τ . In this part of parameter space more than 5 GeV correction to
the MSSM Higgs mass is obtained for wide range of singlet-like scalar masses. Such scenario has
phenomenologically distinctive feature which is diphoton signal of the singlet-like scalar stronger
than the corresponding signal of the SM Higgs with the same mass. The results presented in
these proceedings were originally given in Refs. 3,4.

2 CP-even scalar sector in NMSSM

We begin with a brief summary of the CP-even scalar sector of NMSSM 5. There are three
physical neutral CP-even Higgs fields, Hu, Hd, S which are the real parts of the excitations
around the real vevs, vu ≡ v sinβ, vd ≡ v cosβ, vs with v2 = v2

u + v2
d ≈ (174 GeV)2, of the

neutral components of doublets Hu, Hd and the singlet S (we use the same notation for the
doublets and the singlet as for the real parts of their neutral components). It is more convenient
for us to work in the basis (ĥ, Ĥ, ŝ), where ĥ = Hd cosβ + Hu sinβ, Ĥ = Hd sinβ − Hu cosβ

aSpeaker



and ŝ = S. The ĥ field has exactly the same couplings to the gauge bosons and fermions as the
SM Higgs field. The field Ĥ does not couple to the gauge bosons and its couplings to the up
and down fermions are the SM Higgs ones rescaled by tanβ and − cotβ, respectively. The mass
eigenstates are denoted as s, h, H, with the understanding that h is the SM-like Higgs.

The NMSSM specific part of the superpotential is in general given bya

WNMSSM = λSHuHd + f(S) . (1)

The first term is the source of the effective higgsino mass parameter, µ ≡ λvs, while the second
term parametrizes various versions of NMSSM. In the simplest version, known as the scale-
invariant NMSSM, f(S) ≡ κS3/3.

We assume also quite general pattern of soft SUSY breaking terms (we follow the conventions
used in 5):

−Lsoft ⊃ m2
Hu |Hu|2+m2

Hd
|Hd|2+m2

S |S|2+(AλλHuHdS+
1

3
κAκS

3+m2
3HuHd+

1

2
m′2SS

2+ξSS+h.c.) .

(2)
In the scale-invariant NMSSM, m2

3 = m′2S = ξS = 0.
Let us parametrize the mass matrix of the hatted fields as follows:

M̂2 =


M̂2
hh M̂2

hH M̂2
hs

M̂2
hH M̂2

HH M̂2
Hs

M̂2
hs M̂2

Hs M̂2
ss

 . (3)

The off-diagonal terms of the above matrix are given by

M̂2
hH =

1

2
(M2

Z − λ2v2) sin 4β , (4)

M̂2
hs = λv(2µ− Λ sin 2β) , (5)

M̂2
Hs = λvΛ cos 2β , (6)

where Λ ≡ Aλ + 〈∂2
Sf〉.

M̂2
hh after including radiative corrections, which we parametrize by (δm2

h)rad, is given byb

M̂2
hh = M2

Z cos2 (2β) + (δm2
h)rad + λ2v2 sin2 (2β) . (7)

The first two terms in the above equation are the ”MSSM” terms, with

(δm2
h)rad ≈ 3g2m4

t

8π2m2
W

[
ln

(
M2

SUSY

m2
t

)
+

X2
t

M2
SUSY

(
1− X2

t

12M2
SUSY

)]
, (8)

where MSUSY ≡
√
mt̃1

mt̃2
(mt̃i

are the stop masses) and Xt ≡ At − µ/ tanβ with At being
SUSY breaking top trilinear coupling at MSUSY. The third term in eq. (7) is the new tree-level
contribution coming from the λSHuHd coupling.

2.1 Higgs boson couplings

Denoting the mass-eigenstates s, h, H by x = gxĥ + β
(H)
x Ĥ + β

(s)
x ŝ the couplings (normalized

to the corresponding SM values) are given by

Cbx = gx + β(H)
x tanβ , (9)

Ctx = gx − β(H)
x cotβ , (10)

CVx = gx , (11)

aExplicit MSSM-like µ-term can also be present in the superpotential but it can always be set to zero by a
constant shift of the real component of S.

b The formulea for the diagonal entries of M̂2 are not relevant for our present discussion and can be found in
Ref. 3.



where x is s, h or H. Note that the couplings to the vector bosons depend only on the ĥ
components. On the other hand, the couplings to fermions can be modified by mixing with Ĥ.

In the region of moderate and large tanβ even small component of Ĥ in the singlet-dominated
Higgs may give a large contribution to the couplings to b quark due to tanβ enhancement.
On the other hand, the couplings to the up-type quarks are almost the same as those to the

gauge bosons, Ctx ≈ CVx . Particularly interesting is the case when gsβ
(H)
s < 0 because then

Cbs � Cts , CVs is possible.

It can be shown that Cbs < CVs if M̂2
HsM̂

2
hs < 0 which leads to the following condition for

the NMSSM parameters 3:

Λ(µ tanβ − Λ) & 0 , (12)

which is satisfied only if µΛ > 0.

It is important to stress that strong suppression of the sbb̄ coupling does not introduce any
new fine-tuning of parameters as long as tanβ is large and λ is smaller than O(0.1). The scenario
with large λ & 0.6 and small tanβ that lead to substantial tree-level contribution to mh requires
at least few-percent fine-tuning to avoid negative eigenvalues of the Higgs mass matrix 3.

In the regime Cbs � Cts , CVs , the (otherwise dominating) s branching ratios to bb̄ and τ τ̄ are
strongly suppressed and s decays mainly to gg and cc̄. This has many important implications
which we discuss in following sections.

3 Correction to the Higgs mass from mixing

In NMSSM, in addition to the correction coming from the λ coupling, there exist also correction
from mixing between scalars, ∆mix, which we parametrize as follows:

mh = M̂hh + ∆mix . (13)

Mixing with ŝ gives positive (negative) contribution to ∆mix if the singlet-dominated scalar is
lighter (heavier) then the SM-like Higgs, while the contribution to ∆mix from mixing with Ĥ is
negative and gets smaller in magnitude for larger values of mH . Therefore, in order to calculate
the maximal allowed value of ∆mix it is enough to consider a case in which H is decoupled. In
such a case ∆mix is given by

∆mix = mh −
√
m2
h − g2

s

(
m2
h −m2

s

)
≈ g2

s

2

(
mh −

m2
s

mh

)
+O(g4

s) , (14)

where in the last, approximate equality we used the expansion in g2
s � 1. It is clear from

the above formula that a substantial correction to the Higgs mass from the mixing is possible
only for not too small couplings of the singlet-like state to the Z boson and that ms � mh

is preferred. However, LEP has provided rather strong constraints on the states with masses
below O(110) GeV that couple to the Z boson because such states could be copiously produced
in the process e+e− → sZ.

For those LEP searches that rely on b and τ tagging 6, constraints on g2
s depend on the s

branching ratios and the LEP experiments provide constraints on the quantity ξ2 defined as:

ξ2
bb̄ ≡ g

2
s ×

BR(s→ bb̄)

BRSM(h→ bb̄)
. (15)

The LEP constraints on ξ2
bb̄

are reproduced by the red line in the left panel of Figure 1. Assuming

Cbs ≈ Cts , CVs ≈ gs, i.e. neglecting the mixing with Ĥ, the branching ratios of s are the same as
for the SM Higgs. Therefore, the limits on ξ2

bb̄
depicted by the red line in Figure 1 are, in fact,

also the limits on g2
s. Using eq. (14) we can translate the constraints on g2

s into limits for the
maximal allowed correction from the mixing, ∆max

mix , as a function of ms. These are presented in



Figure 1 – Left: The 95 % CL upper bounds on ξ2
bb

(the red line) or ξ2jj (the green line). The red line was obtained

using the observed limits presented in the column (a) of Table 14 in Ref. 6, while the green line corresponds to
Figure 2 of 7. Right: The LEP limits translated to the upper limits on ∆mix using eq. 14 assuming ξ2

bb
= g2s and

ξ2jj = g2s for the red and green line, respectively.

the right panel of Figure 1. Notice that in this case ∆mix can reach about 6 GeV in a few-GeV
interval for ms around 95 GeV, where the LEP experiments observed the 2σ excess in the bb̄
channel. However, for ms . 90 GeV the allowed value of ∆max

mix drops down very rapidly to very
small values.

The situation changes if the sbb̄ coupling is strongly suppressed because in such a case the
constraints from the b-tagged LEP searches become meaningless. The main constraint on such
a scenario is provided by the flavour independent search for a Higgs decaying into two jets at
LEP 7. Those searches give constraints on a quantity ξ2

jj defined as:

ξ2
jj ≡ g2

s × BR(s→ jj) , (16)

which are reproduced by the green line in the left panel of Figure 1. Noting that for suppressed
sbb̄ and sτ τ̄ couplings, BR(s→ jj) ≈ 1 so ξ2

jj ≈ g2
s, it becomes clear that these constraints are

substantially weaker and allow for values of g2
s above 0.3 for ms around 100 GeV and the limit

rather slowly improves as ms goes down, as seen from the left panel of Figure 1. In consequence,
the constraints on ∆max

mix are also weaker. As can be seen from the right panel of Figure 1,
when s → bb̄ decays are suppressed ∆mix above 5 GeV is viable for a large range of ms with a
maximum of about 8 GeV for ms around 100 GeV.

3.1 Anti-correlation between the s and h couplings

It is very interesting to note that the sbb̄ coupling is anti-correlated with the hbb̄ coupling. The

proof of this fact is given in Ref. 3. This implies that for suppressed sbb̄ coupling, R
(h)
V V < 1− g2

s

(where V = W or Z, and R
(h)
V V is the cross-section times branching ratio normalized to the SM

value). In order to study quantitatively this feature of the scenario we performed a numerical
scan over the NMSSM parameter space for various values of ms and mH while keeping fixed
mh = 125 GeV. Details of the scan can be found in Ref.3 and the results are presented in Figures
2 and 3. In Figure 2 scatter plots of ∆mix versusms are presented. The LEP constraints discussed
before have been taken into account. It can be seen from the left panel that the biggest ∆mix

corresponds to small values of R
(h)
V V (note that for large tanβ R

(h)
γγ ≈ R(h)

V V ), in tension with the
LHC Higgs data. If one demands consistency with the LHC Higgs data at 95% CL, ∆max

mix is
between about 5 and 7 GeV for ms between mh/2 and 105 GeV, as can be seen from the right
panel of Figure 2.



Figure 2 – Results of the numerical scan presented in the ∆mix-ms plane after taking into account the LEP
constraints. Left: The blue points are characterised by R

(h)
V V < 0.5 while for the red, green, black and yellow

points R
(h)
V V is larger than 0.5, 0.7, 0.8 and 1, respectively. The points with larger values of R

(h)
V V are overlaid on

the points with smaller R
(h)
V V . Right: Color denotes p-value based on the 125 GeV Higgs data. Green, yellow,

blue, red points correspond to p-value above 0.32, between 0.32 and 0.05, between 0.05 and 0.01, below 0.01,
respectively.

Figure 3 – The same as in Figure 2 but in the R
(s)
γγ -ms plane.

4 Enhanced s→ γγ

In the scenario with strongly supressed sbb̄ and sτ τ̄ couplings the total decay width of s is
strongly reduced so all the s branching ratios, except those for the s decays to the down-type
fermions, are strongly enhanced. Particularly interesting, from the viewpoint of prospects for
discovery of s, is the γγ final state. Even though the production cross-section is suppressed by
g2
s, BR(h → γγ) can be enhanced by more than a factor of ten resulting in the signal strength

R
(s)
γγ > 1.

It can be seen from Figure 3 that after taking into account the LEP constraints R
(s)
γγ can be up

to about three. However, it is also seen from the Figure that very large R
(s)
γγ typically correspond

to small R
(s)
V V and is incompatible with the LHC data for the 125 GeV Higgs. Nevertheless, even

after taking into account these constraints R
(s)
γγ > 1 can be obtained for a wide range of ms

between about 60 and 110 GeV, and R
(s)
γγ can reach two for ms around 70 GeV.



5 Conclusions

We investigated NMSSM with a light singlet-like scalar with suppressed couplings to b and τ . In
this scenario the discovered Higgs boson is next to the lightest one and its mass can get positive
correction of about 5-7 GeV from mixing with the singlet for a wide range of ms between 60
and 110 GeV. Thus, stop masses can be substantially smaller than in the MSSM.

Characteristic signature of this scenario is enhanced s→ γγ signal which can be up to three
times larger than for the SM Higgs in agreement with all the LEP data. Even though direct
Higgs searches in the diphoton channel have not been performed for masses below 110 GeV at
the LHC so far, the LHC results already constrain this scenario because the 125 GeV Higgs
production cross-section and branching ratios to gauge bosons are always smaller than in the
SM. This is because mixing of ĥ with the singlet reduces the Higgs production cross-section,
while suppression of the sbb̄ coupling always imply enhancement of the hbb̄ coupling. We found
that the NMSSM points predicting the largest enhancement of the s→ γγ signal are ruled out
by the 125 GeV Higgs measurements but the signal strength two times larger than for the SM
Higgs is still possible. Therefore, we encourage the LHC collaborations to extend direct Higgs
searches in the diphoton channel to masses between 60 and 110 GeV.

Since the enhancement of the s→ γγ signal originates from strong suppression of the total
decay width, similar enhancement of signal is present also in other s decay channels such as
WW ∗, ZZ∗ and Zγ. For low scalar masses these channels are generally even more challenging
from experimental point of view but for masses not much below 110 GeV the signal of s decays
may be visible. Thus, the Higgs searches should be extended to lower masses also in these
channels.

Suppression of the sbb̄ coupling is naturally present in NMSSM with moderate and large
tanβ and small values of λ. Such suppression is also possible for small tanβ and large λ but at
the cost of additional fine-tuning of the NMSSM parameters.
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IS THE STANDARD MODEL SCALAR THE FIRST DISCOVERED SUSY
PARTICLE?

C. BIGGIO

Dipartimento di Fisica, Università di Genova & INFN, Sezione di Genova,
via Dodecaneso 33, 16159 Genova, Italy

The scalar particle recently discovered at the LHC has the same gauge quantum numbers as
the neutrino, so they could be one the superpartner of the other. We discuss the conditions
that should be satisfied in order to realize such identification and present a model where this
is realized. This model possesses an interesting phenomenology that we present here.

1 Introduction

On July 4th 2012, at CERN, it was announced the discovery of a new particle, at a mass of
(125.9 ± 0.4) GeV, compatible with the Standard Model (SM) scalar boson. In October 2013
the Nobel Prize for physics was assigned to François Englert and Peter W. Higgs “for the the-
oretical discovery of a mechanism that contributes to our understanding of the origin of mass
of subatomic particles, and which recently was confirmed through the discovery of the pre-
dicted fundamental particle, by the ATLAS and CMS experiments at CERN’s Large Hadron
Collider”. This discovery completes the picture of the SM particles and, for the first time, a
scalar is discovered with the same gauge quantum numbers of an already discovered fermion,
the neutrino. Indeed in the SM both the scalar and the neutrinos belong to SU(2) doublets and
have the same hypercharge. Then a natural question arises, if they can be one the superpartner
of the other. Were this the case, the SM scalar discovery would also represents the discovery
of supersymmetry (SUSY). It is then clear that it is worth to check whether this is feasible or
not. This has been studied in details in Ref.1, of which in the following I will give a short review.

In order to identify the SM scalar with a sneutrino few conditions have to be satisfied. Since
we are dealing with a SUSY theory, we could think of starting from the Minimal Supersymmetric
Standard Model (MSSM). In order to avoid fast proton decay, in the MSSM a parity symmetry,
called R-parity, is usually imposed, under which all SM particles are even, while SUSY partners
are odd. Additionally, this ensures the absence of large neutrino masses, that would be generated
if the R-parity were broken. If we now identify a sneutrino with the SM scalar, once the latter
acquires vev, the R-parity and Lepton Number (LN), under which the sneutrino is charged, will
be broken and large neutrino masses will be generated, thus excluding the model. We therefore
immediately come to the first condition: in order to identify the SM scalar with a sneutrino the
R-parity should be replaced by a U(1)R symmetry, which plays the rôle of LN and prevents the
generation of large ν masses.

U(1)R symmetries are well-known in the literature, since they have the interesting feature
that, in models respecting them, gauginos have Dirac masses, and this offers a further protection
mechanism to the SM scalar mass known as “supersoft SUSY breaking” 2. In this framework



it is therefore possibile to identify a slepton doublet with the SM scalar doublet and indeed
this possibility has been explored in the literature 3. However, in order to obtain all the SM
Yukawa Lagrangian terms and therefore all the fermion masses, a second chiral superfield, Hu is
usually introduced, since a term containing the hermitian conjugate of the SM scalar, like in the
up-quark Yukawa coupling in the SM, is forbidden in SUSY theories, since the superpotential
must be analytic. Then, in the previously mentioned models, the sneutrino plays the rôle of the
SM scalar only in the down quark and charged lepton sectors, while Hu provides the masses
of the up-type quarks. Once Hu is introduced, a new superfield has to be added to cancel the
anomaly induced by the presence of Hu alone. Moreover, the µ-term is still there in this case,
with all the problematics associated to it.

Here we would like to explore the viability of a model where no chiral superfield is introduced,
a part from the ones associated to leptons and quarks, and where a sneutrino plays the rôle of
the SM scalar, giving mass to all the fermions. This would have the additional benefits that no
superfield must be added in order to cancel any anomaly and moreover the µ-problem would be
solved, since no µ-term would be present in the theory. The price one has to pay in order to
realize this is that at least the Yukawa coupling of up-type quarks must come from the Khäler
potential, i.e. from higher-dimensional SUSY-breaking operators.

In the following I will discuss the main features of the model and the interesting phenomenol-
ogy associated to it.

2 The Higgsinoless MSSM

Since the only chiral superfields present in this model are the ones associated to quarks and
leptons, no chiral Higgs superfields are present and hence no Higgsinos, from which the name of
the model.

Table 1: Superfield content and charge assignments under the SM gauge group and the U(1)R symmetry.

SU(3)c × SU(2)L × U(1)Y U(1)R
Q (3, 2) 1

6
1 +B

U (3̄, 1)− 2
3

1−B
D (3̄, 1) 1

3
1−B

L1,2 (1, 2)− 1
2

1− L
E1,2 (1, 1)1 1 + L

H ≡ L3 (1, 2)− 1
2

0

E3 (1, 1)1 2
Wα
a (8, 1)0 + (1, 3)0 + (1, 1)0 1

Φa (8, 1)0 + (1, 3)0 + (1, 1)0 0

X ≡ θ2F (1, 1)0 2

In table 1 the superfield content of this model, as well as their charge assignments, are shown.
From there one can see that a certain freedom on the charges is possible. In the following we
will not enter into the details of such charge assignment, for which we remand to Ref. 1, but just
assume that L 6= 1 (i.e. the SM scalar is identified with L3) and B 6= 1/3 (in order to prevent
proton decay). It follows that the only possible superpotential terms, at the renormalizable
level, are:

W = YdHQD + Ye ij HLiEj , (1)

where indexes i, j = 1, 2 are summed over (i, j = 3 is forbidden by the antisymmetry of SU(2)
contracted indexes) and Yd is a matrix in flavor space. As it stands, this superpotential does not
generate up-type quark masses, gaugino masses, nor a mass for the charged lepton contained in



L3, whose scalar partner plays the rôle of the SM scalar. These must originate as SUSY breaking
effects. If we introduce a spurion field X, whose F -component is nonzero, X = θ2F , and breaks
SUSY, in a SUSY-preserving notation the masses of the up-type quarks can be written as∫

d4θ yu
X†

M

H†QU

Λ
=

∫
d2θ YuH

†QU , (2)

where yu are dimensionless couplings and Yu ≡ yuF/(MΛ) are the Yukawa couplings of the
up-type quarks. Here Λ is the scale at which the effective operator is generated, while M is the
SUSY mediation scale.

In a similar fashion we can write the masses for `3 and the gauginos∫
d4θ y3

X†X

M2

HDαHDαE3

Λ2
(3)∫

d2θ
DαX

M
W a
αΦa , (4)

where Dα are superspace derivatives, as well as an additional quartic coupling for the SM scalar:∫
d4θ λH

X†X

M2

|H|4

Λ2
= δλh h

4 + . . . . (5)

This last term is needed in order to obtain a SM scalar mass ∼ 126 GeV, since in this model
A-terms are forbidden by the R-symmetry and, for naturalness, we would like to have light
stops.

Eqs. (1)-(5) are the necessary and sufficient ingredients we need to build a realistic model
without any additional chiral superfield. Moreover, from Eq. (2) we derive the first interesting
consequence of our approach: since Yt ∼ 1, and F/M is the scale of scalar superpartners that
we would like not to be heavier than the TeV, we obtain Λ ∼ yuF/M . 4πTeV. That is, this
model is an effective theory valid up to few tens of TeV.

A nice feature of this model is that, thanks to the R-symmetry, the SUSY breaking correc-
tions to the SM scalar mass are suppressed, and EWSB is realized without fine tuning. Moreover,
for the same reason, a naturally splitted spectrum is possible. In particular, gauginos must be
heavier then the TeV, due to the modifications they can induce in the Z coupling to charged
leptons, with whom they mix, while stops and sbottoms can be just around the corner in LHC
searches. We will not enter here into these technical details, that can be found in Ref. 1, while
we will now focus on the interesting phenomenology proper of this model.

3 Phenomenology

Let’s start with the SM scalar. At tree level, its couplings are identical to the SM ones, but at
the loop level deviations can occur. In particular, light stops circulating in the loops can induce
corrections to the scalar couplings to gluons and photons, modifying the branching ratios and
especially the production cross section.

An even more interesting feature is given by the possibility of having an invisible branching
fraction. Indeed, since the scalar is the partner of the neutrino and they couple to the goldstino,
if the gravitino is light, the scalar can decay into gravitino and neutrino, which manifest them-
selves in missing transverse energy (ET ). For F ∼ 1 TeV, the invisible branching fraction can
be as large as 10%.

In this model squarks and sleptons can be light. In particular, for naturalness reasons, we
expect the third generation squarks to be lighter than the TeV scale. Notice that, thanks to the
R-symmetry, left and right sfermions do not mix. This permits us to make a nice prediction on
quark masses:

m2
b̃L

= m2
t̃L
−m2

t +m2
b . (6)



Table 2: Decay modes for the (third family) squarks with the corresponding Lagrangian interaction.

Decay Interaction

t̃L → bR l̄
−
L YdHQD|θ2

t̃L → tRν̄L
1

Λ2 |H|2|Q|2|θ4

t̃L → tLG̃
m2

t−m2
t̃L

F t̃∗LG̃ tL

b̃L → bRν̄L YdQHD|θ2

b̃L → bLG̃
m2

b−m
2
b̃L

F b̃∗LG̃ bL

Decay Interaction

t̃R → tLνL
1

Λ2 |H|2|U |2|θ4

t̃R → tR
¯̃G

m2
t−m2

t̃R
F t̃∗R

¯̃G t̄L

b̃R → bLνL YdQHD|θ2
b̃R → tL l

−
L YdQHD|θ2

b̃R → bR
¯̃G

m2
b−m

2
b̃R

F b̃∗R
¯̃G b̄L

The decay modes of sfermions are dictated by symmtries and, for the third generation squarks,
are summarized in table 2. Notice that in many cases stops and sbottoms decay into a quark
plus a gravitino or a neutrino, i.e. missing energy. Therefore, the MSSM searches for a squark
decaying into a quark plus a neutralino can be adapted here by taking mχ̃0 = 0 and used to place
bounds on the masses of squarks. However, at difference with the MSSM and due to the absence
of the R-parity, here the squarks can decay into a quark and a lepton. In particular the t̃L can
decay into a b and a charged lepton, while the b̃R can decay into a t and a `. The branching
ratios into these channels depend on several variables, in particular on the gravitino mass: if
the gravitino is light the decay into it and a quark dominates, while if it is heavy the above
leptoquark decays can occur. As for the decay t̃L → bR l̄

−
L one can adapt leptoquark searches at

the LHC and put a bound on the stop mass. On the other hand, the decay b̃R → tL l
−
L has not

yet been searched for.

The prediction on the mass relation, the fact that leptoquark decays exist with predictable
branching ratios and that the final state helicity is fixed in this model, render it distinguishable
from the MSSM. Indeed, suppose a final state composed by a b-jet and missing transverse energy
is observed: it can be the b̃R of this model only if a leptoquark decay into top+lepton is observed
at the same mass, or it can be the b̃L if the t̃L is observed at a slightly higher mass. On the
other hand suppose that a top and missing ET are observed: it can be the t̃L if a lighter b̃L
and decays into b and leptons are observed, but it can be also the t̃R. In this case, in order to
distinguish from the MSSM one should look at the top helicity and, even if not trivial, this is in
principle feasible.

As for the 1st and 2nd generation squarks, bounds coming from the searches of final states
with jets and missing ET are quite strong, namely > 830 GeV. In principle also for these sparti-
cles leptoquark decays can occur, like for stops and sbottoms, but, since they come from super-
potential terms, the corresponding branching ratios are proportional to the Yukawa couplings
that, in this case, are small. Therefore, an interesting thing can happen: 3-body decays can
be dominant over the 2-body ones. In table 3 the possible decays are shown. These constitute
another interesting and peculiar signal of this model.

Table 3: Dominant decay modes for first and second family squarks when the gravitino is heavy or
√
F � TeV.

ũL → d+ l̄−L + Z c̃L → s+ l̄−L (for mc̃L . 500 GeV) c̃R → c+ νL (for mc̃R . 600 GeV)

d̃L → u+ ν̄L +W− → s+ l̄−L + Z → c+ l−L +W+

ũR → u+ l−L +W+ s̃L → s+ ν̄L (for ms̃L . 300 GeV) s̃R → c+ l−L (50%)

d̃R → d+ l−L +W+ → c+ ν̄L +W− → s+ νL (50%)

In the slepton sector the situation is quite similar: indeed also in this case the Yukawa cou-
plings are small and it can happen that 3-body decays dominate. The possible decays for the
charged sleptons, in the case where the gravitino is heavy, are shown in table 4.



Table 4: Dominant decay modes for sleptons when the gravitino is heavy or
√
F � TeV. We assume that the

slepton masses are larger than 500 GeV.

ẽL → νe + ν̄L +W− µ̃L → νµ + ν̄L +W− τ̃L → τ + ν̄L
ẽR → e+ l−L +W+ µ̃R → µ+ νL (50%) τ̃R → τ + νL (50%)

→ νµ + l−L (50%) → ντ + l−L (50%)

ν̃e → e+ l̄−L + Z ν̃µ → µ+ Z + l̄−L ν̃τ → τ + l̄−L

We have discussed here the phenomenology of a model which shows peculiar features with
respect to the MSSM. In particular we stress that this model is testable at the LHC, distin-
guishable from the MSSM in case of a discovery, and moreover falsifiable at the LHC running
at 14 TeV, since, being it an effective theory valid up to few TeV, almost all its parameter space
will be explored in the next LHC run.

4 Conclusions

We have answered the question of the title and shown that it is indeed possible for the SM
scalar to be the superpartner of the neutrino. For this to be realized, few conditions have to be
satisfied, which lead to a model which is an effective theory valid up to few TeVs. This model
has an interesting collider phenomenology that permits to test it at the LHC and, in case SUSY
is discovered, to distinguish it from the MSSM or other SUSY models.
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Searches with Boosted Topologies at the LHC
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Several models of physics Beyond the Standard Model predict new heavy particles that can
decay to boosted W,Z,H bosons or top quarks, that is, with a transverse momentum that
considerably exceeds their rest mass. This is a new kinematic regime where classical recon-
struction approach relying on one-to-one jet to parton assignment is not adequate anymore.
New techniques for the reconstruction of such objects at the LHC have been recently developed
and succesfully applied to analyses based on the Run I data at 8 TeV allowing to significanlty
extend the sensitivity of BSM searches. These new reconstruction approaches are now even
more crucial for the incoming Run II at 13 TeV.

1 Introduction

The LHC has crossed a new energy frontier, where searches for new physics Beyond the Standard
Model (BSM) typically involve the production of massive new particles that decay into final
state object with very large transverse momenta (pT ). In this regime the resulting hadronic
decay products from bosons (W,Z,H) or top quarks can be collimated and fall into a single
reconstructed jet. In this case the selection based on a one to one correspondence between
hadrons and jet will start to fail and new reconstruction techniques need to be employed to
identify (”tag”) the particle originating the reconstructed jet. Here we will show the basic
concepts underlying these new methods and how they improve significantly the reach for searches
of new heavy particles predicted in various BSM models.

2 Jet Grooming Strategies

Jet substructure analyses are able to distinguish the ”fat”-jets, which form when highly boosted
bosons or top quarks decay hadronically, from the large QCD background. A sophisticated
set of tools have been developed to try to answer the following two questions. The first one, to
disentangle if the jet mass is due to the decay of a massive particle or simply a consequence of the
QCD emissions. The second, when the jet is indeed coming from the decay of a massive object,
to disentangle the particles coming from the massive object itself from those coming from the
initial state radiation (ISR) or underlying event (UE) or pile-up (PU). These factors are essential



for achieving a good mass resolution. The methods developed to address these questions are
dedicated to clean away uncorrelated radiation within a jet and identify sub-jets within the
candidate jet. Jet grooming refers to the elimination of uncorrelated UE/PU radiation from a
target jet. Various forms of grooming have been developed. ”Pruning”1 involves reclustering the
jet under scrutiny throwing away the particles that are both soft and emitted at a wide angle.
In the ”filtering”2 approach the constituents are reclustered into subjets with a smaller cone,
∆R = 0.3, then only the N (where N is fixed) hardest subjets are kept. Another technique
called ”trimming”3 quite similar to filtering in the sense that it also recluster the jet components
using a smaller cone, but keeps all the sub-jets if above a certain scale.

3 Boosted W and Z tagging

For an electroweak boson (W or Z) with a pT ≥ 200 GeV/c2 a jet reconstructed with a large cone
of ∆R ≈ 1.0 contains most of the decay products. The main observable to identify a V-jet4,5 is
the mass of the jet itself once improved with grooming methods such as those described above.
A good W-tagging performance is achieved selecting pruned jet masses between 60 GeV/c2

and 100 GeV/c2. Additional improvements can be obtained by exploiting the information from
the jet substructure such as the likelihood of having two-prongs in the jet. Moreover, the jet
substructure can be further exploited to extend the concept of charge tagging also to boosted
Ws. A distribution of a very pure sample of boosted Ws from tt̄ events in data is shown in
Fig.1.

4 Searches with boosted bosons

4.1 Diboson

Several theories of BSM physics predict the existence of resonances with masses above 1 TeV
that decay into a quark and a W or Z vector boson or into pairs of vector bosons. Given the
mass range of the heavy particles being searched the analyses combine a mixture of resolved
and boosted reconstruction depending on the kinematical regime. While all the possible final
states have been studied by Atlas6 and CMS7,8,9, we focus here on the semileptonic case where
one of the bosons decays leptonically (with one or two leptons in the final state) while the
other decays hadronically and is V-tagged, or the fully hadronic case with one or two V-tagged
jets. In general, the selection profits of the capability of identifying one or more V-tagged
jets in order to suppress the large QCD or V+jets background. The final result is obtained
doing a bump search over a smooth fit of the distribution of the invariant mass of the two
bosons M(VV), thus employing a fully data driven background estimate. Various strategies are
employed to improve the sensitivity at even larger masses (where the reconstruction efficiency
starts to degrade) playing with the quality requirement of the V-tag itself, to select samples
with different purities. The exclusions limits are extracted for several models of excited quarks,
Randall-Sundrum Gravitons, or W′.

4.2 Dark Matter

One essential part of the Dark Matter search program is the search for pair production of
WIMPs at particle colliders such as the LHC via some unknown intermediate state. The final
state WIMPs would be invisible to the detectors but the events can be detected if there is an
associated initial-state radiation of a SM particle. In the case where the up-type and down-type
coupling of this operator have opposite signs [C(u) = −C(d)] the mono-W-boson production
can become the dominant process. In particular ATLAS10 has searched for the production of
large momentum W or Z bosons decaying hadronically and reconstructed as a single massive jet
in association with large missing transverse energy. The results of this search are presented as



limits sets on the mass scale of the effective field theories that describe the interactions of the
dark matter and standard model particles, see Fig.2 and on the cross section of Higgs production
and decay to invisible particles. In addition, this analysis allows to put cross section limits on
the anomalous production of W or Z bosons with large missing transverse momentum.

Figure 1 – Pruned jet mass distribution in a muon
semi-leptonic tt̄ control sample, passing the W-
tagging selection

Figure 2 – Observed limits on the effective theory
mass scale M∗ as a function of mχ at 90% C.L. from
combined mono-boson signals

5 Boosted Top Tagging

The top quark decays (in the Standard Model) almost always in a W and a b quark. The decay
of the W hence determines if the final state is leptonic or hadronic. In the case of top quark
produced with a significant boost the traditional reconstruction techniques become inefficient,
either because of the requirement on lepton isolation is not valid anymore once the lepton is close
to the jet from the b hadronization, either because the three jets start becoming very close to
each other. Depending on the boost of the top quark we can identifiy three different regimes in
the case of an hadronic decay: resolved (with three separately reconstructed jets with a smaller
cone), partially resolved (where the W jets are reconstructed in a single cone and identified with
substructure technique as described above), or fully boosted where the three jets from the top
decay need to be disentagled with substructure techniques applied to a larger cone jet. Several
algorithms have been developed for top-tagging11,12,13 and have been successfully applied in the
analyses. The most important aspect though is that their performance have been measured and
validated on real data given the very large production of tt̄ events at the LHC. The agreement
between the data and MonteCarlo prediction is impressive and shows the very good control and
understanding of these sophisticated techniques, see Fig.3.

5.1 B-tagging in Boosted Jets

The next step in order to better exploit the hadronic decays of boosted bosons or top quarks is
to develop techniques to be able to identify the presence of b-jets inside the jet substructure. As
for all new developments, several approaches are being followed at the moment. The first one
is based on the simple application of traditional b-tagging algorithms to the whole list of tracks
present in a ”fat”-jet, regardless of the substructure details. This approach however starts to fail
at higher boosts, in particular for the case of double b-tagging, as it can happen for a H → bb̄
decay. A better approach seems to be instead the application of b-tagging algorithm only to the



specific set of tracks belonging to the different sub-jets: for instance in the case of a t-tagged jet,
the request of an additional sub-jet b-tagged provides a reduction of a factor ten of the QCD
background while keeping 70% of the efficiency14.

6 Searches for new tt Resonances

A mix of resolved and boosted analysis approach has been applied to the search for heavy
resonances (Z′) decaying into tt̄ pairs15,16,17. These new particles are expected in several theories
such as topcolor models18, chiral color models19 and Randall-Sundrum models with warped extra
dimensions20. The resolved approach has a sensitivity up to about a Z′ mass of 1 TeV where
the boosted approach start becoming more significant, see Fig.4. This implies not only the use
of jet substructure techniques for the hadronic decays of the top quark, but also a different
treatement of top leptonic decays, since at higher boosts the lepton is no more isolated from the
accompanying b jet. Combining these different approaches the limits obtained reach a sensitivity
in the range of 2 to 2.5 TeV for various models of Z′ with different width hypotesis or Randall-
Sundrum KK Gluons.

Figure 3 – Jet mass for leading t-tagged jet in a
data sample enriched in tt̄ semi-leptonic events

Figure 4 – The 95% CL upper limits on the
production cross section times branching fraction
as a function of M(tt̄) for Z′ resonances with
Γ(Z′)/M(Z′)=1.2% compared to theory predic-
tions.

7 Searches for Vector Like Quarks

If a more traditional ”fourth generation” has been essentially ruled out, heavier partners of the
third generation quarks appear still as a very compelling extension of the standard model. They
exist in several models such as the Two Higgs Doublet Model (2HDM), Little Higgs or Extra
Dimension. These new partners can behave as isospin singlet, double or triplet and they can
display normal (+1

3 , −2
3) or exotic charge ( +5

3 , −4
3). In some models the couplings with the third

generation quarks are enhanced, which leads to very interesting final states containing boosted
vector and Higgs bosons and top quarks. In particular it should be noted that these final states
are rich in number of leptons, jets, b-jets and boosted objects, but not a significant amount of
trasverse missing energy (hence complementary to typical SUSY searches in similar final states).
Both the CMS and ATLAS collaboration have covered the overall parameter space for the search
of pair produced B′ and T ′21,22,23,24. Various recent analyses consider multi-lepton and multi-V-
tagged final states, in some cases with an explicit reconstruction of the heavy object invariant
mass as a discriminant, reaching strongest exclusion limit for the T ′(B′) around 800 GeV/c2 for
specific cases.



8 Perspectives for Run II

Looking foward to the next data taking period, Run II, at a higher centre-of-mass energy of
13 TeV and given the very large masses already excluded for several new particles with the Run
I data, it becomes clear that the techniques for the reconstruction of boosted bosons and top
quarks will become even more critical. Two aspects should be considered early on. The first
one is the performance of the different algorithms as a function of the number of additional
interactions (pile-up) that might become significant depending on the luminosity achieved by
the LHC. It is comforting to see that preliminary studies already show a certain robustness even
in challenging conditions. The second one is the capablity of making this algorithms sufficiently
fast to be able to use them at the level of the trigger selection. The possibility of having trigger
paths selecting boosted objects would significantly increase the efficiency for searches for heavy
exotic objects in hadronic final state that would otherwise suffer of increasingly large rates from
the QCD processes.

9 Conclusions

The discovery frontier for new heavy objects that will be produced at the LHC in Run II relies
heavily on the capability of the experiments to profit of the new kinematical regime of final
states with boosted W, Z or Higgs bosons and top quark. This implies the development of new
reconstructions techniques that allow to disentagle the jet substructure and its possible heavy
flavor content and distinguish merged jets from hadronic decays of bosons and top quarks from
normal QCD jets. Several of these algorithms have been already validated and used for new
particles searches on the Run I data at 8 TeV by ATLAS and CMS signficantly extending the
sensitivity reach of the analyses.
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THE ELECTRON EDM AND EDMS IN TWO-HIGGS-DOUBLET MODELS
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Electric dipole moments constitute highly sensitive probes for CP-violating effects beyond the
Standard Model. The upper limits obtained in various precision experiments can therefore be
used to strongly restrict new physics models. However, relating the experimental information
to parameters of a specific model is complicated by the presence of various sources for EDMs
as well as large theory uncertainties in some of the relevant matrix elements. In this article,
we address both issues for the EDMs of heavy paramagnetic systems, where it is possible to
include subleading contributions, thereby model-independently extracting the electron EDM.
We furthermore use expressions for the presently phenomenologically relevant EDMs with
conservative estimates for the theoretical uncertainties to place constraints on CP-violating
phases in the context of Two-Higgs-Doublet models.

1 Introduction

Electric dipole moments (EDMs) provide a competitive means to search for new physics (NP),
complementary to strategies like direct searches at hadron colliders, but also to other indirect
searches like the flavour-changing processes investigated at the flavour factories. The exceptional
sensitivity is in two ways related to the very specific connection between flavour and CP violationa

in the SM, embodied by the Kobayashi-Maskawa mechanism:1 firstly, it is very effective in sup-
pressing flavour-changing neutral currents (FCNCs), and even more so flavour-conserving ones
involving CP violation. An exception is provided by the gluonic operator OGG̃ ∝ εµνρσG

µνGρσ:
its potentially very large contribution to hadronic EDMs is, however, strongly bounded exper-
imentally. In this work it is implicitly assumed that it is effectively removed by Peccei-Quinn
symmetry2 or a similar mechanism. The remaining SM contributions then lead to EDMs many
orders of magnitude below the present limits, e.g.3,4,5,6 dSM,CKM

n . (10−32− 10−31) e cm. Impor-
tantly, for leptonic EDMs no assumption regarding OGG̃ is necessary; the SM contribution to
the electron EDM is estimated to be7,8,9 dSM

e . 10−38 e cm. The observation of an EDM with
the present experimental precision would therefore clearly constitute a NP signal, especially in
the leptonic sector. The second way the Kobayashi-Maskawa mechanism plays a role is that in
a generic NP scenario, the absence of such a powerful suppression typically yields contributions
that are large compared to experimental limits. On the other hand, Sakharov’s conditions 10

require the presence of new sources of CP violation to explain the observed baryon asymmetry
in the universe; while this does not necessarily imply sizable EDMs, it yields a strong motivation
to search for such sources. This combination of tiny SM “background” and comparatively large
expected NP contributions renders EDMs a precision laboratory for NP searches.

A potential discovery of a non-vanishing EDM would therefore indicate a NP signal several
orders of magnitude above the SM expectation, rather independent of theoretical uncertainties

aEDMs are T,P-odd, implying also CP violation when assuming CPT to conserved as we will in this article.



or the specific source. However, when casting existing experimental limits (and also poten-
tial signals) into bounds on model parameters, both issues need to be addressed. Specifically,
since experiments are typically carried out using composite systems, that is, nucleons, atoms
or molecules, the relation to more fundamental quantities like the electron EDM requires the
evaluation of complicated matrix elements which constitute the main source of theoretical un-
certainty. Furthermore, there are different sources for EDMs in theories beyond the SM, which
can exhibit cancellations. For heavy paramagnetic systems, potential cancellations can be taken
into account, leading to a more reliable, model-independent limit on the electron EDM,11 dis-
cussed in the next section. This is then used together with other limits in section 4 to constrain
the CP-violating parameters in Two-Higgs-Doublet models (2HDMs). Specifically, models with
new CP-violating phases in the Yukawa interactions used to be discarded because of potentially
huge EDMs. While the present experimental limits impose strong bounds on the corresponding
parameters, we show that in models with an appropriate flavour structure they have not yet
to be unnaturally small.12 However, large enhancements in other CP-violating observables are
strongly restricted by these bounds. Furthermore, the generic size for EDMs lies well within
reach of planned and ongoing next-generation experiments. These will therefore provide critical
tests for this class of models. We conclude in section 5.

2 Framework

Relating experimental data to fundamental parameters proceeds in a series of effective theories.
The available competitive observables, that is, the EDMs of thorium monoxide and ytterbium
fluoride molecules13,14, thallium and mercury atoms15,16 and the neutron17 (see also18), are related
by atomic, nuclear and QCD calculations to the coefficients of an effective theory on a hadronic
scale (see, e.g., Ref.19):

LEDM
eff = −

∑
f

dγf
2
Oγf −

∑
q

dCq
2
OCq + CWOW +

∑
f,f ′

Cff ′Off ′ . (1)

The operator basis consists of (colour-)EDM operators Oγ,Cf (f = e, q, q = u, d, s), the Weinberg
operator OW and T- and P-violating four-fermion operators Off ′ without derivatives (see,e.g.,
Ref.20). Since these calculations do not depend on the NP model under consideration, this is
used as the interface between the experimental side and the high-energy calculations: the latter
provide the model-specific expressions for the Wilson coefficients in Eq. (1), with at least one
more intermediate effective theory at the electroweak scale.

3 Model-independent extraction of the electron EDM

Within a given model, typically different operators from Eq. (1) dominate in different regions of
the parameter space. Heavy paramagnetic systems are an exception in this respect: their EDMs
receive two contributions scaling at least like d ∼ Z3,21,22,23 which therefore dominate the others;
one term is directly proportional to the electron EDM de, the other stems from electron-nucleon
interactions, parametrized by a dimensionless parameter C̃S . The energy shift ∆E = ~ω of
molecules M in an external field, as measured in,13,14 is given in terms of these contributions as
well:

ω = 2π

(
WM
d

2
de +

WM
c

2
C̃S

)
. (2)

The necessary constants WM
d,c, as estimated in 11,12, are W Y bF

d = −(1.3 ± 0.1)1025 Hz/e cm,

W Y bF
c = −(92 ± 9) kHz, W ThO

d = −(3.67 ± 0.18)1025 Hz/e cm, W ThO
c = −(598 ± 90) kHz. In

the literature it is common, however, to extract the electron EDM by setting C̃S → 0 (and



neglecting theory uncertainties). While this is reasonable in some models, it is not a model-
independent procedure. Actually, a single measurement cannot be translated into a limit on
de without an assumption on C̃S . In principle, however, clearly both contributions can be
extracted, once more than one measurement is available. Using additionally the measurement
for mercury, this has been done in Ref.11, leading to a bound on de competitive with the naive
extraction at the time. The present situation, illustrated in Fig. 111,12 on the left, is that the
in principle much stronger limit13 cannot easily be translated into a much better constraint on
the electron EDM (comparing the projections on the de axis of the blue ellipsis versus the one
of its overlap with the dark green fan yields and improvement from |de| ≤ 1.4 × 10−27 e cm
to |de| ≤ 1.0 × 10−27 e cm, only), since no second competitive measurement is available. This

Figure 1 – The constraint for
the electron EDM (95% CL)
from the measurements in
paramagnetic systems, see text.
Left: global fit in comparison
to the results before the ThO
measurement. Right: compar-
ison of the ThO measurement
the projected results of ongoing
experiments.

will change in the future, as illustrated in the same figure on the right. Note that it is of
special importance to have measurements with significantly differing values of WM

d /WM
c ,11 that

is, measurements with atoms/molecules of different weight.24 In the meantime we propose to
use a fine-tuning argument instead of neglecting the C̃S contribution completely: allowing the
latter by itself to saturate the experimental limit at most n = 1, 2, 3, . . . times, i.e. excluding
very large cancellations, we obtain a still conservative upper limit on de, e.g.

12

|de| ≤ 0.25× 10−27e cm (n = 2) . (3)

4 EDMs in Two-Higgs-Doublet Models

We calculate the Wilson coefficients in Eq. (1) for 2HDMs with new CP-violating phases. To
that aim, we use a general parametrization for the charged current Yukawa couplings in the
Higgs basis,

LH±Y =−
√

2

v
H+

{
ū
[
V ςdMdPR − ςuM †uV PL

]
d + ν̄ςlMlPRl

}
+ h.c. , (4)

where the Mi are diagonal mass matrices, V denotes the CKM matrix, and the ςf in principle
arbitrary complex matrices. We give below the constraints in terms of elements of these matrices,
which can be translated into the parameters of any given 2HDM model. To be specific and able
to relate the resulting bounds also to those from other observables, we will furthermore consider
the Aligned 2HDM (A2HDM),25,26 where the ςi are complex numbers, thereby avoiding FCNCs
on tree level while still allowing for a rich phenomenology including additional CP-violating
phases. For the couplings of the neutral Higgs states, we obtain similarly

Lϕ
0
i
Y =−1

v

∑
ϕ,f

ϕ0
i f̄ y

ϕ0
i

f MfPRf + h.c. , (5)

with the fields ϕ0
i = {h,H,A} denoting the neutral scalar mass eigenstates. Denoting the

fermion species as F (f), e.g. F (u) = F (c) = F (t) = u, we can write the appearing couplings



as e.g. y
ϕ0
i

f = Ri1 + (Ri2 + iRi3)
(
ςF (f)

)
ff

(for F (f) = d, l) to allow for the general form

of ςu,d,l. R denotes the rotation defined by M2
diag = RM2RT , relating the mass eigenstates

to the neutral scalar fields in the Higgs basis. In a general 2HDM, the ςu,d,l are the matrices
introduced in Eq. (4), only the diagonal elements of which are relevant here. This expression for
the couplings yf reflects the fact that in the neutral Higgs couplings CP violation may enter from
the Yukawa couplings as well as the scalar potential, rendering the phenomenological discussion
very complicated. However, orthogonality of the matrix R implies the relation∑

i

Re
(
y
ϕ0
i

f

)
Im
(
y
ϕ0
i

f ′

)
= ±Im

[
(ς∗F (f))ff (ςF (f ′))f ′f ′

]
, (6)

which vanishes for real ςi (as e.g. the case for Z2 models) and for f = f ′ (fermions of the same
family if the ςi are family-universal as e.g. in the A2HDM). Importantly, the right-hand side
is independent of the parameters of the scalar potential. While in practical calculations there
are mass-dependent weight factors in the sum on the left, the relation still holds exactly in two
limits: trivially so when the neutral scalars are degenerate, but also in the decoupling limit.12

Therefore, in general cancellations can be expected for any mass spectrum and the influence of
CP violation in the potential is reduced. Clearly, this observation provides a protection against
large EDMs for models which exhibit new CP-violating parameters in the potential, only. Below
we will assume this relation to hold and evaluate the right-hand side with a common weight
factor at an intermediate effective neutral Higgs mass Mϕ.

The fact that so far no significant NP signals have been observed directly implies a highly
non-trivial flavour structure of the theory. In models fulfilling this requirement, the main contri-
butions then stem typically from two-loop diagrams, namely the Weinberg operator and so-called
Barr-Zee diagrams27,28; additionally, enhanced four-fermion operators can be important for heavy
atoms/molecules, as emphasized above. We refer the reader to12 for the relevant expressions in
2HDMs and show below directly the resulting constraints.

The electron EDM receives contributions mostly from Barr-Zee diagrams.29 The resulting
constraints on Im(ςu,33ς

∗
l,11) are shown in Fig. 2, demonstrating the strength of this observable.

For the A2HDM, this becomes even more obvious when comparing with the bound on the
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Figure 2 – Constraints from
the electron EDM (95% CL)
on charged/neutral Higgs
exchange (left/right) in the
Im(ς∗uςl) − MH±/Mϕ plane.
In grey is shown the result
without the ThO measurement,
dark green the extremely con-
servative model-independent
bound, while the other areas
correspond to n = 1, 2, 3, cf.
Sec. 3.

absolute value of this parameter combination obtained from leptonic and semileptonic decays,26,30

which is about a factor 1000 weaker.

For the neutron, the constraint induced in the charged-Higgs sector via the Weinberg op-
erator is shown in Fig. 3 on the left. Again no fine-tuning is necessary to avoid this bound.
On the other hand it prohibits large CP-violating effects in other observables. On the right,
the maximally allowed band is shown together with the constraint from the branching ratio in
b→ sγ, again for the A2HDM; from the discussion in Refs.31,32 follows for the NP contribution
that |ACP(b→ sγ)| . 1%.
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5 Conclusions

EDMs provide unique constraints for the CP-violating sectors of NP models. We discussed the
model-independent extraction of the electron EDM from measurements in heavy paramagnetic
systems and the application of EDM constraints to general 2HDMs. While so far no severe
fine-tuning is necessary to avoid the resulting bounds, they prohibit large effects in other CP-
violating observables in concrete models like the A2HDM. Given the present strength of the
constraints, forthcoming experiments will test a crucial part of the parameter space and might
turn existing bounds into observations.
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We present a selection of results of searches for physics beyond the standard model, reported
by both the ATLAS and CMS collaborations, based on the data taken in the proton-proton
collisions delivered by the LHC during 2012. The studies reported cover generic searches for
new phenomena, as well as specific searches for new resonances, excited fermions, leptoquarks
and vector-like quarks. In all searches covered in this report, no signs of physics beyond the
standard model are observed.

1 Introduction

The standard model of particles and fields is one of the most successful scientific theories ever
created, explaining almost all phenomena concerning electromagnetic, weak and strong interac-
tions. However, there is a series of experimental evidences that leads one to expect the existence
of a more complete theory of fundamental interactions: the existence of dark matter, the ac-
celeration of the expansion of the universe, the observed baryon asymmetry and the neutrino
oscillations rank among those evidences. The CMS 1 and ATLAS 2 collaborations run two inde-
pendent particle physics experiments at the CERN Large Hadron Collider; one of their scientific
goals is the search for direct evidence of physics beyond the standard model in the proton-proton
collisions delivered by the LHC. In this review, we present some of their latest results on that
front. For results on more specialised aspects of their searches, like those based on supersym-
metric scenarios, specific searches for dark matter candidates or exotic Higgs bosons, we invite
the reader to the other contributions to these proceedings. For more detailed information, as
well as the latest results, we invite the reader to access the web resources provided by both
collaborations 3,4,5.



2 General Searches for New Phenomena

One of the most interesting characteristics of both the ATLAS and CMS experiments is their
general-purpose particle detection capabilities. Although many searches for physics beyond the
standard model have been performed by both collaborations, it is possible that signals of new
physics still lie hidden in the data taken during Run I of the LHC. The ATLAS collaboration
reports on a new study designed to search for those kinds of signals in a model-independent,
comprehensive approach 6. The study focuses on dividing the full dataset taken by the experi-
ment into exclusive event classes, according to the number and type a of reconstructed objects
present in the event. For each class, three distributions are calculated: meff, the scalar sum
of pT of all objects; minv, the invariant mass of all visible objects; and the missing transverse
energy Emiss

T . An example distribution can be seen in Fig. 1.

The standard model background prediction for all of those categories is taken from simula-
tion, with the exception of background due to single fake leptons, which is taken from data-driven
methods. The study reports that a total of 573 event classes are found to contain observed events,
while 697 event classes have a standard model expectation greater than 0.1 events. The distri-
butions observed in data are then compared to the predictions and scanned for the regions of
higher disagreement. The probabilities of statistical fluctuations in a distribution are modelled
by pseudo-experiments, and the region of greatest disagreement (smallest p-value) is computed.
The study reports that no event class is found with a local p-value below 10−4; no major dis-
agreement can be found between the standard model prediction and the observed data. An
example distribution of the fraction of pseudo-experiments with a p-value above a threshold can
be seen in Fig. 2.
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The ATLAS collaboration also reports a different search, done in a similar spirit but fo-
cusing on multiple lepton final states, with a minimum of three leptons – electrons, muons or
hadronically-decaying taus 7. Again, the full dataset is classified, according to the following
criteria:

• presence/absence of at most one hadronic tau (3e/µ vs. 2e/µ + τhad);

• presence/absence of a Z boson candidate (on-Z vs. off-Z);

• number of b-tagged jets;

• value of kinematic variables: leptonic HT, jet HT, meff, Emiss
T .

This search also finds no evidence for new physics, and reports limits in terms of pure visible
cross section as function of a given kinematic variable, as shown in Fig. 3. Tables of fiducial
efficiencies as function of lepton kinematics are also made available; in this way, theorists can
cast the results of this search in terms of different models.
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3 Resonant Production of HH → 4b

The discovery of the Higgs Boson (H) by the ATLAS and CMS collaborations in 2012 opens up a
new avenue of searches for physics beyond the standard model: final states with H bosons in the
final state8. The ATLAS collaboration has recently reported a search for resonant production of
pairs of H, focusing on the H → bb decay (X → HH → 4b). The signature of this process is the
presence of at least four resolved, b-tagged hadronic jets in the event, paired in dijet systems of
invariant mass MJJ close to the observed mass of the H boson of 125 GeV. As a fully hadronic
process, the main standard model background to this search consists of events originating from
multijet processes; the requirement of four b-tagged jets leads to a sizeable contribution of tt
events to the background as well. This study uses the Randall-Sundrum bulk warped extra
dimension model as a benchmark, in which the graviton plays the role of the resonant state.

The standard model background prediction is taken from control regions in the dijet invariant
mass windows, with one or both of the dijet systems having an invariant mass around that of
the Z boson instead of the H boson. This analysis found no evidence for physics beyond the
standard model, and set a limit on the cross-section of σ < 7 fb for a graviton of mass MG* =
1 TeV. The benchmark model, with coupling constant k/MPlanck=1.0 is excluded for MG* in
the 590–710 GeV range. The rising behaviour of the expected limit for MG* > 1.2 TeV seen
in Fig. 4 is due to the requirement of four resolved jets in the final state; for those masses of
the resonance, the ”merged jets” topology starts to become dominant and this analysis loses
sensitivity.
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4 Excited Fermions

One of the tenets of the standard model is the fact that the fermions which constitute the
main building blocks of matter are fundamental particles, with no internal substructure. The
discovery of excited fermionic states would be a clear indication for physics beyond the standard
model. In general, excited fermions would couple to standard fermions at energy scales of the
order of the compositeness scale Λ. The CMS collaboration reports on a search for excited
quarks through the q∗ → qγ process 9. The search is performed by parameterising the shape
of the invariant mass of the leading jet and photon found in the data events, and searching for
localised structures on top of that shape. The main backgrounds are the standard model process
qg → qγ and qq → gγ, as well as multijet events where one of the hadronic jets is misidentified
as a photon. ATLAS presents a similar search, but also interprets their results in terms of a
quantum black hole model10. Both collaborations find no evidence of new physics, and set limits
on the mass of the excited quark of MQ∗ > 3.5 TeV (Fig. 5); ATLAS sets a limit on the mass of
quantum black holes MQBH > 4.9 TeV. CMS also presents an exclusion region in the (MQ∗, f)
plane, where f is an universal coupling strength of the excited quark to the standard model
ones.
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The ATLAS collaboration has also reported on a search for excited leptons, albeit with
only 13/fb of data collected during 2012 11. This analysis is based on a signature with two
leptons (electrons or muons) and one photon, and the discriminating variable of choice is the
three objects’ invariant mass M(``γ). The two main analysis requirements are a veto on Z-peak
events, by requesting M(``) > 110 GeV, and a moving signal window in the M(``γ) distribution



(Fig. 6). The main standard model background consists of Z + γ events. ATLAS reports no
evidence for new physics, and sets limits on the cross-section time branching ratio σ × B less
than 0.75 fb (for the e∗ search) and less than 0.90 fb (for the µ∗ search). For the special case
where the compositeness scale Λ is equal to the mass of the excited lepton, ATLAS sets a limit
on the mass of the excited lepton M`∗ > 2.2 TeV.
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Figure 6: Left: distribution of M(``γ) for the electron channel after requiring the dilepton mass M(``) > 110 GeV.
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mass M`∗ for the electron channel.

On the other hand, CMS presents a new result on search for resonance pairs to t + jet,
which uses as benchmark models a spin 3/2 excited top quark and a R-parity-violating bottom
squark 12. This study focuses on signatures with two leptons (electrons or muons) and four jets
in the final state, with at least two b-tagged jets. The standard model background estimation
is done with control regions in the pT of the second leading light jet; signal regions are defined
for p2nd jet

T > 110 GeV, as shown in Fig. 7. The study does not find evidence for physics beyond
the standard model, and limits are set on the mass of the excited top (Mt∗ excluded in the
range 300–703 GeV) and of the R-parity-violating bottom squark (Mb̃ excluded in the range
250–326 GeV).
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5 Leptoquarks

A curious property of the standard model is the apparent similarity between quarks and leptons:
within a single generation, there are always two quarks and two leptons. Furthermore, the
relationship between the pair of quarks resembles a lot that of the pair of leptons, suggesting the



possibility of a symmetry between leptons and quarks. Some extensions of the standard model,
like technicolour, Pati-Salam and Georgi-Glashow models suggest the existence of leptoquarks
(LQ): hypothetical particles that carry both baryon and lepton numbers, which would allow
quarks and leptons of the same generation to interact directly. Leptoquarks could be produced
at the LHC, decaying into either a charged lepton and a quark (with branching fraction β) or a
neutrino and a quark (with branching 1− β). The latter channel is much more challenging, so
most searches focus on the lepton + jet signature of the former channel.

A search for the third-generation leptoquark (LQ3), both in the τ + t and the τ + b channel,
was recently unveiled by the CMS collaboration 13,14. The τ + t channel focuses on a signature
containing a same-sign pair of µ and hadronically-decaying τ (µτhad signature), accompanied by
two or more hadronic jets and with a high ST (scalar sum of the pT of all objects in the event)
> 400 GeV; events are also divided in “central” and “forward” regions. The main background
in this search consists of events with fake leptons (essentially, hadronic jets are misidentified as
tau leptons), with a subdominant contribution of standard model events of Drell-Yan + jets and
tt + jets. The τ + b channel, on the other hand, considers both e+ τhad and µ+ τhad signatures,
accompanied by two or more hadronic jets of which at least one is b-tagged. Also, a requirement
is set on the invariant mass of the charged lepton and the hadronic tau M(`, τhad) > 250 GeV. No
signs of an excess of events above the background prediction were detected in neither channel,
and CMS sets the following limits on the mass of the third generation leptoquark: M t+τ

LQ3 >

550 GeV, and M b+τ
LQ3 > 740 GeV, both for the case β = 1 (Figs. 8 and 9). For the b+ τ channel,

CMS also shows an exclusion limit in the (β,MLQ3) plane.
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6 Vector-like Quarks

The last class of models we discuss in this review are those which present vector-like quarks
(VLQ). In general, a fermion is defined to be vector-like if both their left-handed and right-
handed chiralities transform in the same way the symmetry group of the underlying theory.
Vector-like quarks appear in a series of new physics models, including extra dimensions, Little
Higgs, Composite Higgs, flavour group gauging and non-minimal SUSY. The CMS collaboration
has recently unveiled a search for pair production of vector-like b′ → bZ, tW, bH 15,16. The
experimental signature of the process is the presence of at least three leptons (e, µ, τhad). Events
are further classified according to:

• number of b-tagged jets (zero vs. one or more);

• multiplicity of opposite-sign, same flavour (OSSF) lepton pairs;

• ST variable.

The main standard model backgrounds for this search are tt production for the three leptons
channel, and ZZ production for the four lepton channel. The search finds no evidence for
physics beyond the standard model, and the b′ is excluded for masses smaller than 520–785 GeV,
depending on the branching fractions assumed to each of the decay channels, as seen in Fig. 10.
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Also, a dedicated search for the vector-like b′ in the b′ → Z + X final state has been
performed by both ATLAS 17,18 and CMS 19. They have a common strategy of selecting events
with a Z → ee, µµ decay, with pT of the Z boson greater than 150 GeV. However, the ATLAS
analysis works with data from single lepton triggers, and further selects events with jet HT >
600 GeV and at least two b-tagged jets. The CMS analysis, on the other hand, works with data
from double lepton triggers and at least one b-tagged jet, with pT > 80 GeV; additionally, they
require the invariant mass M(``b) to be greater than 375 GeV. Neither of the collaborations see
evidence for physics beyond the standard model. The ATLAS results, with 14.3/fb of integrated
luminosity, are a lower limit of M(b′) > 645 GeV for the singlet case (BR(b′ → Zb) = 1/3)
and M(b′) > 725 GeV for the doublet case(BR(b′ → Zb) = 2/3). The CMS results, with 20/fb
of integrated luminosity, are a lower limit of M(b′) > 700 GeV for BR(b′ → Zb) = 1, and a
mass-dependant limit in the b′ → Zb branching ratio smaller than 0.3–1.0, as function of the b′

mass. Both results are shown in Fig. 11.

Many other searches for vector-like quarks were performed by both ATLAS and CMS.
Boosted topologies play a prominent role in those studies; for those results, please refer to
P. Azzi’s review in these proceedings. Summary plots of searches for VLQs are made available
by both collaborations in their respective websites.
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7 Conclusions

Searches for physics beyond the standard model are one of the more active areas of both the
ATLAS and CMS collaborations. Efforts are being made in order to not only address more
benchmark models, but also to do model-independent searches and report model-independent
results. The techniques developed for the first run of the LHC are being honed and consolidated,
in order to allow a smooth transition into the harsher experimental conditions expected for the
second run. It can be expected that, if physics beyond the standard model are accessible at the
LHC, both experiments will be thoroughly prepared to uncover it.

Acknowledgements

The author would like to thank Fundação de Amparo à Pesquisa do Estado de São Paulo
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New Physics and surprises in B →D(∗)τν

A. Tayduganov
Department of Physics, Graduate School of Science, Osaka University,

Toyonaka, Osaka 560-0043, Japan

Recent experimental results for the ratios of the branching fractions of the decays B →
D(∗)τν and B → D(∗)µν came as a surprise and lead to a discussion of possibility of testing
New Physics beyond the Standard Model through these modes. We show that these decay
channels can provide us with quite good constraints on the New Physics couplings. In order
to discriminate various New Physics scenarios, we examine the correlations between different
observables and the q2 distributions that can be measured in future.

1 Introduction

Recently, the BABAR and Belle collaborations reported an observed excess of exclusive semi-
tauonic decays of B meson, B → Dτν and B → D∗τν. In order to test the lepton universality
with less theoretical uncertainty, the ratios of the branching fractions are introduced as observ-
ables,

R(D(∗)) ≡ B(B → D(∗)τν)

B(B → D(∗)`ν)
, (1)

where ` denotes e or µ. The present experimental results coming from the BABAR experiment
are given by [? ],

R(D) = 0.440± 0.072 , R(D∗) = 0.332± 0.030 . (2)

Comparing it with the Standard Model (SM) predictions,

R(D)SM = 0.305± 0.012 , R(D∗)SM = 0.252± 0.004 , (3)

the 3.4σ discrepancy was found combining R(D) and R(D∗) [? ]. Combining the BABAR and
Belle results, we find the discrepancy to be 3.5σ.

From the theoretical point of view, the two-Higgs-doublet model of type II (2HDM-II), which
is the Higgs sector of the minimal supersymmetric Standard Model, has been studied well in
the literature as a candidate of New Physics (NP) beyond the SM that significantly affects the
semitauonic B decays. Based on these theoretical works and the experimental data, the BABAR
collaboration shows that the 2HDM-II is excluded at 99.8% confidence level (CL) [? ].

This observation has stimulated further theoretical activities for clarifying the origin of the
above discrepancy. Possible structures of the relevant four-fermion interaction are identified
and NP models (other than 2HDM-II) that could induce such structures are proposed in the
literature (e.g. see Ref. [? ] and references therein).

For further tests and discrimination of the allowed NP models, in Ref. [? ] we have examined
various correlations among the τ forward-backward asymmetries, the τ polarizations and the
D∗ longitudinal polarization in some favourable cases. In our recent work in progress [? ], we



have studied the possibility of discriminating various NP scenarios by using the q2 dependence
of the new introduced observables, R′

D(∗)(q
2). We have also tested the sensitivity and statistical

errors of this potential measurement at the SuperKEKB/Belle II factory.

2 Effective Hamiltonian and New Physics constraints

Assuming the neutrinos to be left-handed, we introduce the most general effective Hamilto-
nian that contains all possible four-fermion operators of the lowest dimension for the b → cτν
transition a,

Heff =
4GF√

2
Vcb [(1 + CV1)OV1 + CV2OV2 + CS1OS1 + CS2OS2 + CTOT ] , (4)

with the operator basis defined as

OV1 =(cLγ
µbL)(τLγµνL) ,

OV2 =(cRγ
µbR)(τLγµνL) ,

OS1 =(cLbR)(τRνL) ,

OS2 =(cRbL)(τRνL) ,

OT =(cRσ
µνbL)(τRσµννL) .

(5)

In the SM, the Wilson coefficients are set to zero, C
(SM)
X = 0 (X = V1,2, S1,2, T ).

In Ref. [? ], all five generic operators were studied. It was demonstrated that vector OV1,2 ,
scalar OS2 and tensor OT operators can reasonably explain the current data, while the scalar
OS1 is unlikely. In this work we mainly focus on the scalar OS2 and tensor OT NP operators.

In Fig. ?? the allowed regions for complex NP Wilson coefficients, CS2 and CT , are shown.
The constraints were obtained by performing χ2 fit of the current BABAR and Belle measurements
of R(D) and R(D∗), assuming for simplicity the presence of only one NP type (i.e. either scalar
or tensor) operator. One can see that Wilson coefficients of O(1) are sufficient to explain the
observed discrepancy in R(D) and R(D∗). As a couple of examples of particular NP models that
induce the OS2 and/or OT operator structures and can explain the anomaly, one can mention
the 2HDM-III [? ] and leptoquark [? ] models.

3 Correlations

For further tests and discrimination of the allowed NP models, in Ref. [? ] we have examined
all possible correlations between R(D(∗)), the τ forward-backward asymmetries AFB, the τ
polarizations Pτ and the D∗ longitudinal polarization PD∗ in some favourable NP scenarios.

In Fig. ??, as an example, the correlations between R(D), Pτ and PD∗ are presented. The
correlations are obtained by applying the constraints on NP couplings from the χ2 fit of R(D)
and R(D∗) at 3σ level (see the allowed regions in Fig. ??) employing the central values of the

HQET form factor parameters. We have found that P
(D)
τ and PD∗ , defined as

Pτ =
Γ(λτ = 1/2)− Γ(λτ = −1/2)

Γ(λτ = 1/2) + Γ(λτ = −1/2)
,

PD∗ =
Γ(λD∗ = 0)

Γ(λD∗ = 0) + Γ(λD∗ = 1) + Γ(λD∗ = −1)
,

(6)

are sensitive observables to discriminate scalar and tensor operator contributions or exclude
both of them. Measurements of these observables in addition to more precise determination of

aIn our work, we assume that couplings of NP particles to light leptons are significantly suppressed (as in the
2HDM-II) and NP effects can be observed only in the tauonic decay modes.
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R(D(∗)) are the key issue in order to identify the origin of the present excess of B → D(∗)τν.
LHCb and SuperKEKB/Belle II factory are capable of exploring NP in this context together
with the new particle search at LHC.

4 Study of the q2 dependencies

One has to note that the measurement of AFB, Pτ and PD∗ is a challenging (but feasible)
experimental task due to the missing energy/momentum of neutrinos in τ decay reconstruction
and the tiny phase space in D∗ → Dπ decay. Therefore, besides the above integrated quantities,
we have studied the differential branching fractions that can be also sensitive to NP. As we
illustrate below, the q2 (q2 ≡ (pB − pD(∗))2) distributions of the decay rates could be potentially
helpful in discriminating between scalar and tensor operators.

In order to reduce theoretical uncertainties of hadronic form factors and test the sensitivity



of the q2 dependencies to NP, we study b

RD(∗)(q2) ≡ dB(B → D(∗)τν)/dq2

dB(B → D(∗)`ν)/dq2
(7)

For our convenience, to remove the divergence c of RD at q2
max = (mB −mD)2 and the phase

space suppression of RD(∗) at q2
min = m2

τ , we introduce

R′D(q2) ≡RD(q2)× λD(q2)

(m2
B −m2

D)2
×
(

1− m2
τ

q2

)−2

,

R′D∗(q
2) ≡RD∗(q2)×

(
1− m2

τ

q2

)−2

.

(8)

In Fig. ??, for illustration, we show the R′(q2) distributions, predicted for three interesting
scenarios :

• SM (CX = 0)

• only OS2 is present (CS2 = −1.62− 0.52i, CX 6=S2 = 0)

• only OT is present (CT = 0.29 + 0.16i, CX 6=T = 0)

These benchmark Wilson coefficients represent the optimal fitted values, extracted from χ2 fit
of R(D) and R(D∗) and marked with stars in Fig. ??. On the plots on the left, we present
the theoretical distributions where the width of the curves is due to the theoretical errors in
the hadronic form factors parameters. On the plots on the right, the binned distributions with
purely statistical errors, evaluated for the integrated luminocity of 10 ab−1 (which corresponds
approximately to the first couple years of data taking at SuperKEKB/Belle II factory), are
shown.

One can easily see from Fig. ?? that for the chosen Wilson coefficients, despite the theoretical
and statistical errors, the R′(q2) curves in these three scenarios can be clearly distinguished. One
can also notice that R′D(q2) is very sensitive to the scalar contribution while R′D∗(q

2) is more
sensitive to the tensor operator at low q2.

In order to demonstrate the discriminating power of R′(q2), we have simulated experimental
“data” for the binned R′(q2) distributions (see Fig. ??), assuming one of the two NP scenarios
(scalar or tensor), and compared with a various model (SM, tensor and scalar) prediction by
calculating χ2 defined in the following way :

χ2 =

Nbins∑
i,j=1

(R′ exp
i −R′model

i )(V exp + V model)−1
ij (R′ exp

j −R′model
j ) , (9)

where V exp and V model denote the experimental and theoretical covariance matrices of the
simulated “data” and tested model respectively. For the model prediction, only theoretical
uncertainties of the HQET hadronic form factors were taken into account in the calculation of
V model. The “data” covariance matrix is evaluated as d

V exp
ij = 2δij(δstatR

′ exp
i )2 . (10)

bIn Ref. [? ] RD(∗)(q2) had already been studied, but only vector and scalar NP operators were considered.
cSince the µ-mode is supposed to be SM-like, dB(B → Dµν)/dq2 ∝ (Hs

V )2 ∝ λD(q2)→ 0 for q2 → q2max. For
the details and helicity amplitudes definition, see Ref. [? ].

dDue to the lack of the proper detailed detector simulation, we naively assume that (i) V exp is diagonal,
(ii) systematic errors are of the same order as statistical ones.
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Neglecting the errors of the number of signal events in each bin for the µ-mode δNµ
i (compared to

the τ -mode) due to the large expected statistics at SuperKEKB/Belle II, we estimate δstatR
exp
i

as follows :

δstatR
exp
i ≈ δN τ

i

Nµ
i

εµi
ετi
≈
√
N τ
i

Nµ
i

εµi
ετi

=
1√

NBB ε
τ
i

√
Bτi
Bµi

. (11)

For simplicity, naively assuming the efficiency to be constant for each bin, we estimate it to be
ετi ≈ ετtot ' 6 × 10−4, using the BABAR result on total number of signal events. The number
of BB pairs is estimated for the integrated luminocity 10 ab−1 (426 fb−1), corresponding to
the first couple of years of data taking at SuperKEKB/Belle II (total accumulated statistics at
BABAR).

In Table ?? we present the results on χ2 for various simulated “data” and tested model sets.
For comparison, the “data” is simulated for the integrated luminocities 10 ab−1 and 426 fb−1.
The large values of χ2 demonstrate that in future we will be able to distinguish scalar OS2 and
tensor OT NP contributions clearly. In this way, fitting the q2 distributions can also provide
us with very precise constraints on NP couplings, thus giving us a good possibility to make a
cross-check with the improved constraints from the integrated R(D(∗)) ratios.

5 Conclusions

We have studied possible New Physics explanations of the observed excess of B → D(∗)τν over
the SM predictions focusing on the generic scalar and tensor operators with relatively large
Wilson coefficients of O(1) that can describe the present experimental data quite well.

As it was demonstrated in many works, several New Physics scenarios can explain the
observed experimental discrepancy simultaneously. For further tests and discrimination of the
allowed models, we have examined the correlations among the τ forward-backward asymmetries,
the τ polarizations and the D∗ longitudinal polarization. We have found that Pτ and PD∗ are



Table 1: The χ2/Nbins values for various simulated “data” and tested model sets. The “data” is simulated
for the integrated luminocity 10 ab−1 (426 fb−1), corresponding the first couple of years of data taking at
SuperKEKB/Belle II (total accumulated statistics at BABAR).

D mode

χ2/Nbins
model

SM S2 T

d
a
ta S2 492 (24) 0 478 (28)

T 76 (5) 349 (28) 0

D∗ mode

χ2/Nbins
model

SM S2 T

d
a
ta S2 110 (8) 0 120 (9)

T 441 (26) 236 (11) 0

sensitive observables to discriminate OS2 , OT and their mixture.
Determination of Pτ and PD∗ is a feasible but challenging experimental task. Therefore

we have studied the New Physics effects in the q2 distributions of the decay rates. The new
introduced quantity R′(q2) has turned out to be a very good tool for discriminating different
New Physics models in the future SuperKEKB/Belle II experiment.

Combination of measurements of these observables in addition to more precise determination
of R(D(∗)) are the key issue in order to identify the origin of the present excess of B → D(∗)τν.
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MEASUREMENT OF R = B(t→Wb)/B(t→Wq) IN TOP-QUARK-PAIR
DECAYS USING DILEPTON EVENTS AND THE COMPLETE CDF RUN II

DATA SET

C.Galloni
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Department of Physics, University of Zurich, 190 Winterthurerstrasse,
Zurich, SWITZERLAND

We present a measurement of the ratio of the top-quark branching fractions R = B(t →
Wb)/B(t → Wq), where q represents any quark flavor, in events with two charged leptons,
imbalance in total transverse energy and at least two jets. The measurements uses proton-
antiproton collision data at a center-of-mass energy 1.96 TeV, collected with the Collider
Detector at Fermilab during the Run II of the Tevatron. We measure R to be 0.87± 0.07 and
extract the magnitude of the top-bottom couplings to be |Vtb| = 0.93± 0.04, assuming three
generations of quarks. Under these assumptions a lower limit of |Vtb| > 0.85(0.87) at 95(90)%
credibility level is set.

1 Introduction

In the Standard Model of fundamental interactions the top quark decay rate into a W boson and
a down-type quarks q (q = d,s,b) is proportional to | Vtq |2, the Cabibbo-Kobayashi-Maskawa
(CMK) matrix 1 2 squared element. In the hypothesis of three generations of quarks and
unitarity for the CKM matrix, with the existing constraints on | Vtd | and | Vts |, the magnitude
of top-bottom quark coupling is | Vtb |2= 0.99915+0.00002

−0.00005
3 4 . Under these assumption, the ratio

(R) of the branching fractions is indirectly determined by the knowledge of | Vtd | and | Vts | as

R =
B(t→Wb)

B(t→Wq)
=

| Vtb |2

| Vtd |2 + | Vts |2 + | Vtb |2
= 0.99830+0.00004

−0.00009 (1)

implying that the top-quark decays almost exclusively to the Wb final state. A deviation from
this predicted value would be an indication of non-SM physics, suggesting, for example, a fourth
quark generation 5.

A direct measurement of | Vtb | can be obtained from the single top quark production cross
section, which is proportional to | Vtb |2 6. Otherwise it can be determined by studying the
rate of decays of pair-produced top-quarks into different quark flavors 7 8 9 10. While the single
top measurement depends on the absolute cross section, the one we present here uses R which
depends on the relative yields for 0, 1 or 2 top decays to a b-quark and is less dependent on
either the uncertainty on the theoretical calculation of the top-quark production cross section
and many experimental uncertainties associated with its measurement. In this sense the two
measurements are complementary.

In this contribution we describe the measurement of R in events where both the W bosons
coming from the top-quark pair decay leptonically (tt̄→W+W−qq̄ → `¯̀νν̄qq̄) 10. Therefore we
study events whit two charged leptons, either electrons (e) or muons (µ), two neutrinos and at



least two jets in the final state, we don’t search for τ leptons. We used the full Run II data set
collected with the CDF II detector 11at the Tevatron at a center of mass energy

√
s = 1.96 TeV,

corresponding to an integrated luminosity of 8.7 fb−1.

2 Signal and backgrounds

The measurement of R is based on the determination of the number of jets originated from
b–quarks (b–jets) in tt̄ events reconstructed in the dilepton final state. In this final state, the
top-pair signature consists of two high-pT charged leptons (e or µ), large missing transverse
energy /ET due to the undetected neutrinos from the leptonic W -boson decays, and at least two
hadronic jets. The identification of b-jets (tagging) is performed by the secvtx algorithm 12,
which reconstructs secondary vertices separated from the primary collision vertex.

The selection we apply is similar to the one used by the CDF collaboration for the mea-
surement of the tt̄ cross section described in Ref. 13. Offline we select events with isolated
opposite-charged electrons, with ET ≥ 20 GeV or muons pT ≥ 20 GeV/c. The contribution
due to known Standard Model decays other than the signal are reduced by requiring /ET≥ 25
GeV, increased to 50 GeV if any lepton or jets is closer than 20◦ from the /ET direction, and
/ET significance in excess of 4 GeV1/2 13 for events with same-flavor lepton pair with invariant
mass in a range of 15 GeV around the Z peak. Moreover we require at least two taggable jets
of ET ≥ 20. Given the large size of the top-quark mass, we require the sum of the transverse
energies of the reconstructed events, HT , to be greater than 200 GeV.

The selected sample is composed of, other than tt̄, dibosons (WW, WZ, ZZ), Drell-Yan (DY)
events (τ+τ−, e+e−, µ+µ−) with jets from initial (ISR) or final (FSR) state radiation and large
/ET from energy mis-measurements, and associated production of W bosons with multiple jets
where one of the jets is misidentified as a charged lepton (fakes). Data are used, combined
with Monte Carlo, to estimate the contribution of jets misidentified as leptons 13. Diboson
processes are simulated using pythia 14 and normalized to their next-to-leading order in strong
interaction coupling cross sections, σWW= 11.34 ± 0.68 pb, σWZ= 3.47 ± 0.21 pb, σZZ= 3.62 ±
0.22 pb17. Drell-Yan and Z→ `` events with associated jets are generated using alpgen15, with
hadronization simulated using pythia. Signal tt̄ is modeled using the powheg 16 generator,
with hadronization simulated using pythia, assuming a top-quark mass value of 172.5 GeV/c2.

Due to the high purity of the tt̄ signal in dilepton events, it is possible to perform a mea-
surement of the tt̄ cross section in the sample without requiring b-tagging, thus independent
of any assumption on B(t → Wb). This result is then used to predict the yield of top–quark
events in the tagging categories. After the selection we find 286 events, which constitutes the
pretag sample, with an expected background of 54± 7 events (Table 1). From this we measure
σpp̄→tt̄ = 7.64± 0.55(stat) pb, in agreement with previous results 13.

3 Measurement of R

In order to better exploit the subsample-dependent signal-to-background ratio, we divide the
sample into nine statistically independent subsamples according to dilepton flavor (ee, µµ, eµ)
and b-tagging content (presence of 0,1, or 2 tags). The background in the subsamples with zero
b-tags is calculated by subtracting their sum of the background with 1 and 2 b-tagged jets from
the total background in the pretag sample. As the number of b–jets in the event is related to
the top–quark branching fraction in the Wb final state, we uses the number of observed and
predicted events in the various subsamples as input to a likelihood function, which is maximized
to extract R. The number of tt̄events expected in each sub-sample depends on the probability
for a jet to be b-tagged, which is a function of R, since a b-quark generated jet is more likely to
be b-tagged. Instead the number of events expected for the backgrounds is independent of R.
In Fig. 1 the number of events observed and expected for different values of R are shown.



Table 1: Summary of background contributions, tt̄ SM expectations (assuming |Vtb| = 1), and data candidates
by tagging categories for the 8.7 fb−1 data sample. HF and LF indicate Heavy Flavor and Light Flavor jets.

Process Pretag 1 tag 2 tags

Dibosons 12.80±1.57 0.66±0.10 0.035±0.014

DY+LF 20.07±1.95 1.50±0.70 0.029±0.016

DY+HF N/A 0.63±0.12 0.167±0.061

Fakes 21.82±4.38 5.53±1.98 1.017±0.523

Total background 54.69±7.32 8.33±2.12 1.25±0.53

tt̄ (σ=7.4 pb) 223.78±20.19 100.52±9.36 29.47±4.14

Total prediction 278.47±21.39 108.85±9.59 30.72±4.20

Observed 286 96 34

In order to extract R, we maximize the likelihood:

L =
∏
i

P(µiexp (R, xj)|N i
obs)

∏
j

G(xj |x̄j , σj), (2)

where the index i runs over the nine subsamples; P(µiexp (R, xj)|N i
obs) is the Poisson prob-

ability to observe N i
obs events, given the expected value µiexp; and G(xi|x̄j , σj) are Gaussian

probability density functions describing the knowledge of nuisance parameters xj , with mean x̄j
and standard deviation σj .These nuisance parameters describe b-tagging and mistag efficiencies,
selection acceptances, luminosity and background estimates. Correlations among different chan-
nels are taken into account by using the same fit parameters for common sources of systematic
uncertainties. Moreover, several contributions not accounted for among nuisance parameters are
evaluated: the systematic uncertainty due to imperfect modeling of initial-state and final-state
gluon radiation and the one due to jet-energy scale.The most relevant contributions to the R
systematic uncertainty are reported in 10. We measure:

R = 0.871± 0.045(stat)
+0.059
−0.057(syst) = 0.87± 0.07. (3)

In order to determine the credibility level limit on R a Bayesian statistical approach is used. We
use a uniform prior probability density for R in the physical interval [0,1]. To obtain the posterior
probability distribution for R, reported in Fig.2, the integral is taken over all nuisance parameters
using non-negative Gaussian distributions as prior probabilities. We obtain R > 0.73(0.76) at 95
(90) % credibility level. Assuming the unitarity of the CKM matrix and the existence of three
families of quarks, we find |Vtb| = 0.94±0.04 and |Vtb| > 0.85(0.87) at 95 (90) % credibility level.

4 Conclusions

We present a measurement of the ratio of the top-quark branching fractions R = B(t→Wb)
B(t→Wq) =

|Vtb|2
|Vtd|2+|Vts|2+|Vtb|2

using a sample of dileptonic events. The tt̄ events are reconstructed using the

CDFII detector from a dataset corresponding to 8.7 fb−1 from pp̄ collisions at
√
s =1.96 TeV.

The result, R = 0.87 ± 0.07, is consistent with previous measurements by CDF 7 and D0 8

collaborations.
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Forward-Backward Asymmetry in B± → J/ψK± Decays at the DØ Experiment
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We present a measurement of the forward-backward asymmetry AFB(B±) in B± → J/ψK±

decays at the DØ experiment, using 10.4 fb−1 of pp̄ collision data from Run II of the Tevatron
Collider at Fermilab. This asymmetry reflects the probability for bb̄ pairs to be produced
without directional bias. AFB(B±) is extracted from a maximum likelihood fit to the difference
between forward and backward B± mass distributions, using a boosted decision tree to reduce
background. Corrections are made for reconstruction asymmetries of the decay products.
The central value is blinded and randomized pseudo-experiments are used to validate the fit
method. AFB(B±) = [??± 0.434(stat.)± 0.140(syst.)]%.

1 Introduction

A forward-backward asymmetry is defined as: AFB = (NF −NB)/(NF +NB). In pp̄ collisions
the forward category indicates a quark traveling in the direction of the incoming proton or
an anti-quark following the direction of the anti-proton. A forward-backward “charge” qFB =
−qB sgn(yB), where sgn(x) is the sign function, is used to identify the category of the B±.

The forward-backward asymmetry in the production of heavy quarks is caused by interfer-
ence between next-to-leading order processes, such as gluon radiation in qq̄ interactions, and qg
scattering 1. This effect has been studied extensively in the top-quark sector 2.

For bottom quarks the situation is not as well studied. There are few explicit Standard
Model predictions for Abb̄FB except for electroweak bb̄ production 4. Abb̄FB has not been measured
thus far by hadron collider experiments, mainly due the difficulty in correctly identifying the
initial quark content of b-jets. The B± → J/ψK± channel is especially suited to this mea-
surement since reconstructing a B± allows for direct quark flavor identification with no need
to account for mixing. The DØ detector 3 has a high quality muon tracking system with a
wide acceptance region and minimal background effects from hadron punch-through, providing
efficient reconstruction of J/ψ → µµ decays. Also, the regular reversal of solenoid and toroid
magnet polarities allows for the cancellation of first order detector-based asymmetries.

2 Event Selection and Monte Carlo

Events containing B± → J/ψK± candidates are selected from the full DØ Run II dataset. Can-
didates are reconstructed by identifying a pair of oppositely-charged muons (decay products of
the J/ψ particle) which are produced along with a charged track at a common vertex. Displace-
ment of this vertex from the primary beam interaction vertex is essential for identifying B±

candidates. The selected mass range for this analysis is 5.05 GeV/c2 < M(B±) < 5.65 GeV/c2.



Generated B± → J/ψK± Monte Carlo (MC) is processed through the same reconstruction
code used for data. Because the definitions of forward and backward are tied directly to sgn(yB)
(approximated by sgn(ηB)), the ambiguous region near η = 0 must be considered. A resolution
study of η at production and reconstruction shows that rejecting events with |ηB| < 0.1 removes
the ambiguity to a high degree.

Background rejection is achieved using a Boosted Decision Tree (BDT) trained on reweighted
signal Monte Carlo and background events from B± sidebands above and below the selected
mass range. A cut on the BDT qualifier is chosen to minimize the uncertainty of AFB(B±).

3 Maximum Log Likelihood Fit

A maximum log likelihood fit incorporating a signal distribution and three background distribu-
tions is used to extract AFB(B±). Each distribution is assigned an event fraction fi and has a
forward-backward asymmetry Ai. The sign of ηB is randomized to blind the asymmetry values.

The fit minimizes a quantity LLH, the negative log of the likelihood Ln, over N events, each
with weight wn (Sec. 4). Ln has 26 floating parameters and is constructed to integrate to 1.

LLH = −2

N∑
n=1

wn ln(Ln) (1)

Ln = α[fS(1 + qFBAS)S + fP (1 + qFBAP )P + fT (1 + qFBAT )T ] + fE(1 + qFBAE)E, (2)

where fE = 1− α[fS + fT + fP ] and α describes the dependence of fi on kaon energy 5.
The signal distribution S is modeled by a normalized double Gaussian distribution with

widths that vary according to the energy of the kaon. The form of the kaon energy dependence
was determined empirically by fitting in bins of kaon energy. To allow for mass shifts observed
between the η < 0 and η > 0 regions a unique set of parameters is used for events in each region.

The background distribution P describes B± → J/ψπ± events in which the π is misidentified
as a K, resulting in an artificially high B± mass. The distribution is a reflection of S with the
mean shifted to recover the accurate pion mass and the widths shifted by a ratio of the means.

The background distribution T describes all partially reconstructed B± candidates. If a B±

decay has a final state with four or more particles, the reconstructed candidate will be missing
a portion of its mass. These decays are modeled using a hyperbolic tangent function with a
floating inflection point: T = 1− tanh[25(mB± − t)].

Finally, the background distribution E describes random combinations of particles. It is
modeled using an exponential function, E = exp[s(mB± − 5.05)], with a slope which depends
on kaon energy: s = s0[1 + s1 exp(−s2EK)].

4 Corrective Weights for Reconstruction Asymmetries

Asymmetric detector performance can manifest itself in the reconstruction of J/ψ particles or
kaon tracks. Asymmetries between η < 0 (the “south” half of DØ) and η > 0 (the “north” half)
have been calculated from data samples with no production asymmetries. Prompt J/ψ → µ+µ−

decays are used to measure ANS(J/ψ). Background events under the peak are removed with
sideband subtraction and ANS(J/ψ) is calculated from a counting experiment (Fig. 1(a)).

The main source of large asymmetries seen at low pT appears to be detector asymmetries,
specifically near the support structures at the base of the detector. A study of J/ψ occupancy
shows that gaps in the region of the support structure are not symmetric and the response of
the reconstruction algorithms to these gaps is momentum dependent, as is the muon trigger.

Decays of φ→ K+K− are used to study ANS(K±). The φ→ K+K− signal is modeled by a
relativistic Breit-Wigner resonance convoluted with a double Gaussian resolution. Background



models are determined from Monte Carlo studies. A binned χ2 minimization fit is performed
simultaneously on north and south side data. ANS(K±) (Fig. 1(b)) does not show a significant
dependence on pT .
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Figure 1 – Reconstruction asymmetries of prompt J/ψ → µ+µ− decays in bins of |η| and pT (a); and of φ→ K+K−

decays in bins of leading kaon q and |η|.

The ANS values are used to equalize the relative reconstruction efficiencies on both sides of
the detector. South side particles are assigned efficiency εS = 1, and north side particles are
weighted so that εN = εS . Since the background distributions could contain events without real
J/ψ or K± particles (e.g. B± → J/ψπ± events), the value of ANS in the corrective weight is
scaled by the expected signal fraction f of the event.

The corrective weight for each event is wcorr = wJ/ψwK± , where wJ/ψ and wK± are 1 for
south side particles and (1− fANS)/(1 + fANS) for north side particles. The values of ANS are
determined by the kinematic bins of the J/ψ and K±.

Reconstruction asymmetry corrections are calculated by comparing raw fits to weighted fits:
AFB(corr) = AFB(raw) − AFB(weighted). The corrective weighting method is cross-checked
using a weighted average of ANS(J/ψ) and ANS(K±) over their kinematic bins 6, with the
number of signal events per bin extracted from binned fits of the B± → J/ψK± data. The
observed values of AFB(corr) are consistent with the expectations.

5 Fit Results

The B± → J/ψK± fit, blinded by randomizing sgn(ηB) and corrected for reconstruction asym-
metries, has 78644 ± 854 signal events. The projection of the fit onto the forward + backward
invariant mass distribution is shown in Fig. 2(a). Figure 2(b) shows the forward - backward
mass distribution, where each data event is given a positive or negative weight according to qFB.

Because of the randomized blinding, AS, P, T, E are all consistent with zero. A set of 1000
pseudo-experiments shows that AFB(B±) is Gaussian distributed with a mean value consistent
with zero. The fit has a statistical uncertainty of 0.434%.

6 Systematic Uncertainties & Stability Tests

To determine systematic uncertainties a variety of reasonable variations are made to the fitting
method, using a random offset blinding procedure rather than randomized data. Variations to
several fit details and to the reconstruction asymmetry samples give an uncertainty of 0.105%.
The uncertainty due to the reconstruction asymmetry weighting method is 0.093%. Combined,
the systematic uncertainty on AFB(B±) = 0.140%.
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and the fit curves multiplied by the asymmetry parameters.

The stability of the asymmetry measurement can be tested by dividing the data into subsets.
Figure 3 shows the consistency of the measurement over time and with B+ and B− samples
fitted separately.

 + random offset (%)FBA
1 2 3 4 5 6

0.5

5.5

1RunIIa, 1.1 fb

1RunIIb1, 1.4 fb

1RunIIb2, 3.2 fb

1RunIIb3, 2.1 fb

1RunIIb4, 2.5 fb

 work in progress∅D

1
Run II, 10.4 fb

 Run Period∅ by DFBA

(a) Run II time subsets

 + unknown offset (%)FBA
1 2 3 4 5 6

0

3


 Kψ J/→ 


B

+ Kψ J/→ +B

 work in progress∅D

± Kψ J/→ ±B

 by ChargeFBA

(b) Separate charges

Figure 3 – AFB(B±) in different Run II data epochs (a) and qB settings (b). The full result is shown in blue.

7 Conclusions

The forward-backward asymmetry in B± → J/ψK± decays is calculated from a maximum log
likelihood fit. Fits of randomized data yield AFB(B±) consistent with zero. Observed corrections
for reconstruction asymmetries agree with expectations from a weighted average. The final result
of this blind analysis is AFB(B±) = [??± 0.434(stat.)± 0.140(syst.)]%.
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Precision measurements of b hadron lifetimes at LHCb

T. Nikodem
on behalf of the LHCb Collaboration

Heidelberg University, Physikalisches Institut Heidelberg, GERMANY

Precision lifetime measurements of B+, B0and B0
smesons and the Λ0

bbaryon are presented.
The hadrons are required to decay into a final state containing a J/ψ resonance. The used
dataset represents an integrated luminosity of 1 fb−1. The average decay times are measured to
be τB+→J/ψK+ = 1.637±0.004±0.003 ps, τB0→J/ψK∗0 = 1.524±0.006±0.004 ps, τB0→J/ψK0

s
=

1.499±0.013±0.005 ps, τΛ0
b
→J/ψΛ = 1.415±0.027±0.006 ps and τB0

s→J/ψφ = 1.480±0.011±
0.005 ps, where the first uncertainty is statistical and the second systematic. Furthermore
lifetime ratios are determined.

1 Introduction

In the framework of the Heavy Quark Expansion (HQE)1−3 the decay rate of a hadron containing
a heavy quark (b,c) can be expressed in a power series of the inverse of the heavy quark mass.
Calculating the ratio of lifetimes, many terms with a large theory uncertainty cancel. In the first
order the lifetime of all hadrons is the same, nevertheless there are expected to be deviations
at higher orders due to the kinematic and chromomagnetic operators. These effects can be
tested with precision measurements of lifetimes and the ratio of lifetimes. Theory predictions
are τB+/τB0 = 1.063± 0.027, τB0

s
/τB0 = 1.00± 0.01 and τΛ0

b
/τB0 = 0.86− 0.95 4−16.

In all studied decay modes the decay time distribution is fitted with a single exponential
function. The decay rate of the B0

s is due to the non vanishing decay width difference ∆Γs not
purely exponential and therefore in this channel the effective lifetime is measured. The effective
lifetime depends on the mixture of the BH and BL eigenstates in the sample and is thus decay
mode specific.

2 Measurement

In the following the important steps of the lifetime measurement17 are summarized.
All investigated decay modes have a J/ψ in the final state and the selection of the J/ψ is

in all decay modes the same. Events are triggered if two oppositely charged muons are found
which can be combined to a J/ψ vertex. No requirement on the displacement of both of the
muons or the J/ψ vertex to the primary vertex is made. Therefore at this stage the selection
efficiency is uniform as a function of the b hadron decay time. In addition to this so called
unbiased trigger there is also a trigger requiring that the J/ψ vertex is spacially separated from
the primary vertex. The efficiency of this trigger is determined by comparing the measured
decay time distributions of both triggers.

Offline selection cuts are chosen to minimize any possible systematic bias on the decay time
distribution. A detailed study on simulated data is performed to investigate the effect of every
single reconstruction step and selection cut.
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beam axis (ρ). The red line is the result of an unbinned maximum likelihood fit of a quadratic function.
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Figure 2 – Decay time (right) and mass (left) distribution of two of the decay channels. The total fit (black line)
and also its signal (red) and background (blue) components are sown.

It is found that for tracks with a large distance to the beam axis the track reconstruction effi-
ciency is significantly smaller, which introduces the most significant bias. The drop in efficiency
can be explained by constraints applied in the pattern recognition code to match computer
timing requirements of the online and offline software. This effect is purely geometrical and its
size can be parametrized by a single parameter, namely the distance of closest approach of the
track to the beam axis.



Using a data driven Tag and Probe technique this dependency is measured in the high
statistics B+ → J/ψK+ decay channel. The measured efficiency is shown in Fig. 1. Events are
then weighted in all channels according to the inverse of the product of the predicted inefficiencies
for each daughter particle.

These corrections are purely data driven. Simulation was however used to test the correction
method and to check for any potential biasing effect in the reconstruction or selection. After
optimizing the selection no single large bias can be identified and the final measured lifetime in
simulation is within the statistical uncertainty in agreement with the generated one.

The numbers of reconstructed signal candidates with this unbiased selections for the different
channels are 229,000 (B+ → J/ψK+), 71,000 (B0 → J/ψK∗0), 17,000 (B0 → J/ψK0

s ), 19,000
(B0

s → J/ψφ) and 4,000 (Λ0
b → J/ψΛ).

The lifetime is extracted using an unbinned maximum likelihood fit in 2D (decay time, mass).
The mass shape of the signal is the sum of two Gaussian functions, whereas the background is
modeled with an exponential function. The weighted decay time distribution for the signal is
an exponential function convoluted with a single Gaussian to describe the decay time resolution
(45 fs). For events from the biased trigger the function is multiplied by its decay time dependent
acceptance function. The decay time dependence of the background is modeled by the sum of
three exponential functions. The fits to the mass and decay time distribution of the largest and
the lowest statistic channel are shown in Fig. 2.

Table 1: Lifetime measurements of different b hadron decay channels. The first uncertainty shown is statistical
and the second systematic.

Lifetime Value [ps]

τB+→J/ψK+ 1.637± 0.004± 0.003

τB0→J/ψK∗0 1.524± 0.006± 0.004

τB0→J/ψK0
s

1.499± 0.013± 0.005

τΛ0
b
→J/ψΛ 1.415± 0.027± 0.006

τB0
s→J/ψφ 1.480± 0.011± 0.005

3 Results and Conclusions

The results from the lifetime measurement17 are shown in Tab. 1. With this the lifetime ratios
follow to be τB+→J/ψK+/τB0→J/ψK∗0 = 1.074 ± 0.005 ± 0.003, τB0

s→J/ψφ/τB0→J/ψK∗0 = 0.971 ±
0.009± 0.004 and τΛ0

b
→J/ψΛ/τB0→J/ψK∗0 = 0.929± 0.018± 0.004.

A difference in the lifetime of particles and anti-particles would deduce CPT violation. The
samples are split up and the lifetime is measured in each sample independently. The ratios are
τB+→J/ψK+/τB−→J/ψK− = 1.002 ± 0.004 ± 0.002, τΛ0

b
→J/ψΛ/τΛ

0
b→J/ψΛ

= 0.940 ± 0.035 ± 0.006

and τB0→J/ψK∗0/τB0→J/ψK∗0 = 1.000± 0.008± 0.009 and thus consistent with unity.

Several effects are estimated in the systematic uncertainty. The most significant contribu-
tions are due to the uncertainty of the reconstruction efficiency measurement, the sample size
of the simulated data and the acceptance measurement of the biasing trigger. Calculating the
ratio of lifetimes several uncertainties cancel.

Independently, a measurement of the lifetime ratio Λ0
b/B

0 has been performed18. Fitting
directly the ratio large uncertainties due to the acceptance directly cancel in first order. The
lifetime ratio is measured to be τΛ0

b
→J/ψpK−/τB0→J/ψπ+K− = 0.974± 0.006± 0.004. Combining

the results of both papers gives τΛ0
b
→J/ψX = 1.468± 0.009± 0.008 ps.

In all decay channels these are the most precise single measurements. They are consistent
with previous measurements and theoretical predictions.
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MEASUREMENT OF B → Xsγ AT BELLE

T. SAITO
(The Belle Collaboration)
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We use 772×106 BB meson pairs collected at the Υ(4S) resonance with the Belle detector to
measure the branching fraction for B → Xsγ with a sum-of-exclusives approach. The inclusive
branching fraction in MXs <2.8 GeV/c2 is measured to be B(B → Xsγ) = (3.51 ± 0.17 ±
0.33)× 10−4, where the first uncertainty is statistical and the second is systematic.

1 Introduction

The b → sγ process, which is a flavor changing neutral current, is forbidden at tree level in
the Standard model (SM) and proceeds at low rate through radiative loop diagrams. Since
the loop diagram is dominant, effects of new particles within the loop predicted by many new
physics models (NP) can be investigated by precision measurement. The inclusive branching
fraction is sensitive to NP as it is theoretically well described in the SM. The SM calculation
for the branching fraction has been performed at next-to-next leading order in the perturbative
expansion term and the result is B(B → Xsγ) = (3.15 ± 0.23) × 10−4 for a photon energy
above 1.6 GeV in the B meson rest frame123, where Xs means all the hadron combinations that
carry a strange quantum number of s quark. We measure the branching fraction experimentally
with higher minimum photon energy due to high background at lower energies. The measured
branching fraction is extrapolated to a photon energy threshold of 1.6 GeV to compare with
the theoretical result. The current measured world average is B(B → Xsγ) = (3.55 ± 0.24 ±
0.09) × 10−4 4, where the first uncertainty is combined statistic and experimental systematic
uncertainties and the final is the systematic due to the photon energy shape function, and is
consistent with the SM prediction within the uncertainty.

We report a measurement of the branching fraction of B → Xsγ with a 711 fb−1 data set
collected at the Υ(4S) resonance containing 772×106BB meson pairs recorded by the Belle
detector5 at the KEKB asymmetric-energy e+e− collider6. Our measurement uses a ’sum-of-
exclusives’ approach which is to measure as many exclusive final states of the s quark hadronic
system, Xs, as possible and then calculate their sum. Exclusive branching fractions measured
to date do not saturate the inclusive process, but we can still infer the total branching fraction



by estimating the fraction of unmeasured modes using simulated fragmentation processes. In
this article, we present a measurement that is an update to a former Belle analysis7 on only 5.8
fb−1 by an improved analysis procedure.

2 Simulation Sample

We use Monte Carlo (MC) simulations to model signal and background events and to optimize
the selection prior to opening the signal region in the data.

We generate two types of signal MC samples, according to the Xs mass region: one sample in
the K∗(892) region(MXs<1.15 GeV/c2) where the b→ sγ transition proceeds through B → K∗γ,
and the other in the inclusive Xs region(MXs>1.15 GeV/c2). In the inclusive signal MC, various
resonances and final states exist. The photon energy spectrum is produced following a Kagan-
Neubert model 8 in the inclusive signal MC. The nominal values of parameters in this model are
set with a best fit to the Belle inclusive photon energy spectrum9.In the inclusive Xs mass region,
the light quark pair is generated and final state hadrons are produced in Pythia10. The signal
reconstruction efficiency depends on the particle content in the final state, and the difference on
the fragmentation model between the MC and data induces a systematic uncertainty. Thus, it
is important to understand the fragmentation model.

In the background study, we use e+e− → qq(q = u, d, s, c) and BB MC samples. In the BB
background samples, e+e− → Υ(4S)→ BB events are generated.

3 B Meson Reconstruction and Background Suppression

We reconstruct the B meson from a high energy photon and 38 Xs final states, which consist
of one or three kaons with at most one K0

s , at most one η, and at most four π with at most
two π0’s. The 38 measured final states cover 56% of the total Xs rate, according to the MC
simulation. Assuming the isospin symmetry between KL and Ks, the fraction is 69%. The
B meson candidate is selected by two kinematic variables defined in the Υ(4S) rest frame,

the beam energy constrained mass, Mbc =
√
E∗2
beam − |

−→
p∗B|2, and the energy difference, ∆E =

E∗
B −E∗

beam, where E∗
beam is beam energy and (E∗

B,
−→
p∗B) is the reconstructed four-momentum of

the B candidate. We require Mbc >5.24 GeV/c2 and -0.15< ∆E <0.08 GeV.

A large background still remains after the signal reconstruction. There are three dominant
types of background. The first is events with D meson decay, especially B → D(∗)ρ+, which
makes a peak in the signal region of Mbc. For suppression of such background, a D meson
candidate is reconstructed as a combination of particles used in the Xs reconstruction. The
candidate whose D mass is the closest to the nominal D mass in an event is rejected in MXs >2.0
GeV/c2(D veto). The second is qq events, which is largest source of background. To mitigate
this background we apply an selection criterion based event shape. In BB events B meson
products are distributed isotropically, in contrast, for qq events, the quarks yield a back-to-
back fragmentation into two jets of light hadrons. For an effective background suppression, we
perform a multivate analysis with the neural network12. We attain a neural network classifier
between -1 and +1 and can get a good separation of the signal from the qq background. As
a result, 52% signal is kept, on the other hand, the qq background reduces to 2% in the MC.
The last major type of background is ’cross-feed’ background defined as signal events in which
B meson candidates are incorrectly reconstructed. On average, there are approximately 2 B
meson candidates in a given event since 38 final states are reconstructed at the same time.
For suppression of such background, a candidate with the largest neural network output for
the qq background suppression in an event is selected(Best Candidate Selection, BCS), and the
efficiency evaluated by the MC is 85 %.



4 Systematic Uncertainties

The systematic uncertainties are reported in Table 1. The uncertainty on the total amount of B
mesons collected by the Belle is 1.4%. The data-MC ratio on the detector response associated
with photon detection, tracking of charged particles, K0

s , π0 and η reconstruction, and K±/π±

identification is 0.94±0.03. The efficiency is corrected by this value and the error is taken as
the systematic uncertainty. The background rejection uncertainty from D veto, qq background
suppression and BCS is evaluated by the control modes in data. To evaluate the uncertainty
on the Mbc PDF we use a variation in the signal yield when changing the parameter values
in the PDF. The largest uncertainty comes from the fragmentation model. The uncertainty
on the fragmentation model is taken from the change in the reconstruction efficiency when
modifying the model by the uncertainty of the model in data. The fraction of missing final
states that are not included in our reconstructed modes has an effect on the reconstruction
efficiency. The uncertainty on the fraction of the 38 measured final states is evaluated by
changing the fragmentation model in the MC by parameters in Pythia within parameter region
which is consistent with the model of the data within the errors.

Table 1: Systematic uncertainties(%)

Source Uncertainty(%)

Number of B meson 1.4
Detector Response 3.0

Background Rejection 3.4
Mbc PDF 5.1

Fragmentation Model 6.7
Missing Mode 1.6

5 Branching Fractions

The signal yields are obtained in 100 MeV/c2 width bins in the low mass region, 0.6< MXs <2.2
GeV/c2, and 200 MeV/c2 width in the high mass region, 2.2< MXs <2.8 GeV/c2, to obtain an
exact branching fraction by a method independent from the Xs mass shape to minimize model
dependence.

Figure 1 shows the Mbc distribution fits in each MXs bin. The differential branching fractions
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Figure 1 – Mbc fits in MXs
bins.The signal(red solid line), the cross-feed(red dashed line), the peaking

background(green solid line), non-peaking component from BB decay(dashed green line) and qq back-
ground(cyan line) are shown.

on MXs are in Fig. 2.
We also report the total inclusive branching fraction in MXs <2.8 GeV/c2,

B(B → Xsγ) = (3.51± 0.17± 0.33)× 10−4, (1)

where the first uncertainty is statistical and the second is systematic. The statistical uncertainty
is based on the sum in quadrature of them on each of the Xs mass bin yields. We compare the
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Figure 2 – Differential branching fraction. The first solid error is the statistical one and the second dashed
error is a quadratic sum of the statistical and systematic errors.

branching fraction with a minimum photon energy of 1.6 GeV with the SM prediction and this
result is extrapolated to Eγ > 1.6 GeV by the method in Ref. 14,

B(B → Xsγ) = (3.74± 0.18± 0.35)× 10−4. (2)

This result is consistent with the SM prediction within 1.3σ.

6 Conclusion

We measure the branching fraction of B → Xsγ by the sum-of-exclusives approach using the
entire data in the Belle. The measured branching fraction with MXs <2.8 GeV/c2 is

B(B → Xsγ) = (3.51± 0.17± 0.33)× 10−4, (3)

where the first uncertainty is statistical and the second is systematic. This result is the best
precision in the sum-of-exclusive approach.
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Searches for Λ0
b and Ξ0

b decays to K0
Spπ

− and K0
SpK

− final states with first
observation of the Λ0

b → K0
Spπ

− decay
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A search for previously unobserved decays of beauty baryons to the final states K0
Spπ

− and
K0

SpK
− is reported. The analysis is based on a data sample corresponding to an integrated

luminosity of 1.0 fb−1 of pp collisions recorded by the LHCb experiment. The Λ0
b → K0

Spπ
−

decay is observed for the first time with a significance of 8.6σ, and a measurement is made of
the CP asymmetry, which is consistent with zero.

1 Introduction

The study of bottom baryon decays is still at an early stage. Among the possible JP = 1
2

+

ground states, no hadronic three-body decay to a charmless final state had been observed 1.
These channels provide interesting possibilities to study hadronic decays and search for CP
violation effects, in particular asymmetries in the phase-space 2,3. In contrast to three-body
neutral B meson decays to charmless final states containing K0

S mesons, conservation of baryon
number allows CP violation searches in baryonic decays without the need to identify the flavour
of the initial state, which is of considerable benefit for analysis in LHCb. In this paper4, searches
for Λ0

b and Ξ0
b baryon decays to final states containing a K0

S meson, a proton and either a kaon
or a pion, are reported. Intermediate states containing charmed hadrons are also investigated:
Λ0
b → Λ+

c (K0
Sp)π

−, Λ0
b → Λ+

c (K0
Sp)K

− and Λ0
b → D−

s (K0
SK

−)p decays. The results are based on
an integrated luminosity of 1 fb−1 of pp collisions at

√
s = 7 TeV collected by the LHCb detector.

The LHCb experiment 5 is a single-arm forward spectrometer covering the pseudorapidity range
2 < η < 5, designed for the study of particles containing b or c quarks.

2 Analysis strategy for charmless three-body b-baryon decays

All branching fractions are measured relative to the control channel B0 → K0
Sπ

+π−, and rely on
existing measurements of the ratio of fragmentation fractions fΛ0

b
/fd

6. The b hadron decays are

reconstructed by combining two charged tracks with a K0
S candidate. The K0

S are reconstructed
in the π+π− final state, and are classified into two categories: candidates that have hits in the
vertex detector and in the tracking stations downstream of the dipole magnet (“Long” or “LL”);
pions with track segments not found in the vertex detector, which use only the tracking stations
downstream of the vertex detector (“Downstream” or “DD”).

An initial set of loose requirements is applied to filter the events selected by the trigger.
Further separation of signal from combinatorial background is achieved with a multivariate
algorithm trained for each K0

S type using as reference the control channel. Remaining sources



of background are further suppressed using particle identification criteria. The Λ0
b and Ξ0

b signal
regions of the unobserved modes were not examinated until the analysis procedure has been
finalised in order to avoid any bias in the selection. The optimal values for the selection criteria
are chosen using a figure-of-merit which maximises the signal visibility (in standard deviations)7.

A multibody decay can be composed of several intermediate quasi-two-body states and a
nonresonant contribution. This reflects on how the population of events in the phase-space is
driven by the dynamics of the decay process. Hence, the correct determination of the efficiency
variation across the phase-space is of crucial importance for branching fraction measurements. In
modes with significant yields, the efficiency is obtained by weighting the observed data using the
sPlot technique 8. For unobserved modes, the selection efficiency corresponds to the simulated
distribution variation across the phase-space, and a systematic uncertainty is assigned.

3 Results

The results of the unbinned extended maximum likelihood fits to the invariant mass distributions
for Λ0

b → K0
Sph

− and Λ0
b → Λ+

c (π+K0
S)h− candidates, separated for each K0

S category, are shown
respectively in figures 1 and 2. The significance of the yields for the charmless decays is found
to be 8.6σ and 2.1σ for Λ0

b → K0
Spπ

− and Λ0
b → K0

SpK
− decays, respectively. Moreover, the

recent observation of the Λ0
b → Λ+

c (π+K0
S)K− channel is confirmed and no significant signal

is seen for the other channels. Finally, the phase-space distribution for Λ0
b → K0

Spπ
− decays,

shown in figure 3, is obtained using the sPlot technique and applying event-by-event efficiency
corrections based on the position of the decay in the phase-space. A first inspection indicates a
structure at low pπ− invariant mass which may originate from an excited nucleon state.
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Figure 1 – Invariant mass distributions of (top) K0
Spπ

− and (bottom) K0
SpK

− candidates for the (left)
DD and (right) LL K0

S categories. Each significant component of the fit model is displayed: Λ0
b signal

(violet dot-dashed), Ξ0
b signal (green dashed) and combinatorial background (red dotted). The overall fit

is given by the solid blue line.



]2c) [MeV/−πpS
0K(m

5500 5600 5700

 )2 c
C

an
di

da
te

s 
/ (

 6
 M

eV
/

0
20
40
60
80

100
120
140
160
180
200

LHCb
S
0KDownstream 

]2c) [MeV/−πpS
0K(m

5500 5600 5700

 )2 c
C

an
di

da
te

s 
/ (

 6
 M

eV
/

0

10

20

30

40

50

60

70

80

90

LHCb
S
0KLong 

]2c) [MeV/−pKS
0K(m

5500 5600 5700

 )2 c
C

an
di

da
te

s 
/ (

 6
 M

eV
/

0

2

4

6

8

10

12

14

16

18

LHCb
S
0KDownstream 

]2c) [MeV/−pKS
0K(m

5500 5600 5700

 )2 c
C

an
di

da
te

s 
/ (

 6
 M

eV
/

0

2

4

6

8

10

12 LHCb
S
0KLong 

Figure 2 – Invariant mass distributions of (top) Λ0
b → Λ+

c (π+K0
S)π− and (bottom) Λ0

b → Λ+
c (π+K0

S)K−

candidates for the (left) DD and (right) LL K0
S categories. Each significant component of the fit model

is displayed: signal distributions (violet dot-dashed), signal cross-feed contributions (green dashed) and
combinatorial background (red dotted). The overall fit is given by the solid blue line.
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b → K0

Spπ
− decays

for DD and LL K0
S categories combined.

3.1 Branching fraction results

The absolute branching fractions are calculated using the measured branching fraction 1 of the
normalisation channel B(B0 → K0π+π−) = (4.96 ± 0.20) × 10−5. Each result is determined
separately for each K0

S category and combined in a weighted average, where correlations in
the systematic uncertainties are taken into account. Upper limits are placed on the unobserved
modes by integrating the likelihood multiplied by a Bayesian prior, which is uniform in the region
of positive branching fractions. The results are expressed in terms of final states containing either



K0 or K̄0 mesons, according to the expectation for each decay,

B(Λ0
b → K̄0pπ−) = (1.26± 0.19± 0.09± 0.34± 0.05)× 10−5 ,

B(Λ0
b → K0pK−) < 3.5 (4.0)× 10−6 at 90 % (95 %) CL ,

fΞ0
b
/fd × B(Ξ0

b → K̄0pπ−) < 1.6 (1.8)× 10−6 at 90 % (95 %) CL ,

fΞ0
b
/fd × B(Ξ0

b → K̄0pK−) < 1.1 (1.2)× 10−6 at 90 % (95 %) CL ,

B(Λ0
b → Λ+

c π
−) = (5.97 ± 0.28 ± 0.34 ± 0.70 ± 0.24 )× 10−3 ,

B(Λ0
b → Λ+

c K
−) = (3.55 ± 0.44 ± 0.24 ± 0.41 ± 0.14 )× 10−4 ,

B(Λ0
b → D−

s p) < 4.8 (5.3)× 10−4 at 90 % (95 %) CL ,

where the uncertainties are statistical, systematic, from the ratio of fragmentation fractions
fΛ0

b
/fd, and from the branching fraction of the normalisation channel, respectively.

3.2 Direct CP asymmetry

The significant signal observed for the Λ0
b → K0

Spπ
− channel allows a measurement of its phase-

space integrated CP asymmetry. To obtain the physical CP asymmetry, the raw asymmetry
is obtained from the fit to data, and corrected by the production and detection asymmetries.
These can be conveniently obtained from Λ0

b → Λ+
c (π+K0

S)π− decays, in which the expected
CP violation is negligible. The phase-space integrated CP asymmetry is found to be

ACP (Λ0
b → K̄0pπ−) = 0.22± 0.13 (stat)± 0.03 (syst) , (1)

which is consistent with zero.

4 Summary

Using a data sample collected by the LHCb experiment corresponding to an integrated luminos-
ity of 1.0 fb −1, searches for b-baryon decays to K0

Spπ
− and K0

SpK
− are performed. The decay

channel Λ0
b → K0

Spπ
− is observed for the first time and its phase-space integrated CP asymmetry

shows no significant deviation from zero. The first observation of a charmless three-body decay
of a b baryon opens a new field of possible amplitude analyses and CP violation measurements
that will be of great interest to study with larger data samples.
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PROBING MASS HIERARCHY IN REACTOR NEUTRINO OSCILLATIONS
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One of the most promising method to probe neutrino mass hierarchy is via medium-baseline
(L ∼ 50 km) reactor neutrino oscillations. We revisit some aspects of the theoretical calcula-
tions and statistical analyses regarding such a method. Our numerical simulations show that
for the set up envisaged for the JUNO project there is a sensitivity of about 2σ to mass hierar-
chy, which, however, will decrease significantly if energy scale and spectrum shape systematics
are not under control.

1 Introduction

About 12 years ago, it was proposed 1 that medium baseline rector experiments could probe the
mass hierarchy through the tiny interference between the long wavelength oscillations, governed
by (δm2, θ12), and the short wavelength oscillations, governed by (∆m2, θ13). However, such an
experiment requires very high statistics and unprecedented levels of energy resolution. Apart
from these requirements, one also needs to perform accurate theoretical calculations of the
oscillation probability and refined statistical analyses. In this context, we discuss the following
topics: hierarchy and matter effects in the oscillation probability (Sec. II), spread of reactor
distances (Sec. II), nucleon recoil in inverse beta decay (Sec. III), irreducible backgrounds from
geoneutrinos and from far reactors (Sec. IV), statistical analysis (Sec. V) and degeneracies
between energy scale and spectrum shape uncertainties (Sec. VI). See 3 for further details.

2 Oscillation probabiity

The relevant ν̄e → ν̄e oscillation probability can be cast with good accuracy in the following
form:

P 3ν
mat ' c413P 2ν

mat + s413 + 2s213c
2
13

√
P 2ν
matw cos

(
∆m2

eeL

2E
+ αϕ

)
, (1)

where we have set sij = sin θij , cij = cos θij and we have used the effective squared mass
parameter ∆m2

ee = ∆m2+ α
2 (c212−s212)δm2. A few comments are essential in order to understand

the approximations made.
Matter effects are contained in the term P 2ν

mat = 1− 4s̃212c̃
2
12 sin2(δm̃2L/4E), where we have

replaced the vacuum parameters (θ12, δm
2) with (θ̃12, δm̃

2), i.e. effective ones in matter. Matter
effects for (δm2, θ12) are comparable to the prospective fit accuracy, whereas they are negligible
for (∆m2, θ13).

The presence of ten reactors at slightly different baseline L, as expected in JUNO2, introduce
a damping factor w in the formula, with w ' 1 − 4.32 × 10−5(∆m2

eeL/4E)2 and L ' 52.474
km (flux weighted distance). This factor produces a general decrease of the amplitude of the
hierarchy-sensitive cosine term in Eq. (1), as much as 28% at low energy (E ' 2 MeV).



Hierarchy information is contained in the term αϕ, where the case α = +1 corresponds to
normal ordering and α = −1 to inverted ordering. The phase ϕ depends on (δm2, θ12) and varies
slowly with energy. In particular, in the high energy part of the spectrum ϕ is approximately
0, while it is sizeable at low energy. As a consequence, the low energy region contains hierarchy
information, whereas the high energy part of the spectrum can be used for calibration.

From Eq. (1) we understand that measuring the mass hierarchy means finding the evidence
of a non-L/E phase ϕ with a definite sign. However, in a realistic situation, the experiment may
find no evidence of an extra phase (α = 0) or it can measure a wrong sign of ϕ (α→ −α), or a too
large amplitude (|α| > 1). In order to take into account all these scenarios, we considered α as
a free parameter, which is constrained by the experiment. In this way, we connect continuously
between the two hypotheses (normal and inverted hierarchy) that, in principle, are discrete.
This method allows us to deal with some statistical issues discussed in 6,7,8.

3 Inverse β decay

The detection process for a reactor neutrino experiment is the inverse β decay (IBD) ν̄e + p→
e+n. Usually, the data analysis is done in the recoiless approximation, i.e. E − Ee ' mn −mp,
because energy resolution is greater than the corrections coming from IBD. However, a JUNO-
like experiment has an energy resolution of σe(E)/

√
Ee +me ' 0.03, which is of the same order

of the corrections coming from IBD in the high energy part of the spectrum. So, the recoiless
approximation cannot provide a good estimate of the positron energy Ee and we must take into
account the effects coming from IBD, which make Ee ∈ [E1, E2], where E1, E2 can be calculated
as in 9.
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Figure 1 – (Left) Inverse beta decay: shape of the e+ energy spectrum for representative values of the νe energy
E. The spectra are aligned to their median value for graphical convenience. (Centre) Absolute energy spectrum
of events expected in JUNO for normal hierarchy (α = +1) and assuming the central values of the oscillation
parameters defined in the text. The breakdown of the total spectrum in its three components (medium baseline
reactors, far reactors, geoneutrinos) is also shown. (Right) Comparison of absolute energy spectra of events
expected in JUNO for normal hierarchy (α = +1) and inverted hierarchy (α = −1), assuming in both cases the
same oscillation parameters as in the left panel.

From the left panel of Fig. 1, showing the step-like normalized differential cross section for
some values of the neutrino energy, we can perform a top-hat approximation dσ(E,Ee)/dEe '
σ(E)/(E2 −E1). This approximation allows us to perform an analytical integration in positron
energy, while calculating the spectrum of events,∫ ∞

me

dEe
dσ(E,Ee)

dEe
r(Ee +me, Evis) '

σ(E)

E2 − E1

∫ E2

E1

dEer(Ee +me, Evis). (2)

The final integral in Eq. 2 is analytical because the energy resolution function r(Ee +me, Evis)
is assumed to be gaussian. In conclusion, including the effects of IBD means introducing a
correction to energy resolution function, depending on neutrino energy.



4 Event spectrum

The central panel of Fig. 1 shows the contributions to neutrino events spectrum. The vast
majority of events come from reactors with a baseline of about 52 km, but we also included
two sources of background: geoneutrinos and neutrino coming from far reactors. The first
background is relevant at low energy, where there is hierarchy information, while the second
one affects all the spectrum, decreasing the precision reachable on (δm2, θ12) that govern slow
oscillations. For a JUNO-like experiment and assuming 5 years of data taking in a 20 kt detector
we expect 105 events with oscillations coming from medium baseline reactors and 6.5 × 103

(3.5 × 103) events for no oscillations coming from far reactors (geoneutrinos). We normalized
our calculations to these expectations.

For the sake of completeness, the right panel of Fig. 1 compares the total absolute spectra of
oscillated events in the two cases of normal hierarchy (α= +1) and inverted hierarchy (α = −1).
As already stated before, the spectra merge at high energy where ϕ → 0. The low-energy
differences between the two spectra are generally very small, and may become even smaller
with a floating oscillation parameters and systematics, making a detailed statistical analysis
mandatory.

5 Statistical analysis

We calculated our true spectrum of events S∗(Evis), that has the role of experimental data in our
analysis, assuming that the true values of oscillation parameters are those of best fit in the global
analysis 10. Then, we generated a family of spectra S(Evis) by varying eight parameters: four
oscillation parameters (θ12, θ13,∆m

2, δm2), α and three systematical parameters (fs, fU, fTh): fs
is a normalization factor multiplying the neutrino fluxes coming from near and far reactors; fU
and fTh are normalization factors multiplying respectively the uranium and thorium component
of geoneutrinos. The comparison between the spectra is done in terms of a χ2 function, that
has three components (statistical, parametrical and systematical):

χ2 =

∫ 9 MeV

0 MeV
dEvis

(
S∗(Evis)− S(Evis)√

S∗(Evis)

)2

+
4∑
i=1

(
pi − pi
σi

)2

+
∑

j=R,U,Th

(
fj − 1

sj

)2

. (3)

The statistical component consists in the standard calculation of χ2 in the limit of infinite
bins. We have checked that this limit is already realized by using a number > 250 bins. The
parametrical and systematical components of the χ2 consist in quadratic penalties on both
oscillation and systematical parameters: where σi are the 1σ errors taken from the global analysis
10, while we have assumed sR = 0.03 and sU = sTh = 0.2.

Fig. 2 was produced by minimizing the χ2 on all parameters but (α,∆m2
ee) through a

Markov-chain Montecarlo and assuming that the true hierarchy is the normal one. By construc-
tion we have that χ2 = 0 when the parameters are equal to the best fit assumed in the analysis.
The distance between the case α = +1 and the case α = −1 is 3.4σ. However, one may define
the hierarchy sensitivity as the difference between the case α = +1 and α = 0. The reason
for this unusual choice is twofold. First, if the experiment gives as output result α = 0, then
hierarchy determination would be already compromised. Then, we recover the same results that
were obtained in other works 6,7,8 by using a statistical argument. However, other definitions
are possible 11.

6 Non linear energy scale uncertatinties E → E′

There is an infinite class of transformations E → E′ that satisfy the equation

∆m2
ee L

2E
± ϕ(E) =

∆m2 ′
ee L

2E′
∓ ϕ(E′) , (4)
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Figure 2 – (Left) Constraints in the plane (α, ∆m2
ee) at 1, 2 and 3σ (∆χ2 = 1, 4, 9) from a fit to prospective

JUNO data assuming true normal hierarchy (α = +1). Although the inverted hierarchy case (α = −1) is ∼ 3.4σ
away, the hierarchy discrimination is already compromised at ∼ 1.7σ, where the “undecidable” case (α = 0) is
allowed. (Right) Constraints in the plane (α, ∆m2

ee) for true NH after an energy scale variation, which flips the
sign of ϕ.

and that can thus flip the sign of the non L/E phase ϕ. All E → E′ transformations, which
are solutions to Eq. (4), together with uncertainties on ∆m2

ee, may mimic the wrong hierarchy.
An example of what can happen, if this effect is not under control, can be seen in the right
panel of Fig. 2. Now the best fit is at α = −1, but the χ2 is very large O(100), because the
transformation considered in this case produce a mismatch of spectra at low energy.

If spectral errors δ(Φσ) are of the same order of the deviations Φ(E)σ(E) → Φ(E′)σ(E′),
caused by the previous E → E′ transformations, then such low-energy mismatch is also sup-
pressed, and the NH-IH degeneracy is almost complete with χ2 ∼ O(10).

7 Conclusions

Medium baseline reactor experiments can probe the neutrino mass hierarchy. In this context we
have revisited some issues related to theoretical calculations and statistical analysis of events
spectra. In particular, we have shown how to include analitically the recoil effects of the nucleon,
and we have studied an analytical approximation of the oscillation probabilities including effects
of matter and of multiple reactors. The determination of the hierarchy is also transformed from
a test of hypothesis to a parameter estimation, with a sensitivity given by the statistical distance
of the true case (either α = +1 or α = −1) from the undecidable case (α = 0). Finally, non
linear E → E′ transformations, togheter with spectral uncertainties, have been considered: they
may mimic the wrong hierarchy in some cases. However, this issue deserves further studies.
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Search for Non-Standard Interactions by atmospheric neutrino

S. Fukasawa
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Hachioji, Tokyo 192-0397, Japan
We investigate the effects of neutral current Non-Standard Interactions in propagation on
atmospheric neutrino experiments such as Super-Kamiokande and Hyper-Kamiokande. With
the ansatz where the parameters which have strong constraints from other experiments are
neglected, we show how these experiments put constraints on the remaining parameters of the
Non-Standard Interactions.

1 Introduction

Neutrinos are the least tested particles of the Standard Model (SM). Furthermore non-zero
neutrino masses, which cannot be explained by the SM, have been measured. Non-zero neutrino
masses cause neutrino oscillation which may play an important role in searching for physics
Beyond the Standard Model (BSM). All the three mixing angels in the standard three flavor
neutrino oscillation have been measured by 2012. Tasks left for us are to measure the Dirac CP
phase and the sign of ∆m2

31. It is expected that future high-intensity long-baseline experiments
(T2HK,LBNO,LBNE etc.) may be able to measure these quantities and allow high precision
measurement of the oscillation parameters. Hence the future experiments can take us to a new
stage in which BSM is searched by looking at deviation from the SM with neutrino masses. For
this reason, it is important to study new physics in neutrino sector.

2 New Physics

We consider flavor-dependent exotic couplings of neutrinos with matter in this talk. These Non-
Standard Interactions (NSI) are divided into Charged-Current (CC) interactions and Neutral-
Current(NC) interactions. We consider only non-standard NC interactions in propagation be-
cause constraints for non-standard CC interactions at detectors and sources are much stronger
than those in propagation. They are expressed by effective 4-fermi interactions:

LNP = −2
√

2GF [ν̄αγ
µνβ][εfLαβ f̄LγµfL + εfRαβ f̄RγµfR], (1)

where α, β are neutrino flavor indices and ε
fL,R
αβ denotes the strength of the NSI between the

neutrinos ν and left-handed (right-handed) components of the fermions f . It is known that
neutrinos feel potentials as matter effects when they are propagating in matter. If NSI exist,
neutrinos feel additional matter effects and the oscillation probability is modified significantly.
NSI can be parameterized in the form of matter effects

ANSI = ACC

 εee εeµ εeτ
ε∗eµ εµµ εµτ
ε∗eτ ε∗µτ εττ

 , (2)



where

εαβ =
∑

P=L,R

∑
f=e,u,d

εfPαβnf/ne. (3)

Here nf denotes number density of fermion f and ACC =
√

2GFne. In the case of atmospheric
neutrino experiments, neutrinos go through the Earth, which is composed of protons(uud),
neutrons(udd), and electrons and their number densities are approximately equal. Then we
have

εαβ '
∑

P=L,R

(εePαβ + 3εuPαβ + 3εdPαβ). (4)

Matter effects affect the oscillation probability mainly when the baseline is longer and the neu-
trino energy is in the range 10GeV < E < 100GeV. Therefore atmospheric neutrino experiments
such as Super-Kamiokande(SK) and Hyper-Kamiokande(HK) are suited to search for NSI.

3 Constraints on NSI

NSI are constrained by various experiments. For instance the most direct limits on εαβ are
given by experiments of scattering of neutrino beams on target. This kind of experiments give

constraints on each ε
fL,R
αβ in (1), while the neutrino oscillation experiments can constrain the

total sum εαβ in (4).

3.1 Constraints from terrestrial experiments

Constraints form terrestrial experiments are deduced as 1 : |εee| < 4× 100 |εeµ| < 3× 10−1 |εeτ | < 3× 100

|εµµ| < 7× 10−2 |εµτ | < 3× 10−1

|εττ | < 2× 101

 . (5)

The muon sector is strongly constrained, so we set εeµ, εµµ, ετµ to zero in our analysis. On the
other hand, the others are less constrained and hence there are rooms for improvement.

3.2 Constraints from the high energy behavior of atmospheric neutrino

The high energy atmospheric neutrino data are well described by vacuum oscillation between
νµ and ντ but NSI can modify the oscillation probability significantly. Friedland-Lunardini
2 pointed out that large NSI are consistent with the data, provided that epsilons have the
following relation:

εττ '
|εeτ |2

1 + εee
. (6)

3.3 Summery of the constraints on NSI

Taking these constraints on NSI into consideration, we analyze with the following ansatz: εee εeµ εeτ
ε∗eµ εµµ εµτ
ε∗eτ ε∗µτ εττ

 =

 εee 0 |εeτ |eiφ
0 0 0

|εeτ |e−iφ 0 |εeτ |2
1+εee

 . (7)

Here φ is a phase of εeτ . Furthermore we introduce the following ratio:

| tanβ| ≡ |εeτ |
1 + εee

. (8)



From the data of SK, Friedland-Lunardini 3 gave constraints | tanβ| < 1.5 at 2.5σ C.L. a. What
we want to do is to give an allowed region, which is obtained from SK or is expected from HK,
in the εee − |εeτ | plane.

4 Results

In our χ2 analysis, we fix the following oscillation parameters

sin2 2θ12 = 0.86, sin2 2θ13 = 0.1, ∆m2
21 = 7.6× 10−5eV, (9)

while taking θ23, ∆m2
31, δCP and φ as free. To obtain a 2-dimensional allowed region, χ2 is

marginalized over θ23, ∆m2
31, δCP , φ. In the case of SK, we look at difference of significance

from the SK data. In the case of HK, we look at difference of significance from the standard
case which is predicted with the standard oscillation parameters in our calculation code. The
numbers of events of atmospheric neutrinos are calculated based on Ref. 7.

Figure 1 – Constraints on NSI at SK with NH(right) and IH(left). Dotted lines denote constraints on | tanβ| < 1.5
given by Friedland-Lunardini in 2005. Solid lines are our results(| tanβ| < 0.8). These lines are drawn at 2.5σ
C.L. Stars are best fit points and double circles denote standard case(εαβ = 0).

Figure 1 shows constraints on NSI from SK. Although updated data of SK (3903 days) are
used, large NSI are not excluded. In addition, the standard case is not the best fit. The reason
that a scenario with new physics is preferred may be because we have not reproduced SK MC
results completely. However, the excluded region is improved compared with the old one given
by Friedland-Lunardini in 2005. Figure 2 shows constraints on NSI at HK. The excluded region
from HK is improved compared with SK and the region |εeτ | > 1 is excluded. Finally figure
3 shows sensitivity to the non-zero NSI parameters at HK(90% C.L.). In the presence of new
physics, HK can determine NSI to some extent with 90% C.L.. The results at HK are first
obtained in this work.

5 Conclusion

Taking into consideration the constraints from the terrestrial experiments and the high energy
behavior of atmospheric neutrinos, i.e., with the ansatz : εeµ = εµµ = εµτ = 0 and εττ =
|εeτ |2/(1 + εee), we have searched for NSI. Under the ansatz we studied sensitivity to NIS of
νe − ντ sector in propagation at SK and HK. Then the excluded region at SK is improved
compared with the old one given by Friedland-Lunardini in 2005, because we used the updated
SK data. The excluded region expected at HK is obtained and HK is expected to improve

aThe constraints on NSI with large εαβ (α = e, τ) from SK have also been given in Refs. 4,5,6 with ansatz
different from ours.



Figure 2 – Constraints on NSI at HK with NH(right) and IH(left). They are drawn without knowledge of mass
hierarchy. The dotted and solid lines are as with fig.1 and dashed lines are constraints on NSI at HK. In the case
of NH(| tanβ| < 0.06) and IH(| tanβ| < 0.3).
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Figure 3 – Sensitivity to non-zero NSI parameters at HK(90% C.L.)

constraints. In addition we studied sensitivity to non-zero NSI parameters at HK. If NSI are
sufficiently large, HK can determine εee and |εeτ | to some extent.
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Ultra-high energy neutrinos and W ′, Z ′ gauge bosons at the Pierre Auger
Observatory

F. LYONNET
LPSC, 53 rue des martyrs
38000 Grenoble, France

A wide range of models beyond the Standard Model predict charged and neutral resonances,
generically called W ′- and Z′-bosons, respectively. We present a study of the impact of such
resonances on the deep inelastic scattering of ultra-high energy neutrinos as well as on the
resonant charged current ν̄ee

− scattering (Glashow resonance). We find that the effects of
such resonances can not be observed with the Pierre Auger Observatory or any foreseeable
upgrade of it.

1 Introduction

New charged and neutral resonances are predicted in many well-motivated extensions of the
Standard Model (SM) such as theories of grand unification (GUTs) or models with extra spatial
dimensions. These extensions generally do not predict the precise energy scale at which the
new heavy states should manifest themselves. However, for various theoretical reasons (e.g.
the hierarchy problem) new physics is expected to appear at the TeV scale and is searched
for at the Large Hadron Collider (LHC) which will soon operate at a center-of-mass energy of√
s = 13 TeV. At the same time, important restrictions on new physics scenarios are imposed

by low-energy precision observables. On the other hand, highly energetic interactions of cosmic
rays in the atmosphere involve processes at higher center-of-mass energies than those reached
by the LHC. Motivated by this fact, we study the prospects to observe new spin-1 resonances
in collisions of ultra-high energy (UHE) neutrinos with nuclei in the atmosphere as analyzed by
the Pierre Auger Collaboration or a future neutrino telescope. For example, for neutrinos with
an energy of about 1019 eV, the center-of-mass energy of the neutrino-nucleon interactions is
about

√
s ' 140 TeV, considerably extending the energy range accessible at the LHC. So far,

no UHE neutrino events have been observed by the Pierre Auger Observatory which has led to
improved limits on the diffuse flux of UHE neutrinos in the energy range Eν ≥ 1018 eV 1.

The potential of the Pierre Auger Observatory for testing new physics scenarios like extra
dimensions or the formation of micro-black holes has already been studied 2. Here, we revisit
the predictions for cross sections in the SM, and explore the impact of new charged (W ′) and
neutral (Z ′) gauge bosons on these quantities 3. We address the following questions:

1. Assuming the LHC does observe new charged or neutral spin-1 resonances, how would this
affect the predicted neutrino cross sections?

2. Assuming the LHC does not discover any new spin-1 resonances, what are the prospects
to observe heavy W ′- and Z ′-bosons with masses larger than 5 TeV using UHE cosmic
neutrino events?



2 W ′ and Z ′ gauge bosons

For definiteness, we consider W ′ and Z ′ bosons due to an extended G(221) ≡ SU(2)1×SU(2)2×
U(1)X gauge group. Several well-known models emerge naturally from different ways of breaking
the G(221) symmetry down to the SM gauge group, in particular Left-Right (LR), Un-Unified
(UU), Non Universal (NU), Lepto-Phobic (LP), Hadro-Phobic (HP) and Fermio-Phobic (FP)
models. In this framework, the collider phenomenology has been studied 4,5 and constraints on
the parameter space from low-energy precision observables derived. In average Z ′ with masses
smaller than 2 TeV are excluded with the most optimistic exclusion limit reaching 3.6 TeV in
the UU model. W ′ bosons are much less constrained: everything above 1 TeV is allowed except
in the UU and NU models where the limit is at 2.5 and 3.6 TeV respectively 6. The collider
constrainsts available come from the LHC7 and Tevatron and are less stringent or of the same
order than the indirect ones7. In addition, we present results for the Sequential Standard Model
(SSM), where the W ′- and Z ′-bosons are just heavy copies of the W - and Z-bosons in the SM.
This is motivated by the fact that the SSM often serves as a benchmark model in the literature.

3 Interactions of UHE neutrinos in the atmosphere

In the following, we focus on the dominant cross sections of neutrino–nucleon DIS as well as
Glashow resonance:

1. Charged current deep-inelastic scattering (CC DIS): ν` +N → `−+X, ν̄` +N → `+ +X.

2. Neutral current deep-inelastic scattering (NC DIS): ν` +N → ν` +X, ν̄` +N → ν̄` +X.

3. The Glashow resonance (GR): ν̄e + e− → ν̄` + `−, ν̄e + e− → q + q̄′, where q = u, d, s, c, b.
Obviously, charged current resonant s-channel scattering occurs only for incoming anti-
electron neutrinos.

Note that we have omitted the contributions from non-resonant neutrino–electron scattering
which are smaller by several orders of magnitude. The W ′ and Z ′ resonances contribute to
the νN DIS with the main contribution comming from the interference with the SM ampli-
tudes. While the GR is entirely negligible at energies Eν ≥ 108 GeV there is a new, potentially
interesting, resonance due to the W ′-boson which we call GR′.

4 Numerical results

We now discuss numerical results for the cross sections of UHE neutrino interactions in the
atmosphere. For the CC and NC DIS, we consider an isoscalar target and neglect nuclear effects
so that the structure functions are given by the average of the proton and the neutron structure
functions. As is well-known, the UHE neutrino cross sections in DIS are sensitive to the PDFs
at very small momentum fractions x down to x ' 10−12 which results in large uncertainties as
shown in Sarkar et al.8. On the other hand, the UHE neutrino cross sections are quite insensitive
to the lower bound for the integration over the momentum transfer which we set to 1 GeV2.
In our calculations we use the next-to-leading order (NLO) ZEUS2002 TR proton PDFs. For
simplicity, we neglect the contributions from the NLO Wilson coefficients which are known to
be small. Note that the uncertainties due to the extrapolation of the PDFs into the small-x
region and the scale uncertainties are much larger.

Our total cross sections for CC and NC DIS are displayed in Fig. 1 as a function of the
incoming neutrino energy Eν . We have verified that our cross section prediction for CC DIS
(red line) agrees with the results by Cooper-Sarkar et al.8 within a few percent in the entire
energy range shown. In addition to the SM results, we present predictions for the total cross
sections in the SSM (red and green crosses) assuming MW ′ = MZ′ = 4 TeV. The DIS cross
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Figure 1: Total cross sections for CC νµN DIS (red line), NC νµN DIS (green line) and the Glashow resonance
(solid black line) in dependence of the incoming neutrino energy. The vertical line at Eν = 108 GeV indicates
the lower energy threshold of the Auger Observatory. The red and green crosses show the CC DIS and NC DIS
cross sections, respectively, in the SSM with MW ′ = MZ′ = 4 TeV. The resonant ν̄ee

− scattering including the
contribution from the W ′ resonance is represented by the dashed, black line.

Figure 2: The CC+NC νµN DIS cross sections in different G(221) models scaled to the cross section in the SM.
The areas have been obtained by fixing either MW ′ = 4 TeV or MZ′ = 4 TeV and scanning over the allowed
parameter range of the model, see text. For comparison we also show the ratio obtained for the SSM using

MW ′ = MZ′ = 4 TeV.

sections in the SM and the SSM differ at the 1% level and the corresponding curves lie on top of
each other. Similar observations hold for the other G(221) models introduced above. This can be
seen in Fig. 2, where the ratio of the DIS cross sections in the new physics scenario and in the SM
is presented. The areas have been obtained by fixing, depending on the model, either MW ′ = 4
TeV or MZ′ = 4 TeV and by scanning over the allowed parameter spaces of the different models
(details have been explained elsewhere 9). We find that the new physics contributions modify
the SM results by at most 1%, which is much smaller than the theoretical uncertainty of the DIS
cross sections. Similar results hold for masses of the heavy resonance of 5 and 6 TeV. In Fig. 1,
we also show numerical results for the production of hadrons in resonant ν̄ee

− scattering in the
SM (solid, black line) and in the SSM (dashed, black line). More specifically, we include the
contributions with first and second generation quarks in the final state. As can be seen, the GR
cross section is more than one order of magnitude larger than the total CC neutrino DIS cross
section at the resonance energy Eν = 6.2 · 106 GeV. However, it decreases sharply away from
the resonance, and the GR cross section is smaller than the CC DIS cross section by several
orders of magnitude for energies greater than the Auger Observatory threshold, i.e. Eν > 108

GeV. On the other hand, the contribution from the W ′ resonance interferes destructively with
the SM amplitude at energies below 1010 GeV but leads to a clear enhancement of the cross



section in a bin around the W ′-resonance energy Eres
ν = M2

W ′/(2me) ' 1.56 · 1010 GeV. Still
it remains more than two orders of magnitude smaller than the DIS cross sections. For this
reason, the effect of the GR′ resonance is irrelevant for events with hadronic showers. Note that
we also considered ’pure muon’ events as in Ref. 10 since it is a rather background free signal (in
the SM). Even though the GR′ can enhance the SM muon production cross section by 7% at
the resonance peak, this is still too small with respect to the uncertainties on the UHE neutrino
flux and very small x DIS cross section. Therefore, it seams impossible for general reasons that
the very precisely known leptonic cross sections can be used to discover new spin-1 W ′ and Z ′

resonances.

5 Outlook

We have computed UHE neutrino cross sections in the SSM and G(221) models including addi-
tional charged and neutral spin-1 resonances. We find that the effects of such resonances are too
small to be observed with the Auger Observatory or any foreseeable upgrade of it. Conversely,
should such resonances be observed at the LHC or a future hadron collider they will have no
measurable impact on the UHE neutrino events. Any deviation from the SM seen in UHE cosmic
neutrino events would require another explanation.

This work is part of a more general ongoing study on the phenomenology of G(221) models.
In this context, we considered the inverse problem at the LHC 9 and more recently we developed
a tool called PyR@TE 11 that generates the full two-loop RGEs for arbitrary gauge theories of
which the extended gauge group models as the G221 are a good example. In the future, this will
allow us to address questions such as the vacuum stability in these extensions at the two-loop
level.
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FIRST MEASUREMENTS WITH THE KATRIN SPECTROMETER AND
DETECTOR SECTION

N. WANDKOWSKY for the KATRIN Collaboration

Institute for Nuclear Physics, Karlsruhe Institute of Technology, Hermann-von-Helmholtz Platz 1, 76344
Eggenstein-Leopoldshafen, Germany

The next generation large-scale tritium β-decay experiment KATRIN (Karlsruhe Tritium
Neutrino experiment) is designed to determine the ’effective mass of the electron-antineutrino’
mν̄e with a sensitivity of 200 meV (90% C.L.). It is currently being assembled at the Karlsruhe
Institute of Technology, with a planned start of tritium operation in 2016. A major part of
the beam line is the spectrometer and detector section, which was successfully commissioned
in 2013. The spectrometer, which acts as a high-pass filter, transmits those electrons with
sufficient kinetic energies to the detector, where they are counted and hence contribute to the
integral β-spectrum from which the neutrino mass parameter is finally derived. Within the
commissioning measurements, the transmission and background properties of the system were
investigated in detail and the results are discussed here.

1 The KATRIN experiment

The Karlsruhe Tritium Neutrino (KATRIN) experiment1 is designed to determine the ’effective mass of
the electron-antineutrino’ mν̄e with a sensitivity of 200 meV/c2 in a model-independent way. Previous
β-decay experiments at Mainz 2 and Troitsk 3 were able to set an upper limit of mν̄e < 2.1 eV. In order
to achieve an improvement by one order of magnitude, the key experimental parameters have to be
improved by two orders of magnitude (asm2

ν̄e is the observable). Investigating the kinematics of tritium
β-decay close to the endpoint E0 = 18.6 keV gives access to mν̄e . However, only a fraction of 10−13 of
all decay electrons is emitted with energies in the interesting region. Therefore, the background rate
has to be kept sufficiently low (< 10−2 counts per second (cps)).

Figure 1 – Overview of the KATRIN
experimental setup: decay electrons
are guided from the source through
the transport section (responsible
for tritium removal) to the spec-
trometer (responsible for electron
energy analysis). Electrons with suf-
ficient kinetic energies can pass the
potential barrier and are counted at
the detector.

The decay electrons, which are produced in an ultra-high luminosity source, are guided by strong
magnetic fields (up to 6 T) through the 70 m long experimental set-up (see fig. 1). The transport
section has to remove the tritium gas which is flowing out from the windowless source before it reaches



the spectrometer section. Within the spectrometer section an electrostatic potential barrier is used to
filter the electrons according to their kinetic energies.

The main spectrometer’s working principle is based on the MAC-E filter a4. Superconducting
magnets at the entrance and exit of the spectrometer provide a magnetic guiding field which decreases
rapidly towards the spectrometer center (Bmax = 6 T, Bmin = 3 · 10−4 T). Electrons with a kinetic
energy Ekin undergo a cyclotron motion around the magnetic field lines. When propagating to the
low field region, the magnetic gradient transforms the signal electrons’ transversal energy component
E⊥ into longitudinal energy E|| (Ekin = E⊥+E||). This is essential because the electrostatic potential
U0 (see fig. 1) which is applied to the spectrometer vessel only affects E||. As the transformation
E⊥ → E|| cannot be complete for an isotropic source, the corresponding energy resolution is

∆E = E0 ·
Bmin

Bmax
= 0.93 eV.

Only those electrons with E|| > qU0 (q being the signed electron charge) are able to pass the electro-
static potential barrier and will be counted at the focal plane detector.

In summer 2013, a major part of the beam line, the spectrometer and detector section (SDS) was
successfully commissioned in stand-alone mode (see sec. 2).

2 Spectrometer and detector section commissioning

During the first SDS commissioning phase, all hardware/software components were tested, followed
by a sequence of measurements to study the signal electron transport (see sec. 3) as well as the
background properties of the system (see sec. 4). In order to get the SDS system operational, the
following requirements had to be met:

Vacuum: An ultra-high vacuum of 10−11 mbar is required in order to minimize signal electron
scattering off residual gas atoms. After bake-out of the entire system, a pressure level of < 10−10 mbar
was achieved, using a combination of non-evaporable getter pumps and turbomolecular pumps 5.

Electron gun: An electron gun, which delivered quasi-monoenergetic electrons, was used as arti-
ficial electron source6. Through variation of the emission angle, a detailed study of the electromagnetic
properties of the spectrometer can be achieved 7.

Detector: After bake-out, the detector system 8, consisting of two superconducting magnets and
a 148 pixel Si-PiN diode placed within an ultra-high vacuum chamber, was successfully attached to
the spectrometer. With a low background rate (< 5 mcps), a moderate energy resolution (< 1.2 keV
FWHM) and a high detection efficiency (> 90%), the detector was optimized for tritium operation.

High voltage: Variable voltages of up to −35 kV were successfully applied to the spectrometer
and inner electrode system 9, which allows to scan the electron energy spectrum. The wire electrode
system was operated in single-layer mode, providing moderate shielding against cosmic muon induced
background (see sec. 4.1).

Magnetic field: A system of superconducting magnets (two at the entrance and two at the exit
of the spectrometer) and large-volume air coils 10 produces the magnetic guiding field for the signal
electrons and provides the dominant magnetic shielding against cosmic muon-induced background.

Slow control: Operation and control of the entire SDS system with its many sub-components was
provided by a sophisticated slow control system, which was successfully tested and improved during
commissioning.

3 Study of signal electron transport

In order to study the transmission properties of the spectrometer, the so-called transmission function
is measured.

An exemplary measurement, using an SDS electromagnetic setting of U0 = −18.6 keV and B0 =
3.8 · 10−4 T, is shown in fig. 3. The e-gun emission angle is fixed, while the e-gun potential, and
hence the electron energy, is varied. For higher starting kinetic energies, more electrons are able to
overcome the potential barrier, i.e. the transmission probability increases. The shape and width of

aMagnetic Adiabatic Collimation and Electrostatic filter,



Figure 2 – Transmission function: comparison of mea-
surement with the electron gun (SDS electromagnetic
settings: U0 = −18.6 keV, B0 = 9·10−4 T) and Monte-
Carlo simulation with KASSIOPEIA.

the transmission function are influenced by the properties of the electron gun and the spectrometer.
Additionally, the figure shows the corresponding Monte-Carlo simulations, which were performed with
the KASSIOPEIA simulation software 11, developed by the KATRIN collaboration. The excellent
agreement demonstrates our fine understanding of the signal electron transport and filtering properties
of a MAC-E filter.

4 Study of background properties

The second major part of the measurements was devoted to the characterization and optimization
of the background properties of the spectrometer. Two background components were expected to be
observed, muon- and radon-induced background. A third background mechanism, namely Penning
trap discharges, which produced background rates of up to 105 cps in previous spectrometers, was
expected to be avoided by careful electromagnetic design of the SDS system. Indeed, when first
elevating the spectrometer to the nominal potential, a background rate as low as 0.8 cps was observed.
A measurement sequence was carried out to determine the strength of the individual background
contributions.

4.1 Muon-induced background

With the KATRIN experiment being located above ground, a total of 75k muons per second are
expected to penetrate the spectrometer. A fraction of these will interact with the steel of the spec-
trometer vessel close to the inner surface, thereby releasing electrons into the spectrometer volume (see
fig. 3 (left)). In case of perfect axial symmetry of the magnetic field, these electrons cannot move in
radial direction and hence cannot enter the sensitive flux tube volume. Small disturbances, however,
e.g. due to magnetic materials in the building enforcement, enable such radial drifts, leading to an
increased background rate.

Figure 3 – Background production mechanisms. Left: muon-induced background, right: radon-induced background.

4.2 Radon-induced background

A second background component arises from nuclear decays within the spectrometer volume, mainly
219,220Rn, which is emitted from the vessel and the NEG material. The electrons, which are released



within the decay 12, are trapped in the spectrometer, which acts as a magnetic bottle for light charged
particles 13,14 (see fig. 3 (right)). Depending on their energy, they can be stored for hours and pro-
duce up to thousands of secondary electrons via ionization of residual gas molecules. The secondary
electrons, which hit the detector and contribute to the background, show a characteristic ring-like
structure, which is, in standard measurement conditions, washed out due to the long storage times
and the fact that the radon decay rate in the spectrometer leads to up to 40 simultaneously stored
electrons. We can, however, make use of another characteristic of this type of background, which is
its pressure dependence. A measurement was performed where the pressure was increased by 3 orders
of magnitude, which likewise decreases the storage time of radon decay electrons. Consequently, they
appear as spike events, as shown in fig. 4 (left), in contrast to the flat muon-induced background.
The time between two consecutive detector hits (see fig. 4 (right)) can hence be used to distinguish
between the two background components. The measurements revealed a background composition of
40% radon-induced and 60% muon-induced background.

Figure 4 – High pressure measurement.

5 Conclusion

In order to reach the KATRIN design sensitivity of mν̄e < 200 meV, an optimized spectrometer and
detector section is required, with well understood transmission characteristics and a low background
level of less than 10−2 cps. Within a first commissioning phase in summer 2013, the major hardware
and software components were successfully tested. It was shown that the spectrometer works as
a MAC-E filter, matching our Monte-Carlo expectations. Furthermore, the background level was
determined to < 1 cps. Although this is well above the design limit, we were able to characterize
the background, which allows us to apply corresponding counter measures. They were partly tested
within this first measurement phase (though not covered here) and will be improved for the second
commissioning phase in 2014, where we expect to reach a background level close to or even below the
design limit.
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IceCube recently reported the detection of highly energetic neutrinos at energies above 30
TeV, IceCube1. In our model we assume that these neutrinos are from extragalactic sources,
produced in active galactic nuclei (AGN). Our goal is to use the IceCube signal, to estimate
the column densities NH for FR-I and FR-II galaxies under the assumption that these are
the sources of ultra high-energy cosmic rays. Furthermore we can give a first hint on the
production region of high energy neutrinos.

1 Introduction

The question concerning the origin of ultra high energy cosmic rays with ECR ≥ 1018 eV is
still under debate. While CRs with energies ECR ≤ 1015 eV are believed to be produced in our
own galaxy, by supernovae for example, it is widely believed that CRs with ECR ≥ 1018 eV are
produced in extragalactic sources. Gamma-ray bursts (GRBs), which are extremely energetic
explosions and AGN are possible extragalactic sources. In the following we focus on AGN.
An AGN is a compact region of a galaxy, releasing more energy than its own host galaxy.
They are characterized by two highly collimated jets, that emerge in opposite directions from
the black hole perpendicular to the plane of the galaxy. It is assumed that a supermassive
black hole (SMBH) with M ≈ 108M� is located in the center of the AGN accreting matter
and producing the observed energies and jets. Since the accreting matter possesses angular
momentum, it cannot directly fall into the SMBH, but circles on orbits, until it is swallowed.
It is convenient to divide AGN into two classes, radio-loud and radio-quiet objects, which in
turn are divided into subgroups. The currently favored theory tries to explain the apparent
differences between different subclasses due to their different orientation to the observer.
AGN are promising candidates for the production of high energy neutrinos and CRs, Becker2.
Particles within the jet are accelerated to the highest energies by different processes, Fermi I
and Fermi II for example. While traveling along the jet electrons emit synchrotron radiation,
which we observe on Earth. Protons undergo inelastic p-p interaction with ambient matter of
given target density nH. Pions which are produced, decay in neutrinos of different flavor leaving
their point of origin without any considerable interaction with matter.
Detecting highly energetic neutrinos will help to answer the question how CRs can be accelerated
to the observed energies, since the production of these neutrinos requires high energy CRs.



2 Modeling the column densities for FR-I and FR-II galaxies

High energy neutrinos are assumed to be produced through inelastic p-p interaction. The re-
sulting neutrino flux on Earth is given by BeckerTjus3

φν(Eν) =

∫
L,z

qtot
ν

4πdL(z)2

dNAGN

dV dL

dV

dz
dLdz. (1)

In the following the parameters are explained in detail.
The total neutrino rate at the source, qtot

ν is given by

qtot
ν (Eν) = 300 ·NH ·Ap · σpp

(
24Eν
GeV

)− 4
3
δ+ 2

3

, (2)

where Ap is the CR normalization, σpp the inelastic pp cross section, NH the column density
and δ the spectral index. To calculate the CR normalization we assume that the radio and
electron luminosity are connected via Le = χ · Lradio and that electron and proton luminosity
are related via fe = Le/Lp. Therefore the CR normalization is fixed by

∫
ECR

dNCR

dECR
ECR dECR = Lp =

χ

fe
Lradio (3)

Ap

∫
ECR

E1−δ
CR dECR =

χ

fe
Lradio. (4)

The cosmology dependent parameters in Equation (1) are the luminosity distance dL(z) and
the co-moving volume dV /dz for a given redshift z. The radio luminosity function dNAGN/(dV
dL) 4, giving the number of radio objects per unit co-moving volume and per log of luminosity
is divided into two functions glow, high(L,Z)

dNAGN

dV dL
= g(L, z)



ηlow

(
L
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)−αlow−1

exp
(
− L
Llow

)
(1 + z)k for z < zlow
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(
L
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)−αlow−1

exp
(
− L
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)
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(
L
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)−αhigh−1

exp
(
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L

)
for z < zlow

ηhigh

(
L

Lhigh

)−αhigh−1

exp
(
−Lhigh

L

)
exp

(
−0.5

(
z−zlow
zh2

)2
)

for z ≥ zh0.

The values for ηX, αX and zX can be found in Willot4.
The low luminosity population, given by glow(L, z) can be associated with FR-I and FR-II
galaxies while the high luminosity population, ghigh(L, z), consists almost exclusively of sources
with FR-II structure. Considering the total neutrino rate at the source, the cosmology dependent
parameters, the radio luminosity function and the IceCube signal we can give first results for
the column density NH for FR-I and FR-II galaxies, see figure 1

NH, FR-I = 1024.57±1.0

(
fe

0.06

)(
100

χ

)
cm−2 (5)

NH, FR-II = 1025.0.3±1.0

(
fe

0.06

)(
100

χ

)
cm−2. (6)



Figure 1: Column density NH as a function of magnetic field B, left for FR-I and right for
FR-II galaxies for ΩM = 0.3 and ΩΛ = 0.7. The shaded areas represent regions within the jet,
including the uncertainties, derived from our model. AGN knots are possible sources of highly
energetic neutrinos, while AGN lobes do not fulfill the conditions.

3 Discussion

To calculate the column densities for FR-I and FR-II we assumed that the CR normalization
Ap is fixed by fe and χ. In our calculation we fixed χ = 100, which is explained in detail in
Becker-Tjus3.
The electron to proton luminosity ratio fe is calculated by using the average electron energy den-
sity rate ρ̇e, integrating the radio luminosity function, and the average CR energy density rate
ρ̇CR, which is obtained by integrating the CR spectrum. In our calculation we use fFR-I

e ≈ 0.01
and fFR-II

e ≈ 0.4.
Within our model we show that high energy neutrinos can be produced in AGN knots of FR-I
galaxies, where protons are accelerated to the highest energies and undergo inelastic p-p inter-
action with ambient matter. AGN lobes of FR-II galaxies cannot responsible for the detected
astrophysical neutrino events, as they provide too low column densities.
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In the last decade, Direct Dark Matter searches has become a very active research program,
spawning dozens of projects world wide and leading to contradictory results. It is on this
stage that the Dark matter Experiment with liquid Argon and Pulse shape discrimination
(DEAP) is about to enter. With a 3600 kg liquid argon target and a 1000 kg fiducial mass,
it is designed to run background free during 3 years, reaching an unprecedented sensitivity
of 10−46 cm2 for a WIMP mass of 100 GeV. In order to achieve this impressive feat, the
collaboration followed a two-pronged approach: a careful selection of every material entering
the construction of the detector in order to suppress the backgrounds, and optimum use of the
pulse shape discrimination (PSD) technique to separate the nuclear recoils from the electronic
recoils. Using the experience acquired ffrom the 7 kg-prototype DEAP-1, a 3600 kg detector
is being completed at SNOLAB (Sudbury, CANADA) and is expected to start taking data in
mid-2014.

1 Dark matter detection using liquid argon

For decades, liquid argon (LAr) has been a candidate of choice for large scintillating detectors.
It is easy to purify and boasts a high light yield, which makes it ideal for low background, low
threshold experiments. The scintillating process involves the creation of excimer, either directly
or through ionization/recombination. The ultra-violet photons are emitted when the excited
state decays to the ground state, breaking the molecule. Since the wavelength are not energetic
enough to recreate the excimer, argon is transparent to its scintillation light, making it suitable
for use in very large detectors.

The two energy states are populated depending on the ionizing particle Linear Energy Trans-
fer. Since they have very different time constants (see Table 1), a Pulse Shape Discrimination
(PSD) is possible between ionizations due to electrons (β or γ radiation), or heavier particles
(nuclear recoil or α). Since the expected WIMP signal is a nuclear recoil, it can be discrimi-
nated from the electromagnetic background, especially the high rate β-decay of 39Ar isotope, a
naturally occurring isotope of argon (1 Bq/kg in natural argon)1.

Table 1: Scintillation properties of argon

Singlet Triplet

Time constant ∼7 ns ∼1.6 µs

Population ratio for Electron ionizing 33% 67%

Population ratio for Nucleus ionizing 75% 25%



2 DEAP-1

In order to study the background of a LAr dark matter detector and characterize the PSD,
the DEAP collaboration built a small scale prototype, DEAP-1, with 7 kg of target material,
2 photomultipliers (PMTs), and a simple geometry (Fig. 1). This detector took data between
2007 and 2011, with several iterations mainly concerning with reducing detector backgrounds.

Acrylic vacuum chamber

Acrylic light guide

ETL 5” PMTGlass window

Acrylic window

Acrylic sleeve

Reflector Stainless steel shell

LAr target volume

TPB coating

15
cm

28 cm

64.5 cm

7 kg

Figure 1: First version of the DEAP-1 detector: the LAr (7 kg) is contained in a stainless steel shell with an
acrylic sleeve. The light guides act both as a thermal insulation and as a shield against neutrons coming from the
PMT glass. The TetraPhenylButadiene (TPB) is a wavelength shifter converting the VUV photons emitted by
argon into visible light that can travel through the windows and the light guides and be detected by the PMTs.

A more detailed review of these results can be found in two papers under publication 2 3.
The conclusion of this study was twofold: the collaboration acquired a good understanding of
the backgrounds in DEAP-1 and confirmed that the key to improve the PSD performance is to
maximize the light collection.

The remaining background can be fully explained by a the leakage of the PSD at low energy
and by the surface α events at higher energies. The main source of background, coming from
the radon decay chains, was reduced to ∼16 µBq/kg for 222Rn and ∼2 µBq/kg for 220Rn. Other
contributions to the α backgrounds are below 3.5x10−5 Hz.

The data confirmed that the light collection is the main parameter of the PSD performance,
and that a light collection of 8 photo-electrons/keV would improve the PSD down to 10−10 for a
60 keV threshold on the nuclear recoil. These results would suggest that a tonne-scale detector
would have less than one leakage in the WIMP region of interest for 3 years of data.

3 DEAP-3600: Status

DEAP-3600 is a tonne-scale LAr dark matter detector with a total mass of 3,600 kg of target
material, and a fiducial mass of 1,000 kg (Fig. 2). The goal is to reach a sensitivity for the
WIMP elastic scattering cross section of 10−46 cm2 for a WIMP mass of 100 GeV 4. The
detector specifications directly follow the guidelines defined by the DEAP-1 results: firstly the
mitigation of background and secondly the maximization of the light collection.



Cooling coils
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3600kg Liquid Argon
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Figure 2: Section of the DEAP-3600 detector. The acrylic vessel has in inner radius of 85 cm and holds 3600 kg
of LAr, which is viewed by 255 8 inch high quantum efficiency photomultiplier tubes (PMTs) through 50 cm
lightguides. The lightguides provide neutron shielding and thermal insulation between the cryogenic acrylic vessel
and warm PMTs. The inner detector is housed in a large stainless steel spherical vessel, which itself is immersed

in an 7 m diameter water shielding tank (not showed).

The first requirement is fulfilled by several layers of shielding coupled with a careful choice
of all the material used for the construction. The detector is being built at SNOLAB 5 (Canada)
where the rock overburden is equivalent to 6010 m of water and the cosmic muon flux was
measured to be 0.23 muon/m2/day. It is located in a 7 m diameter by 7 m height ultra-pure
water tank to shield against the rock radioactivity. Between the target material and the light
detector, 0.5 m of acrylic light guides and filler blocks (layers of polyethylene and styrofoam) act
both as thermal insulation and as a shield against neutrons emitted by (α, n) reactions in the
PMT glass. The acrylic vessel, containing the LAr, has been cast out of pure, distilled monomer
ensuring a high radiopurity. It should be noted that prior to the evaporation of the purified
TPB onto the inner surface, a 1 mm thick layer of acrylic will be sanded out by a custom-made
robotic arm in order to remove the radon daughters embedded on and under the surface during
the construction.

The second requirement is achieved through the choice of a single phase design which max-
imizes the photocathode coverage (∼ 75%) with 255 8” PMTs. The efficiency is improved by



the choice of high quantum efficiency Hamamatsu R5912. In order to gather as much light
as possible, the light guides have been glued to the acrylic vessel and wrapped with specular
reflectors.

The construction of the detector is almost finished. The AV is completed, most of the PMTs
are mounted and the collaboration is getting ready to place everything inside the steel shell.
The electronics and cooling systems are being tested. Commissioning is expected to happen this
summer with first data scheduled this fall.
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A gamma-ray line observation would be a strong hint towards the detection of dark matter.
The possibility that a decay of the dark matter particle is responsible for the emission of a
line is investigated, for both a neutral and a millicharged dark matter. We focus here on a
comparison of these two scenarios, based on an effective field theory description and relying
on cosmic ray continuum constraints.

1 Introduction

Even though its presence is well established, the nature of dark matter (DM) as a particle re-
mains mysterious. The detection of monochromatic photons in the GeV energy range, producing
a specific feature in the spectrum referred to as gamma-ray line, is a so-called ”smoking-gun”
signature of DM, as no astrophysical process is expected to mimic such signal. Current instru-
ments like the Fermi-LAT 1 and HESS 2, but also forthcoming Cherenkov Telescopes 3 are or will
be probing this possibility.

In contrast with the case of an annihilation, there is no link between the DM relic abundance
and its partial decay length into photons, so in principle the intensity of a line might be stronger
for a decay than for an annihilation. DM has to be long-lived, but it could be metastable rather
than stable. If the DM stability is due to an accidental low energy symmetry, this is a natural
outcome. The ultraviolet (UV) theory might indeed break this symmetry and cause a decay
suppressed by powers of the UV scale, as expected for the proton in some extensions of the SM.
At low energy, this can be parametrized in full generality by writing down the most general
effective theory respecting the low energy symmetries of the model.

A necessary condition for the DM to be able to produce γ-ray lines is the existence of a
coupling between the DM and the photon, which can either be direct or loop-induced. The
latter possibility is the most studied one, because in the majority of models, DM is assumed to
be exactly neutral. In this case, the coupling to the photon has to be mediated by a loop of a
charged particle. The other option, a direct coupling to the photon, is much less explored, but it
is in principle viable if the DM is millicharged. Such tiny charge could be put by hand, but more
interestingly, there are scenarios in which DM could acquire such a millicharge dynamically 4,5.
The most general effective theory corresponding to the decay of neutral DM 6 and millicharged
DM 7 has been worked out, and constraints on the operators of the effective field theory have
been derived. In Sec. 2 , we will briefly remind the structures of the operators in both cases,
and in Sec. 3 we will focus on a comparison of the resulting constraints.



2 Effective Field Theory

In order for an effective approach to provide an accurate description of the low-energy physics,
the scale at which it is used must be clearly separated from the scale at which a UV completion
is expected. In the case of the DM decay into monochromatic photons, there are bounds on the
lifetime of the order of τDM→γX ' 1028s 1. Considering for example a dimension-six operator,
the lifetime typically goes as τDM→γX ' Λ4

UV /M
5
DM , meaning that working at the electroweak

scale with MDM ' 100 GeV, the required UV scale compatible with the observational bound
is ΛUV ' 1016 GeV, so the use of the effective approach is fully justified here. In the case
of millicharged DM, τDM→γX is boosted by the DM millicharge with a factor of 1/Q2

DM with
respect to the neutral case, bringing ΛUV down to 108 GeV when considering values of QDM
close to the experimental bounds, and again the use of the effective theory is enabled.

Writing down the most general effective field theory requires to make the complete list of all
operators respecting the low-energy symmetries, namely here the SM gauge group. In order to
get a complete but minimal set of operators, equations of motions have to be taken into account,
because they allow to relate operators among them. In the particular case of DM decay into a
γ-ray line, the operators must lead to a two-body decay including at least a photon, the number
of involved particles is therefore limited and so is the number of operators. Allowing another
beyond the SM particle on top of the DM, the total number of operators up to dimension six
sums up to thirty in the case of neutral DM, and to thirteen in the case of millicharged DM.

2.1 Neutral DM

Table 1: Operators structures in the case of neutral DM decay into γ-ray line. Operators with a scalar inside
parenthesis are either a dimension-five operator when the scalar into parenthesis is omitted or a dimension-six
operator when the scalar is included.

Fermion DM Scalar DM Vector DM

ψ̄σµνψDMF
µν(φ) φDMFµνF

µν(φ) FDMµν F Y νρF ′′ρµ
Dµψ̄γνψDMF

µν φDMFµνF
µν(φ) FDMµν Fµνφ(φ′)

ψ̄γµDνψDMF
µν DµφDMDνφF

µν DDM
µ φDDM

ν φ′Fµν

The thirty operators of the complete list can be sorted out in structures listed in Tab.1. A
necessary condition for the operators related to neutral DM to include a photon is to contain
a field strength tensor as the photon cannot be included in a covariant derivative acting on
a neutral field. So each operator can be declined in a version including the hypercharge field
strength and another one including the field strength of the SU(2)L gauge group. Furthermore,
each operator will have a different phenomenology depending on the SM quantum numbers of
the fields it contains. For example, a different amount of cosmic rays (CR) will be associated to
different couplings to the Z and W bosons. This aspect is studied in more details in Sec. 3.

2.2 Millicharged DM

Table 2: Operators structures in the case of millicharged DM decay into γ-ray line. Same comment about the
scalar than in Table 1.

Fermion DM Scalar DM Vector DM

DµDνψ̄σµνψDM (φ) φDMF
A
µνF

Aµν(φ) φFAµνF
Aµν(φ′)

ψ̄σµνDµDνψDM (φ) FAµνDµφDMDνφ
′ FAµνDµφDνφ

′

Dµψ̄σµνDνψDM (φ) FAµνFAνρF
Aρ
µ



In contrast with what holds in the case of neutral DM, the covariant derivative acting on
the DM now includes a coupling to the photon, which corresponds to the DM millicharge. The
photon might also appear in the covariant derivative acting on the other field carrying the same
millicharge as the DM one. A third possibility for the photon to be present in the operator is
through a hidden sector field strength that mixes with the hypercharge field strength. Here, the
operators do not include hypercharge or SU(2)L field strengths, as they would yield a photon
coupling unrelated to the DM millicharge. So the photon emission is exclusively induced by the
millicharge, and will therefore be suppressed because CMB constraints on a small DM charge
read 8,9,10

Q2
DM ≤ 3.24× 10−12α (

MDM

GeV
) , (1)

where α is the electromagnetic fine structure constant.

3 Constraints

Once in possession of the complete list of operators describing the decay of DM into γ-ray lines,
it is natural to ask whether it would be possible to discriminate among them in case of a γ-ray
line detection. To address this question, the potential indirect detection signals associated to
each individual operator have been analyzed. As the operators have been studied one-by-one,
potential interference effects have not been considered.

The first way to possibly discriminate among the operators is to consider the number of γ-ray
lines produced through the DM decay. Some operators might produce several lines associated to
different decay channels. This type of multiple-line spectrum is only possible if DM is neutral. In
the case of a millicharged DM, the final state including the photon has also to include the particle
carrying the same millicharge as the DM, so there is a single possible final state for each operator.
So if two lines were detected and attributed to DM decay through a single operator (the energy
and intensity ratios of these lines might indicate whether this is an adequate hypothesis 6), that
would point towards neutral DM rather than millicharged DM.
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Figure 1 – Upper bounds on the decay rate into monochromatic photons from the predicted monochromatic
photons over CR ratio. In light (dark) blue, the range of upper bounds obtained in the neutral (millicharged) DM
decay case. Grey areas are excluded by direct searches from Fermi-LAT and HESS experiments. We considered a
NFW profile for the DM density and used the MIN propagation model to compute conservative p̄ constraints 11.



The second mean to sort operators out is to study the constraints deriving from continuum
CR emission. When considering a DM mass above the Z mass, due to gauge invariance, the
emission of a photon will always be accompanied by the emission of at least a Z or a W boson.
The SM boson will subsequently decay, producing antiprotons and continuum photons among
other particles. Depending on the quantum numbers of the DM, the coupling to the Z/W
changes, and the amount of CR varies accordingly. As there are measurements of antiproton
and continuum photon fluxes, it is possible to put constraints on the DM contribution 11 to
these signals. Besides, as each operator induces a given ratio of monochromatic photons over
continuum CR, this constraint can be translated into an upper bound on τDM→γX .

The resuting constraints are shown in Fig. 1. In light (dark) blue, the range of upper bounds
obtained in the neutral (millicharged) DM decay case is shown. In pratice, once the quantum
numbers of the DM and the companion particle are fixed, to each operator will correspond a
definite photon to CR ratio, leading to an upper bound on the intensity of the γ-ray line lying in
the light blue region if the DM is neutral, and in the dark blue region if it is millicharged. This
regions are separated by several orders of magnitudes, except for one prediction, the dark and
light blue dotted curve. This curve corresponds to the possibility of emitting a very strong γ-ray
line without any excess of cosmic continuum, and it is shared by some neutral DM operators
and by some millicharged DM operators, in the latter case only if the DM is a SM singlet. This
is the only possibility for a millicharged DM to emit a strong line, in all the other cases a strong
γ-ray line is excluded by the CR constraints. As for the neutral DM case, depending on the
operator and on the quantum numbers of the particles involved, the emission of a γ-ray line
with a lifetime meeting the present experimental sensitivity might be associated to an excess of
CR. If both a line and a CR excess were detected, there is a potential to single out a small set
of operators.

4 Summary

The effective theory of neutral and millicharged Dark Matter particle decaying and producing γ-
ray lines has been discussed. If a line is actually detected, checking whether the spectrum exhibits
one or various lines, and taking cosmic rays constraints into account might allow to distinguish
the neutral from the millicharged scenario, and even to limit the compatible operators to a small
subset.
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EVIDENCE OF THE SM HIGGS BOSON IN THE DECAY CHANNEL INTO
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A search for the standard model Higgs boson decaying into a pair of tau leptons is performed
using events recorded by the CMS experiment at the LHC in 2011 and 2012. The dataset
corresponds to an integrated luminosity of 4.9 fb−1 at a centre-of-mass energy of 7 TeV and
19.7 fb−1 at 8 TeV. An excess of events is observed over the expected background contributions,
with a local significance larger than 3 standard deviations for mH values between 110 and 130
GeV.

1 Analysis motivations

After the discovery of a new boson with mass close to 125 GeV, announced by ATLAS 1 and
CMS 2 Collaborations on July 4th 2012, the focus aimed at discerning the properties of this new
particle and whether it behaves like the Higgs boson predicted in the Standard Model.

In the SM, the masses of the fermions are generated by the interaction between the Higgs’
and the fermions’ fields through the Yukawa couplings. The measurements of these couplings
are therefore fundamental to completely identify this boson as the SM Higgs boson.

The di-τ decay channel is the most promising, offering low background contamination com-
pared to the bb̄ channel and large predicted rate compared to other leptonic channels.

2 Analysis strategy

The analysis 3 is designed to probe the three main Higgs boson production mechanisms at LHC:
the gluon fusion, the Vector Boson Fusion (VBF) and the production in association to a W or
a Z boson.

2.1 Physics objects

Several physics objects are involved in the analysis: electrons, muons, hadronically decaying
taus (τh), jets and missing transverse energy (6ET ). All of them are built upon the Particle-Flow
(PF) algorithm 4,5,6, that exploits the information from the all the CMS subdetectors to identify
the stable particles generated in the event.

Fig. 1 shows the mass of the visible products of the τh, reconstructed using the Hadron Plus
Strip (HPS) algorithm 7 that identifies the main decay modes of the τh, out of charged hadrons
and photons.
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Figure 1 – Observed and predicted distributions for the visible τh mass, m
τh
vis, in the µτh channel after the baseline

selection. The Z→ ττ contribution is then split according to the decay mode reconstructed by the HPS algorithm
as shown in the legend. The mass distribution of the τ built from one charged hadron and photons peaks near
the mass of the intermediate ρ(770) resonance; the mass distribution of the τh built from three charged hadrons
peaks around the mass of the intermediate a1(1260) resonance. The τh built from one charged hadron and no
photons are reconstructed with the π± mass, assigned to all charged hadrons by the PF algorithm, and constitute
the main contribution to the third bin of this histogram. The “Bkg. uncertainty” band represents the combined
statistical and systematic uncertainty in the background yield in each bin. The expected contribution from the
SM Higgs signal is negligible.

2.2 Backgrounds

In the µτh, eτh, τhτh and eµ channels, the largest source of irreducible background is the Drell-
Yan production of Z→ ττ . Other important sources of background are constituted by W+jets
processes, contributing significantly to the µτh and eτh channels when the W boson decays
leptonically and a jet is misidentified as a τh, QCD processes, contributing mostly to the τhτh
channel when two jets are misidentified as τh, and tt̄ processes decaying into the fully leptonic,
opposite flavor final state, contributing to the eµ channel.

The Drell-Yan production of Z→ `` is the largest background in the `` channels whilst the
di-bosons processes are a relevant source of contamination for the WH and ZH channels.

All the most important backgrounds are entirely derived from data or controlled in data
sidebands.

2.3 Event classification

For the Higgs boson production through gluon fusion and VBF, all the six di-τ final states are
considered: µτh, eτh, τhτh, eµ, µµ, and ee.

The events are then classified in mutually exclusive categories, according to the number of
reconstructed jets in the final state and, in particular, the contribution of the VBF production
process is enhanced by requiring a large rapidity gap between the two jets with the highest
transverse momentum. Moreover, the transverse momentum of the τ (for µτh, eτh channels) or
the µ (for eµ channel) and the transverse momentum of the Higgs candidate are used to further
split the events in order to enhance the sensitivity.

For the Higgs boson production in association with a vector boson, the presence of one or
two additional light leptons, compatible with the presence of a W or a Z boson respectively, is



required.
Four channels are considered for at the WH process: µ + µτh, µ + eτh/e + µτh, µ + τhτh and
e + τhτh, whilst eight channels are aimed at ZH process: `` + µτh, `` + eτh, `` + τhτh, `` + eµ,
where `` can be either µµ or ee.

2.4 Signal extraction

The signal extraction is carried out through a global, binned, maximum likelihood fit based on
the following final discriminating variables:

• the invariant mass of the di-τ pair, mττ , reconstructed using the svfit algorithm 3 from
the four momenta of the visible decay products of the Higgs and the 6ET , is used for all
the channels except for µµ, ee and WH;

• the mass of the visible decay products of the Higgs, mvis is used for WH channels. The
mττ is not used because the contributions to the 6ET are from both the neutrinos coming
from the Higgs and the neutrino coming from the W boson;

• the output distribution of a multivariate discriminator, comprising various kinematic and
topological variables, is used for µµ and ee channels

The expected number of signal events is the one predicted by the SM for the production
of a Higgs boson of mass mH decaying into a pair of τ leptons, multiplied by a signal strength
modifier µ treated as free parameter in the fit. The contribution from the H → WW process,
decaying into lepton pairs, ee, µµ or eµ is non negligible, especially in the eµ case, and it is
treated as background throughout except where explicitly noted.

The systematic uncertainties are represented by nuisance parameters that are varied in the
fit according to their probability density function, affecting both the shape and the yields of the
different contributions.

3 Results

An excess of events over the background-only hypothesis is observed with a local significance
larger than 3 standard deviations for Higgs boson mass hypotheses between mH = 115 and 130
GeV, and equal to 3.2 standard deviations at mH = 125 GeV, to be compared to an expected
significance of 3.7 standard deviations (Fig. 2, right).

The best-fit value for µ, combining all channels, is µ̂ = 0.78± 0.27 at mH = 125 GeV.
The mass of the Higgs boson has been measured by performing a scan of the negative log

likelihood as a function of mass mH (Fig. 3, left), resulting in a best-fit mass mH = 122 ± 7
GeV.

The results are compatible with the prediction of a SM Higgs boson at 125 GeV and they
constitute the evidence for the coupling between the τ lepton and the Higgs boson discovered
by the ATLAS and CMS Collaborations.
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SEARCH FOR A HEAVY HIGGS BOSON IN H→ ZZ→ 2`2ν CHANNEL IN pp
COLLISIONS WITH CMS DETECTOR AT THE LHC.
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A search for a heavy Higgs boson in the H → ZZ → 2`2ν decay channel, where ` = e or
µ, in pp collisions at a center-of-mass energy of 7 and 8 TeV is presented. The search is
optimized separately for the vector boson fusion and the gluon fusion production processes.
No significant excess is observed above the background expectation. A re-interpretation of
the results as a search for an electroweak singlet extension of the Standard Model is also
presented.

1 Introduction

On 4th July 2012, two major experiments ATLAS and CMS at LHC announced the discovery of
a boson at mass around 125 GeV 1,2 which by far looks compatible with the SM Higgs boson.
However, it is not quite sure yet that this discovered boson is the one favored by the EWK fits
and whether it is solely responsible for the unitarization of the cross-section for the scattering
of longitudinally polarized vector bosons. In addition, there are models, such as general two-
Higgsdoublet models or models in which the SM Higgs boson mixes with a heavy electroweak
singlet, which predict the existence of additional resonances at high mass, with couplings similar
to the SM Higgs boson. This paper reports a search for a SM-like Higgs boson in ZZ → 2`2ν
decay mode 3 in mass range 200 GeV - 1000 GeV. Gluon-gluon fusion and vector boson fusion
(VBF) production modes are considered. Along with that, direct search has been carried out for
a heavy electroweak singlet Higgs boson with a narrower width than the SM one. This analysis
uses full data recorded by the CMS experiment which corresponds to an integrated luminosity
of 5.0 fb−1 at

√
s = 7 TeV and 19.7 fb−1 at

√
s = 8 TeV.

2 Analysis Strategy

In the signal we have two leptons consistent with Z boson decay along with large transverse
missing energy (EmissT ) coming from another Z decay to neutrinos. With this topology in mind,
we have the following main backgrounds: Z+jets, tt̄+jets, WW, WZ, ZZ and subdominant back-
grounds like single-top and W+jets etc. Analysis strategy is devised to reduce these backgrounds.



The event selection is mainly divided into two parts: preselection and final selection. Events are
first selected with dilepton triggers having pT thresholds 17 GeV and 8 GeV on the leading and
other lepton respectively. Then, preselection starts with the selection of two well identified and
isolated leptons of same flavor (e+e− or µ+µ−) with pT > 20 GeV having invariant mass within
a 30 GeV window centered on Z boson mass. The pT of the dilepton system is required to
be greater than 55 GeV. To reduce the effect of fake-EmissT arising from jet mismeasurements,
mainly in Z + jets process, a selection is applied such that events are removed if the angle in the
azimuthal plane between the EmissT and the closest jet, min ∆φ(jet, EmissT ), is smaller than 0.5
radians. The top-quark related backgrounds are suppressed by applying a veto on events having
a b tagged jet by the jet probability algorithm. To further suppress these backgrounds, a veto is
applied on events containing a “soft muon” with pT > 3 GeV, which is typically produced in the
leptonic decay of a b quark. An extra lepton veto is also applied to reduce the leptonic decays of
WZ background. After the preselection events are categorized based on jet multiplicity. Jets are
selected with pT > 30 GeV. First the events are checked for VBF tagging. An event is tagged
as VBF like if the two highest pT jets have a minimal pseudorapidity separation of |∆η| > 4 and
invariant mass > 500 GeV. Remaining events are categorized into exclusive 0-jet and inclusive
1-jet categories.
The Higgs boson search is performed in two ways: by analysing a kinematic shape of the most
discriminating variable called, “shape analysis”, or by counting the events after full selection
called, “cut-and-count” analysis. The final selection is based on two variables EmissT and trans-
verse mass of Higgs (MT). In the case of VBF category a constant EmissT > 90 GeV and no MT

requirements are used. For non-VBF categories, a Higgs mass dependent selection is applied on
these variables for cut-and-count analysis which is shown in Table 1. The shape-based analysis

MH(GeV) 200 300 400 500 ≥600

EmissT (GeV) > 80 > 100 > 110 > 110 > 110
MT (GeV) 180− 220 180− 270 350− 450 400− 600 500−∞

Table 1: Higgs boson mass-dependent selection for Emiss
T and MT variables in the gluon fusion analysis.

is done by fitting the MT distribution, in the “0-jet” and “≥1-jets” categories, and the EmissT

distribution in the VBF category. For the “0-jet” and “≥1-jets” categories we apply the EmissT

requirements as shown in Table 1.

2.1 Background Estimation

The ZZ and WZ backgrounds are modeled using Monte Carlo simulation and are normalized to
their respective NLO cross sections with MCFM. The remaining backgrounds are estimated from
data using data-driven techniques. Z+jets is estimated using γ+jets events in data. This has the
advantage of being a large statistics sample, which has similar characteristics to Z production:
i.e. production mechanism, underlying event conditions, pileup scenario and hadronic recoil.
γ + jets events are reweighted as a function of boson pT in each jet multiplicity bin to match to
Z+jets in data. The procedure takes into account the dependence of the EmissT on the associated
hadronic activity. To further reduce the discrepancies due to to pileup difference and photon
triggers in γ + jets and Z + jets, a reweighting is applied based on number of reconstructed
vertices. A mass is assigned to each photon for calculation of MT based on probability density
function constructed from the measured dilepton invariant mass distribution in Z + jets events.
The background processes that do not involve a Z resonance are referred to as non-resonant
backgrounds which includes tt̄ + jets, WW, W + jets, single top-quark events and Z → ττ .
We estimate the contribution of non-resonant backgrounds by using a control sample of events
with dileptons of difference flavor (e±µ∓) that pass the full analysis selection. The non-resonant
background in the e+e− and µ+µ− final states is estimated by applying a scale factor (α) to the



Figure 1 – Left: Upper limits at 95% CL set on the gluon-gluon production cross section of a SM-like Higgs boson
as function of its mass. Right: Similar for VBF production alone. In both cases the blue line represents the
theoretical expectation.

selected e±µ∓ events. The scale factor is defined as:

Nµµ = αµ ×Neµ, Nee = αe ×Neµ, (1)

and it is computed from the sidebands (SB) of the Z peak (40 < M(``) < 70 GeV and 100 <
M(``) < 200 GeV by using the following relations:

αµ =
NSB
µµ

NSB
eµ

, αe =
NSB
ee

NSB
eµ

, (2)

where NSB
ee , NSB

µµ , and NSB
eµ are the number of events in the Z sidebands counted in a top-enriched

sample of e+e− and µ+µ−, and e±µ∓ final states, respectively. Such samples are selected by
requiring EmissT >70 GeV and a b-tagged jet in the events. The measured values of α with the
corresponding statistical uncertainties are αµ = 0.71± 0.04 and αe = 0.44± 0.03.

3 Systematic Uncertainties

Systematic uncertainties include experimental uncertainties on the selection and measurement
of the reconstructed objects, theoretical uncertainties on the signal and background processes
which are derived from Monte Carlo simulation, and uncertainties on backgrounds determined
from control samples in data. Details of the systematics are given in Ref. 3.

4 Results

Upper limits are set on production cross sections of Higgs boson for differentMH hypotheses using
a modified frequentist method often called as CLs method. Figure 1 shows the results obtained
from the shape-based analysis for a SM-like heavy Higgs boson using the 8 TeV dataset. The
VBF production component is shown separately after subtracting the gluon-gluon fusion signal
contribution from this category. By using the signal strength corresponding to a CLs = 0.05,
i.e. the ratio of the 95% CL cross section upper limit (σ) relative to the theoretical expectations
(σSM) denoted as µ95%CL = σ95%CL/σSM, we can further combine the results from the 8 TeV
analysis with the re-analysed 7 TeV dataset. A SM-like Higgs boson is excluded in the mass
range 248–930 GeV at 95% CL using the shape-based analysis. The observed limit is in good
agreement with the expected 254–898 GeV exclusion interval at 95% CL. For the less sensitive
cut-and-count analysis we obtain an observed exclusion of 268–756 GeV while 265–761 GeV is
expected at 95% CL.
We re-interpret the previous results as a search for an electroweak singlet scalar mixing with the



Figure 2 – Left : Expected limits on signal strength, µ, of the EW singlet with modified couplings and width with
respect to the SM, as function of its mass. Center : Observed limits on µ. Right : Evolution of 95% CL limit on
the scale (C′2) of the coupling of the EW singlet as function of its mass. To obtain these limits we have assumed
that the new scalar does not decay to any new particles. In all scenarios the theory prediction is represented by
the horizontal dashed line. Both data periods are combined.

recently discovered candidate with a mass close to 125 GeV. Phenomenologically the couplings
of the two gauge eigenstates (SM and singlet) become inter-related by unitarity and the original
coupling strength of the light Higgs boson is therefore reduced with respect to the SM case. If
we define C (C ′) as the scale factor of the couplings of the low (high) mass with respect to the
SM, one can write C2 + C

′2 = 1 as the unitarity condition to be preserved. The EWK singlet
cross-section is also modified by a factor, µ′, and the modified width is Γ′; they are defined as:

µ′ = C ′2 · (1−BRnew) (3)

Γ′ = ΓSM ·
C ′2

1−BRnew
(4)

where BRnew is the branching ratio of the EWK singlet to non-SM-like decay modes. Indirectly
we can set an upper limit at 95% CL on C

′2 < 0.446 using the signal strength fits to the H(125)
candidate as obtained in4. In this analysis we have focused on the case where C ′2 ≤ (1−BRnew).
The SM signal mass line shape generated by POWHEG is re-weighted to target a relativistic
Breit-Wigner line shape with a narrower signal width with respect to the width of the SM
Higgs boson. The contribution from the interference term between the BSM Higgs and the
background is furthermore assumed to scale according to the modified coupling of the Higgs
boson as: (µ+ I)BSM = µSMC

′2 + ISMC
′ where µ (I) is the signal strength (interference) in the

BSM and SM cases. This assumption is based on the hypothesis that the couplings are similar
to the SM case and simply re-scaled due to unitarity constraints. If we assume that the relative
contribution from gluon-gluon fusion and VBF production modes of the new scalar is the same
as the SM case we can derive the exclusion limits on the signal strength as a function of the
Higgs boson mass summarized in Fig. 2. We are able to combine 7 TeV and 8 TeV data under
this assumption. With this analysis one can also derive constraints on discovered boson decay
width using its off-shell production. The observed (expected) exclusion limit at the 95% CL is
ΓH ≤ 6.4(10.7)× ΓSMH . The details of the analysis can be found in Ref. 5.
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In these proceedings we briefly review the basic concepts underlying indirect bounds on the
Wilson coefficients of some Standard Model dimension-6 operators, relevant to electroweak and
Higgs observables, obtained via renormalization group (RG) mixing to strongly constrained
observables. With the present data we derive RG-induced bounds, stronger than the direct
constraints, on some Higgs couplings and anomalous triple gauge couplings. Any deviation
from these bounds would suggest a particular pattern of correlations among the Wilson coef-
ficients, thus offering a new window on the new physics sector. Prospects for these effects at
the LHC and at proposed future lepton colliders (ILC and TLEP) are assessed.

1 Introduction

A new physics sector at the TeV scale, related to the electroweak (EW) sector of the Standard
Model (SM), is well motivated by the instability of the EW scale under quantum corrections.
The absence of evidence for such new physics (NP) motivates the assumption that all new
particles have masses much bigger than the EW scale, in which case an efficient and model-
independent way to parametrize deformations from the SM is in the context of effective field
theories, that is adding to the SM action effective operators with scaling dimension bigger than
four and invariant under the SM gauge symmetries [1]. Assuming baryon and lepton number
conservation at the NP scale Λ ∼ TeV, the leading deformations are described by dimension 6
operators invariant under the SM gauge group, δL =

∑
i ci/Λ

2 Oi. It has been shown that, for
one family of fermions, there are 59 independent operators [2].

These operators are generated at the scale Λ upon integrating out the heavy degrees of free-
dom; their effect is instead measured at the electroweak scale ∼ mW . Among these two energy
scales the Wilson coefficients follow the renormalization group (RG) flow and, in particular,
mix among themselves. This mixing opens the possibility to link different deformations which
would be, otherwise, unrelated [3]. Our aim is to employ this link in order to derive RG-induced
bounds, from the one-loop mixing, which are stronger than the direct tree-level constraints,
under an assumption on the UV dynamics that we want to test.

2 EW and Higgs observables

For a completely general analysis all operators should be considered, however a set of observables
will receive contributions only from a subset of operators. Given that the new sector should
cure the quantum instability of the Higgs mass, we expect that some of the most important
deformations from the SM will involve the Higgs sector. For this reason we focus on a set of ten
EW and Higgs pseudo-observables, particularly relevant for universal new physics scenarios: the
EW oblique parameters Ŝ, T̂ ,W and Y ; the three independent anomalous triple gauge couplings
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Table 1: The 10 CP-even operators made of SM bosons that provide the leading contributions to the
selected set of observables.

(TGC) gZ1 , kγ , λγ ; the Higgs couplings to two photons (ĉγγ) and to Zγ (ĉγZ) and a universal
rescaling of the Higgs branching ratios (ĉH). For the precise definition of these observables we
refer to ref. [4].

The subset of ten operators which most efficiently parametrize these observables is listed in
table 1; the complete operator basis of which these operators are part of, is defined in ref. [4].
In order to take make more direct the connection with the selected set of observables, we go to
a new basis in which to each observable corresponds only one coefficient, δ(obs)i = ĉi, that we
call observable coefficient :

T̂ = ĉT (mW ) , Ŝ = ĉS(mW ) , Y = ĉY (mW ) , W = ĉW (mW ),
δgZ1 = ĉgZ(mW ) , δκγ = ĉκγ(mW ) , λZ = ĉλγ(mW ) ,

ĉγγ , ĉγZ , ĉH .

(1)

In this coefficients we also include the Λ dependence: ĉ ∼ c m2
W /Λ

2. The simple relations with
the Wilson coefficients of the operators in table 1 can be found in ref. [4].

3 RG-induced bounds

At leading-log order, the measurable low-energy Wilson coefficients are related to the UV ones
via

δ(obs)i|mh = ĉi(mh) = ĉi(Λ)− 1

16π2
γ̂ij ĉj(Λ) log

(
Λ

mh

)
, (2)

where γ̂ij is the anomalous dimension matrix. In ref. [4] we computed the relevant sub matrix for
the operators in table 1 (the full matrix can be found in ref. [5], computed in the operator basis
of ref. [2], which makes the relation to the set of observables in eq. (1) not straightforward).
Assuming absence of tuning, or correlations, in eq.(2) among the UV coefficients, we require
each addend on the r.h.s. to be bounded by the same constraint as the l.h.s. coefficient.
Given the wide difference in precision of the experimental constraints on these observables and
some accidentally big numerical factors in the anomalous dimensions, some of the RG-induced
bounds obtained in this way are stronger than the direct ones. This allows to start probing the
tuning (i.e. the correlations) among the UV coefficients, thus offering a new window on the UV
dynamics.

At present, the strongest RG-induced bounds are obtained by considering the RG contribu-
tions to the Ŝ and T̂ parameters. Using the Ŝ − T̂ ellipse of ref. [6], we present the RG-induced
bounds in figure 1, for a reference value Λ = 2 TeV. For each of the observable couplings in
eq.(1) constrained directly at the percent level, or worse, we obtain a RG-induced bound (ta-
ble 3) which is stronger than, or of the same order as, the direct tree-level bound (table 2).
Another strongly constrained observable coefficient is ĉγγ . The only coefficients mixing to this
observable at one-loop, among the ones we considered, are the two anomalous TGC ĉkγ and
ĉλγ

[4]. The RG-induced bounds obtained in this way are shown in the second column of table 4.
Even though at present these are not competitive with the ones coming from the mixing to the
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Figure 1 – The dashed ellipses represent the 95% CL bound on Ŝ and T̂ at present (blue) and predicted
for the ILC (purple) and TLEP (orange). The straight lines represent the RG-induced contribution to
the oblique parameters from the weakly constrained observable couplings, divided in Higgs couplings (left
panel) and TGC couplings (right panel), for Λ = 2 TeV. The length of the lines corresponds to their
present 95% CL direct bounds; the line is green (red) for positive (negative) values of the parameters.

Ŝ and T̂ parameters, in the future they will provide a strong handle for searching correlations
in the UV dynamics, given the very good precision expected for the measurement of ĉγγ .

4 Future prospects and tuning

Let us now discuss the future prospects for the RG-induced bounds, given the expected sensitiv-
ities on the observable couplings introduced above for 300 fb−1 and 3000 fb−1 [9] of luminosity
at the LHC and for the ILC [10] and TLEP [11] projects, as collected in table 2.

The precision on the oblique parameters could reach the 10−4 level at ILC [12] and the 10−5

level at a TLEP collider [13]. This would allow to improve sensibly the RG-induced bounds on
our set of observable couplings, as can be seen in figure 1 and in table 3

The measurement of the Higgs couplings, in particular the one to two photons ĉγγ , will
improve substantially in the future: by one order of magnitude at 14TeV LHC with 300 fb−1 of
integrated luminosity and at the ILC, and almost two orders of magnitude at a high-luminosity
LHC phase and at a TLEP collider [14]. The prospects for RG-induced bounds on the observable
coefficients which mix to ĉγγ are reported in table 4.

If a deviation from the SM will be observed (i.e. one observable coefficient will have a direct

Obs. Now LHC (300 fb−1) HL-LHC (3 ab−1) ILC TLEP

ĉS [−1, 2]× 10−3 [6] – – 1.4× 10−4 [12] 5× 10−5 [13]

ĉT [−1, 2]× 10−3 [6] – – 1.6× 10−4 [12] 3.1× 10−5 [13]

ĉgZ [−4, 2]× 10−2 [7] 3× 10−3 [9] 2× 10−3 [9] 1.8× 10−4 [10] n.a.
ĉkγ [−10, 7]× 10−2 [7] 3× 10−2 [9] 1× 10−2 [9] 1.9× 10−4 [10] n.a.
ĉλγ [−6, 2]× 10−2 [7] 9× 10−4 [9] 4× 10−4 [9] 2.6× 10−4 [10] n.a.
ĉγγ [−1, 2]× 10−3 [8] 1× 10−4 [14] 4× 10−5 [14] 7.6× 10−5 [14] 2.9× 10−5 [14,11]

ĉγZ [−6, 10]× 10−3 [8] 9× 10−4 [14] 2× 10−4 [14] n.a. n.a.
ĉH [−6, 5]× 10−1 [8] 1× 10−1 [14] 5× 10−2 [14] 5× 10−2 [14] 1× 10−2 [14,11]

Table 2: Future prospects in the direct determination of the observable couplings discussed here from the
LHC, a high-luminosity LHC, the ILC at 800GeV and from TLEP after a first phase at 240GeV and a
second one at 350GeV. The precision in Ŝ, T̂ will not improve sensibly at the LHC or HL-LHC and the
other missing elements have not yet been studied in the literature.



mix. to (Ŝ, T̂ ) Now ILC TLEP
ĉγZ [−2, 6]× 10−2 2× 10−2 5× 10−3

ĉH [−2, 0.5]× 10−1 7× 10−2 2× 10−2

ĉgZ [−3, 1]× 10−2 8× 10−3 3× 10−3

ĉkγ [−5, 2]× 10−2 9× 10−3 3× 10−3

ĉλγ [−2, 8]× 10−2 2× 10−2 7× 10−3

Table 3: Present status and future prospects for the RG-induced bounds, for Λ = 2 TeV, from the mixing
to (Ŝ, T̂ ), given the predicted sensitivity in this observables at ILC and TLEP, as shown in table 2.

mix. to ĉγγ Now LHC HL-LHC ILC TLEP
ĉkγ [−0.2, 0.3] 2× 10−2 7× 10−3 1× 10−2 5× 10−3

ĉλγ [−0.05, 0.10] 5× 10−3 2× 10−3 4× 10−3 1× 10−3

Table 4: Present status and future prospects for the RG-induced bounds, for Λ = 2 TeV, on two anomalous
TGC from the mixing to ĉγγ , given the predicted sensitivity in this observable as shown in table 2.

bound 0 < εlowj < |ĉj(mW )| < εupj ), by comparing the lower bound εlowj with the RG-induced

bound on ĉj (|ĉj | < εRGji ) obtained considering its RG mixing to a strongly constrained observable

ĉi (like Ŝ and T̂ ), we can determine the necessary amount of tuning in eq.(2). By taking the
logarithmic derivative of eq.(2) with respect to the UV coefficient ĉj(Λ) one gets that the tuning
is [4] ∆ij > εlowj /εRGji . Therefore, if εlowj � εRGji a definite amount of tuning (or of correlation) in
the UV dynamics would be necessary. This could provide a new window on the UV physics.

For example, if ĉH should be measured to be ∼ 0.2 (0.1) while no deviation in (Ŝ, T̂ ) should
be observed after TLEP, the RG-induced bound |ĉRG,TLEP

H | < 2 × 10−2 would imply a tuning
∆H,(S,T ) > 10 (5). Similarly, should one measure ĉkγ ∼ 5 × 10−2, the RG-induced bound from

(Ŝ, T̂ ) at TLEP, |ĉRG,TLEP
kγ | < 3× 10−3, would imply a tuning ∆kγ ,(S,T ) > 17.
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Evidence for Higgs Boson Decays to the τ+τ− Final State with the ATLAS
Detector

Nils Ruthmann on behalf of the ATLAS Collaboration.
Physikalisches Institut, Hermann-Herder-Str. 3

D-79104 Freiburg, Germany

After the discovery of a Higgs boson in the bosonic final states in 2012, the search for fermionic
decay modes plays a crucial role in the identification of this particle as the Higgs boson of
the Standard Model. Tau leptons, as the heaviest charged leptons, do contribute significantly
to the decay width of the Higgs boson. Recent results on the search for Higgs boson decays
to the τ+τ− final state with the ATLAS detector are presented based on data corresponding
to an integrated luminosity of 21 fb−1 collected at

√
s = 8 TeV. An excess of events with an

observed (expected) significance corresponding to 4.1 (3.2) standard deviations (σ) is found.
This provides evidence for H → τ+τ− decays consistent with the Standard Model expectation
for a Higgs boson with mH = 125 GeV.

1 Introduction

The discovery of a Higgs boson by the ATLAS 1 and CMS 2 collaborations in 2012 in the
bosonic final states γγ, ZZ∗ and WW ∗ opens up the possibility of detailed studies of the
electroweak symmetry breaking sector of the Standard Model (SM). At the LHC, the Higgs
boson is predominantly produced in the gluon fusion production mode (ggF) via a heavy quark
loop, in the vector boson fusion mode (VBF) and in association with a vector boson (VH).
Current analyses of coupling strengths 3, spin and CP quantum numbers 4 are all compatible
with the SM predictions for a Higgs boson of mass mH = 125.5 GeV, while a direct observation
of Higgs boson decays into fermions was not made until recently 5. The coupling strength
of the Higgs boson to fermions could only be indirectly assessed in bosonic final states via
the heavy quark loop contributions in the gluon fusion production and in H → γγ decays.
H → τ+τ− decays, with a branching ratio of 6.3%, can be used to directly measure the Higgs
boson coupling strength to fermions. The tau leptons decay further into electrons, muons or
hadrons. The ATLAS collaboration recently searched for a Higgs boson 6 in 20.3 fb−1 of proton
proton collision data at

√
s = 8 TeV collected in the year 2012 in the fully leptonic H → τ+lepτ

−
lep,

the semi-leptonic H → τ+lepτ
−
had and fully hadronic final state H → τ+hadτ

−
had

a. The search is based
on a boosted decision tree (BDT) classification to separate backgrounds from signal.

2 Event Selection and Categorization

Hadronic tau decays into one or three charged hadrons, a neutrino and additional neutral hadrons
are reconstructed in ATLAS as narrow hadronic jets and are identified by a dedicated boosted
decision tree algorithm exploiting various shower profile and isolation variables. For the τ+lepτ

−
lep

channel, events with exactly two isolated light leptons of opposite charge and no hadronic tau

a τ±lep denotes a leptonic tau decay τ± → `±ντν` while τ±had denotes a hadronic tau decay τ± → had ντ
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Figure 1 – The pHT (a) and ∆η(j1, j2) (b) distributions in the τ+lepτ
−
had channel used to define the analysis categories

after preselection.

candidates are selected using single- and di-lepton triggers. Leptons triggering the event are
required to fulfill offline transverse momentum thresholds adapted to the trigger threshold to
ensure a high trigger efficiency. Additional electrons and muons are reconstructed above pT
thresholds of 15 and 10 GeV, respectively. The invariant mass of the two leptons is required to
be 30 GeV < mll < 100 GeV for the eµ final state, and 30 < mll < 75 GeV for the same-flavor
final state to suppress events with Z and other resonances decaying into leptons. In addition,
events with Emiss

T < 40 GeV ( Emiss
T < 20 GeV for the eµ final state) are rejected. Single

lepton triggers are used to select events for the τ+lepτ
−
had channel, requiring exactly one isolated

light lepton and exactly one identified hadronic tau of opposite charge. To suppress events with
a misidentified hadronic tau from W +jets events, the transverse mass b of the lepton and Emiss

T

is required to be mT < 70 GeV. The lepton is selected above a pT threshold of 26 GeV and
the transverse momentum of the hadronic tau candidate is required to exceed 20 GeV. For the
τ+hadτ

−
had channel, events with two hadronic tau candidates are selected using a ditau trigger and

events with electron or muon candidates are rejected. The tau candidates are required to pass
tight and medium identification criteria and the transverse momentum of the two taus have to
exceed 35/25 GeV for the leading and subleading candidate, respectively. The opening angle
between the two taus needs to satisfy 0.8 < ∆R(τhad, τhad) < 2.8 and ∆η(τhad, τhad) < 1.5 to
suppress the large multijet background. In all three channels, additional jets with pT > 30 GeV
(pT > 35 GeV in the hadronic channel) clustered by the anti-kT algorithm with a distance
parameter of R = 0.4 are selected. Jets within the tracker acceptance are required to be
matched to the primary vertex of the event. Within pseudorapidities of |η| < 2.5, b-jets are
identified using a tagging algorithm with a selection efficiency of about 60% and a light quark
jet misidentification rate of 0.1− 0.5%.

Given that the analysis makes use of BDTs to isolate phase space regions of high signal
purity, only a loose preselection and categorization is applied to the initial event sample. Two
categories are built, targeting the topology of the two main Higgs boson production modes. The
VBF category is defined by the presence of two jets with a large separation in pseudorapidity
and is enriched in VBF events, with fractional contributions ranging from 55% to 75% depending
on the final state. The boosted category contains events with a large transverse momentum of
the reconstructed Higgs boson candidate leading to a better ditau mass resolution. The signal
contribution is dominated by ggF events (70%-75%) with one or two additional hard jets while
only a small VBF contribution is present. Figure 1 shows the pHT and ∆η(j1, j2) distributions

bmT =

√
2p`TE

miss
T (1− cos ∆φ(`, Emiss

T ))



in the τ+lepτ
−
had channel, used to define the categories. In the fully leptonic and semi-leptonic

channels, both categories exclude events with an identified b-jet to reduce the contamination
from top pair production.

3 Background Estimation and Discrimination
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Figure 2 – Validation regions enriched in Z → τ+τ− (a) and Z → `` (b) events in the VBF category of the
τ+lepτ

−
had and τ+lepτ

−
lep channels, respectively.

In all channels and categories, BDTs are used to separate signal from background processes.
The main background in all channels stems from Z → τ+τ− decays. In the τ+lepτ

−
lep channel Z →

`` and tt̄ events as well as events with a misidentified lepton represent additional backgrounds.
Events with misidentified taus are an important background source for the τ+lepτ

−
had and τ+hadτ

−
had

channels, stemming from W + jets, Z + jets, tt̄ and multijet events. In order for suppression of
these backgrounds, a variety of discriminating variables is used. The topology of the two leading
jets in the VBF category plays a crucial role to suppress Z → τ+τ− events. Angular variables
describing the topology of the reconstructed ditau system are used to suppress non-resonant
backgrounds with misidentified taus, and variables describing the overall event topology allow
suppressing backgrounds with jet activity different from that present in signal events. Between
five and nine variables are used as input to the BDT, depending on category and channel.
The BDTs in the VBF category are trained solely targeting the isolation of VBF events, while
the BDTs in the boosted category target all signal processes. A signal mass hypothesis of
mH = 125 GeV is used in the training procedure.

The backgrounds are mostly modelled in a data driven way to minimize systematic uncer-
tainties. The main Z → τ+τ− background is modelled by Z → µµ data in which the muons
are replaced by simulated tau leptons. This allows building a fully data driven model of the
jet topology and the kinematic properties of the Z boson. A non-isolated lepton control region
is used to model W + jets, multijet and semi-leptonic tt̄ events in τ+lepτ

−
lep channel. The tau

misidentification rate is measured in regions enriched in W + jets and multijet events for the
τ+lepτ

−
had channel. These rates are applied as extrapolation factor to events in a control region

with inverted tau identification criteria to model events with misidentified taus in the signal
region. In the τ+hadτ

−
had channel, events failing the charge correlation criteria are used to model

the shape of the multijet background, while its normalization is determined in the combined
likelihood fit. Various validation regions are used to validate the background model. A good
modelling is observed for all input variables, all linear correlations between the input variables,
and for the BDT score distributions in the validation regions. Figure 2 shows the BDT score



distribution in validation regions enriched in Z → τ+τ− and Z → `` events in the τ+lepτ
−
had and

τ+lepτ
−
lep channels, respectively, in the VBF category.

4 Results

A combined maximum likelihood fit is performed on the BDT distributions in all categories
and channels and some control regions constraining certain background components. Besides
the signal strength modifier (µ = σmeas./σSM), various background normalizations are de-
termined in parallel. The effect of systematic uncertainties are parametrized and reflected as
nuisance parameters in the fit. The major systematic uncertainties originate from theoretical
uncertainties on the pHT spectrum of ggF events, jet energy scale uncertainties and Z → `` and
tt̄ background normalizations in the τ+lepτ

−
had channel. The signal strength modifier is measured

to be µ = 1.43+0.31
−0.29(stat.)+0.41

−0.30(syst.) for a signal mass hypothesis of mH = 125 GeV. To quan-
tify the agreement of the observed data with the background only hypothesis, a test statistic

qµ=0 = −2 ln (L(µ = 0,
ˆ̂
~θ)/L(µ̂, ~̂θ)) is constructed and the asymptotic approximation 7 is used to

determine its probability density function. The probability to observe a background fluctuation
in data at least as signal-like as obtained is 2×10−5 corresponding to an observed significance of
4.1 σ while a significance of 3.2σ is expected. This result therefore yields evidence for H → τ+τ−

decays and is in good agreement with the SM expectation. Figure 3 (a) shows the event yields
in all categories and channels as a function of their expected sensitivity, clearly demonstrating
the observed excess in the signal sensitive bins. Figure 3 (b) shows the ditau mass distribu-
tion, where each event is weighted by its expected significance based on the BDT output. The
observed excess is compatible with the expectation of a Higgs boson of mass mH = 125 GeV.
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Figure 3 – Event yields as a function of log (S/B) compared to the background only and the signal + background
hypothesis with SM signal strength (µ = 1) and the result of the combined fit (a). Figure (b) shows the mass
distribution after weighting events based on the expected signal purity in each BDT bin.
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Measurement of WZ and ZZ production in pp collisions at 8 TeV in final states with b-tagged jets
with the CMS experiment

C. Vernieri on behalf of the CMS collaboration
Scuola Normale Superiore, Piazza dei Cavalieri 7, Pisa

56127, Italy

In this note we present a measurement of the VZ (V=W,Z) production cross section in proton-proton
collisions at

√
s =8 TeV in the VZ→Vbb̄ decay mode with V=Z→ (νν̄,``), V=W→ `ν, (` = e, µ). The

results are based on data corresponding to an integrated luminosity of 18.9 fb−1 collected with the CMS
experiment. The process is observed for the first time in this particular final state with a significance
exceeding six standard deviations (σ). The measured cross sections are consistent with the predictions of
NLO calculations.

1 Motivations

The study of VZ (V=W,Z) diboson production in proton-proton (pp) collisions provides an important
test of the electroweak sector in the standard model (SM). The VZ production in pp collisions at the
Large Hadron Collider (LHC) has been measured with CMS and ATLAS in fully and semi leptonic de-
cay modes 1,2, while evidence for the VZ→ Vbb̄ has been reported by Tevatron with 4.6 σ significance3.
Though the bb̄ final state is not sensitive as the leptonic ones, it is interesting being the purest bb̄ reso-
nance which allows to test the b-jet identification and reconstruction. In addition the VZ final state is the
the least reducible background for the VH(bb̄) search, its measurement in the relevant phase space for
the Higgs boson search represents a strong validation of the VH(bb̄) analysis strategy4.

2 From VH to VZ

At LHC the most sensitive search for the Higgs boson decaying into a b quark pair is performed requir-
ing the presence of an associated vector boson V decaying leptonically, to suppress the multi-jet QCD
contribution and to provide an efficient trigger path (charged leptons, Emiss

T ). According to the associated
V decay mode, the corresponding analysis channels are the 0-lepton, 1-lepton and 2-leptons, where elec-
tron and muon channels are analyzed separately.
Given the pT (V)-dependency of the cross section, the VH(bb̄) search requires a large boost (∼ 100 GeV)
for both the bb̄ pair and the V boson to reduce the Z/W+jets and tt̄ backgrounds. For each channel,
several pT (V) bins with different signal and background contributions are analyzed separately in order
to optimize the significance, see Table 1. The VZ measurement is then performed in the phase space
defined by pT (V)>100 GeV, where approximately 15% of the WZ and 14% of the ZZ total inclusive
cross sections are contained.

3 Analysis Strategy

The event selection is based on the reconstruction of the leptonic decay of the V and of the Z boson decay
into two b-tagged jets. Dominant backgrounds to VZ production originate from V+ jets, tt̄, single top,



pT (V) bin low intermediate high

0-lep [100,130] [130,170] > 170

1-lep [100,130] [130,180] > 180

2-lep > 100

Table 1: pT (V) category definition for each decay channel. Values are in [GeV].

multi-jet (QCD) and VH production. Besides requiring requiring a large boost of the vector boson and
the bb̄ pair5, also the back-to-back topology and minimal additional jet activity requirements are used to
reduce tt̄ and single top contributions, while M(bb̄) helps to separate VZ from V+jets and VH.
The reconstruction of the Z→ bb̄ decay is made by selecting the pair of jets in the event with the highest
pT (jj). The two jets are tagged as b-jets using the Combined Secondary Vertex (CSV) algorithm6. W→ `ν

decays are identified by requiring a single isolated lepton and additional Emiss
T . The identification of Z→

νν decays requires the Emiss
T and no isolated leptons in the event. Z→ `` candidates are reconstructed by

combining isolated, oppositely charged pairs of electrons or muons and requiring the dilepton invariant
mass to be within a Z mass window of 30 GeV width. Detailed event selection is reported in7.
The analysis strategy main features are:

1. Extraction of the normalization of the dominant backgrounds from the data
2. Improvement of the M(bb̄) resolution with b-jet energy specific corrections (regression)
3. More efficient discrimination of the signal through the use of a multivariate analysis.

3.1 Background Estimate

Control regions kinematically close to the signal region are identified in data and used to correct the
Monte Carlo yields estimated for the main background processes: V+jets (split into 0/1/2b content at
generator level) and tt̄ production. A set of simultaneous fits is performed to several distributions of
discriminating variables in the control regions, separately in each channel, to obtain consistent scale
factors (SF) by which the Monte Carlo yields are adjusted. These scale factors account not only for
cross section discrepancies in the theoretical predictions, but also for potential residual differences in
physics object selection in the boosted phase space. Good agreement between data and simulation is
found after applying the fitted SF in several control regions for all modes as shown by the dijet invariant
mass distribution for the combination of all five channels, in all pT (V) bins reported in Fig. 1, (i).

3.2 Specific corrections for b-jet energy

An optimal bb̄ invariant mass resolution is important to separate VZ and VH processes. The M(bb̄)
resolution is already improved by selecting the boosted phase space. A b-jet specific correction is de-
rived in this analysis in an attempt to recalibrate to the true b-quark energy, by applying multivariate
regression techniques similar to those used by the CDF experiment 8. The regression is essentially a
multi-dimensional calibration to the particle level - including neutrinos - which exploits all the relevant
properties of a b-quark jet. This procedure also addresses naturally the problem of semi-leptonic b decays
(35%), which results in lower response with respect to the light quark/gluon induced jets. A specialized
BDT9 is trained on simulated signal events and provides a correction factor that improves both the b-jet
energy measurement and its resolution.
Inputs are chosen among variables that are correlated with the b-quark energy and well measured. They
include detailed jet structure information about tracks and jet constituents which differs from light flavor
quarks/gluons jets. Information from B-hadron decays on the reconstructed secondary vertices are used
as well as soft lepton from semileptonic decay when available, providing an independent estimate of
the b quark pT . For the Z(``) channel is exploited also the information carried by the variables related
to the Emiss

T vector. Since there is no real Emiss
T in the event it works as a kinematic constraints for the

momentum equilibrium in the transverse plane.



The improvement on the M(bb̄) resolution when the corrected jet energies are used is approximately
15%, impacting the analysis sensitivity by 10–20%, depending on the specific channel. After correction
the resolution of the Z→ bb̄ di-jet invariant mass is about 10% and it results in a better separation of the
VZ/VH processes as reported in Fig. 2 (i).

The regression technique has been validated also looking at the pT balance between the di-lepton
and the di-jet systems distribution in a Z(``)+bb̄ enriched data sample (` = e, µ). Exactly two central
jets are required and then we use CSV to select bb̄ candidates. Candidate Z(``) decays are reconstructed
requiring 75 < M(``) < 105 GeV. A data to simulation comparison is shown in Fig. 2 before regression
(ii) and after regression (iii), reporting an improved resolution and scale. The mean of the distribution
is centered at unity after the regression and the resolution, defined as the sigma divided by the mean,
(sigma and mean are evaluated through a fit with a Gaussian function) is improved by 20%. Fig. 1 (ii)
shows the M(bb̄) distribution after the non resonant backgrounds subtraction. The VZ signal is clearly
visible with a yield compatible with the SM expectation and a significance of 4.1σ.
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Figure 1 – (i) Dijet invariant mass distribution. (ii) Same distribution after the non resonant subtraction. (iii) Events are sorted
in bins of similar expected S/B as given by the BDT discriminant output value.
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3.3 Multivariate Analysis

A more efficient separation of the signal from the background is achieved by exploiting together with
the improved M(bb̄) other properties of the signal signature through a multivariate analysis. A BDT
discriminant is trained using simulated samples for signal and all background processes. Among the
most discriminating variables for all channels are the dijet invariant mass distribution, M(bb̄), the number
of additional jets, Naj, the value of CSV for the jets and the distance in η–φ between the di-jet system.
The signal and background yields are then estimated in a fit region defined in the continuous output of
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the BDT, and a shape analysis is performed on that output.
Fig. 1 (c) combines all discriminants into a single distribution where all events, for all channels, are
sorted in bins of similar expected signal-to-background ratio, as given by the value of the output of their
corresponding BDT discriminants. The observed excess of events in the bins with the largest signal-to-
background ratio is consistent with what is expected from VZ production. The VZ process is observed
with a statistical significance of 6.3σ (5.9 σ expected). This corresponds to a signal strength relative to
the SM of µ = 1.09+0.24

−0.21.

4 Results

The total cross sections are determined by including all final states in a simultaneous constrained fit on the
number of observed events in all categories. We extract the best fit value relative to the SM expectation
at NLO. All cross section (relative to the SM value) extracted for individual channels provide compatible
values with each other and the SM expectation Fig. 3 (a). To extract the WZ and ZZ cross-section a
simultaneous fit floating both contributions independently is performed (Fig. 3-b). The best-fit is found
to be at µWZ = 1.37+0.42

−0.37 and µZZ = 0.85+0.34
−0.31.

The resulting cross sections are measured to be:

σ(pp→WZ) = 30.7 ± 9.3(stat.) ± 7.1(syst.) ± 4.1(theo.) ± 1.0(lumi.) pb

σ(pp→ ZZ) = 6.5 ± 1.7(stat.) ± 1.0(syst.) ± 0.9(theo.) ± 0.2(lumi.) pb

for the Z boson produced in the mass region 60 < MZ < 120 GeV, the measurements are found in
agreement with the NLO MCFM predictions.
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Isolated, high-energy electrons constitute a very clean signature at hadron collider experi-
ments. For final states of many Standard Model processes, as well as for physics beyond the
Standard Model, electrons are key signature. A precise knowledge of the efficiency to correctly
reconstruct and identify these electrons is thus important. In this contribution the measure-
ment of these efficiencies is described. It is performed with a tag-and-probe method using Z
and J/ψ decays to electrons in pp collisions recorded in 2012 at

√
s = 8 TeV, corresponding

to an integrated luminosity of L = 20.3 fb−1. The combination of the measurements results in
identification efficiencies determined with an accuracy of the order of one percent and better
for electrons with a transverse energy of ET > 30 GeV.

1 Introduction

The reconstruction and identification of isolated electrons plays a critical role in physics analyses
at the ATLAS experiment1. Many physics processes of interest have signatures involving one or
more isolated electrons. In order to quote detector independent physics results, measurements
have to be corrected for the efficiencies to correctly reconstruct and identify electrons and there-
fore a precise knowledge of these efficiencies is needed. Electrons have been used in Standard
Model measurements, the Higgs boson discovery and searches for physics beyond the Standard
Model.

The measurements of the efficiencies for electrons with a pseudo-rapidity of |η| < 2.47,
described here, are performed on the full dataset corresponding to an integrated luminosity of
L = 20.3 fb−1 of pp collisions recorded in 2012 at

√
s = 8 TeV. The methods have already been

used in 20102 and 20113 and have been adjusted to the 2012 conditions.

2 Electron Reconstruction and Identification

The electron reconstruction and identification in the ATLAS experiment uses a combination
of signatures of the silicon tracking detectors, of the transition radiation tracker and the finely



segmented sampling calorimeter. Electrons are reconstructed and identified from energy deposits
in the electromagnetic calorimeter that are then matched to a track in the inner detector. The
electron reconstruction is optimised to reconstruct electrons with a high efficiency.

One of several sets of identification (ID) criteria is applied in order to reject background from
physics objects that mistakenly are reconstructed as electrons. Four sets of identification criteria,
based on rectangular cuts, and three sets of identification criteria, based on a multivariate
analysis technique (MVA), are implemented. These rely on shower shape, track and track-to-
cluster-matching variables.

3 Efficiency Measurements

In order to perform a precise measurement a clean source of electrons is required. These are
selected from J/ψ → ee and Z → ee decays using a tag-and-probe technique, i.e. events are
selected by putting strict criteria on event properties and on one of the decay electrons, no
requirements are made on the other electron. The probe electrons are thus unbiased and can
be used to measure the efficiency of the reconstruction and ID criteria. Since the identification
criteria are optimised in bins of transverse energy ET and pseudo-rapidity η the measurement
is performed double-differentially in these variables. The sample obtained this way is largely
contaminated with background, mainly hadronic jets that are misidentified as electrons. Back-
ground subtraction techniques are used, as explained below. They use templates, enriched in
background processes by reverting single identification criteria and isolation requirements.

3.1 Electron Reconstruction Efficiencies
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Figure 1: Illustration of the background sub-
traction technique used for the measurement of
electron reconstruction efficiencies5.

The efficiency of the electron cluster recon-
struction is measured on simulated events
only and found to be > 99% efficient for
electrons with a transverse energy of ET >
15 GeV. It reaches an efficiency of > 99.9%
at ET > 45 GeV. In data the efficiency of the
track reconstruction and the track-to-cluster-
matching is measured. The background sub-
traction technique is illustrated in Fig. 1 and
based on the invariant mass distribution of
the tag-and-probe pair. A side-band subtrac-
tion in the high invariant mass region is used
with background templates constructed from
data. Contributions from electrons without
a matched track are estimated from fitting a
polynomial in the side-bands of all clusters
without a matched track.

3.2 Electron Identification Efficiencies

The efficiencies of the electron identification are measured J/ψ → ee decays in the transverse
momentum range of 7 < ET < 20 GeV and from Z → ee decays in the range ET > 10 GeV.

Two background subtraction techniques are implemented for Z → ee events. They are
based on the invariant mass of the tag-and-probe pair or the calorimeter isolation Econe

T . Both
are used for electrons with a transverse momentum of ET > 15 GeV. Background templates
are normalised to data in the high invariant mass and high isolation region, respectively, and
subtracted in the signal region.
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Figure 2: Illustration of the background subtraction technique used for the measurement of
electron identification efficiencies on Z → ee decays. The mass-based background subtraction
technique (a), the calorimeter isolation based method (b) and the mass-based method in com-
bination with Z → eeγ decays (c) are shown5.

Pseudoproper time [ps]

1 0.5 0 0.5 1 1.5 2 2.5 3

E
n
tr

ie
s 

/ 
0
.1

 p
s

0

1000

2000

3000

4000

5000

6000
ATLAS Preliminary

 < 15 GeVTE10 GeV < 

| < 2.47η|

 = 8 TeVs ∫
1 = 20.3 fbtdL

 data candidates,ψJ/

all probes

Fit result

 ee→ ψPrompt J/

 ee→  ψNonprompt J/

(a)

 [MeV]eem

2000 2500 3000 3500 4000 4500

E
n
tr

ie
s 

/ 
1
0
0
 M

e
V

 

0

100

200

300

400

500

600
ATLAS Preliminary

 < 15 GeVTE10 GeV < 

| < 2.47η2.01 < |

 = 8 TeVs ∫
1 = 20.3 fbtdL

OS data, all probes

Fit result

 ee signal→ ψJ/

 ee signal→(2S) ψ

Total background

OS background

SS background

(b)

Figure 3: Illustration of the background subtraction technique used for the measurement of
electron identification efficiencies in J/ψ → ee decays. The distribution of the pseudo-proper-
time τ (a) and the invariant mass-based background subtraction fit (b) are shown5.

To probe lower transverse momenta, radiative Z → ee decays are selected where the probe
electron lost part of its energy due to QED final-state radiation (FSR). The invariant mass is
reconstructed from three objects, the two electrons and the FSR photon. This allows for a
significant reduction of the background as can be seen from the comparison of Figs. 2a and 2c.
Even though the transverse energies of the probe electrons are higher by about ET ∼ 10 GeV
for the former samples, implying a smaller background contamination due to the steeply falling
ET distribution for the backgrounds, the amount of background is lower for the latter.

To probe electrons with even lower transverse energies, J/ψ → ee decays are used. In pp
collisions J/ψs are produced in Drell-Yan processes or in decays of heavy flavour quarks, mainly
b-hadron decays. Both sources exhibit different efficiencies since non-prompt electrons are less
isolated. The measured life-time τ is used to differentiate between prompt and non-prompt
decays. The distribution is shown in Fig. 3a. The measurement of efficiencies is performed with
two methods, considering only short life-time events or extracting the prompt-fraction from a
fit to the life-time. Both methods are using fits in the invariant mass distribution to estimate
the J/ψ component. Signal and background distributions are parametrized as shown in Fig. 3b.

4 Results

The electron reconstruction efficiencies are shown in Fig. 4a as a function of pseudo-rapidity
η for electrons with a transverse energy of 15 < ET < 50 GeV. The electron reconstruction is
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Figure 4: Electron reconstruction efficiencies as a function of pseudo-rapidity η for electrons with
a transverse energy of 15 < ET < 50 GeV (a)4. Efficiencies are shown for the reconstruction
algorithms used in 2011 and 2012 for data and simulation. Electron Identification Efficiency
as a function of transverse energy ET shown for electrons from Z → ee decays (b)4. Shown
are different cut-based identification criteria Multi-lepton, Loose, Medium and Tight as well as
likelihood-based criteria LooseLLH and VeryTightLLH.

> 97% efficient and well modelled in simulation. The reconstruction algorithm was improved
in 2012 to explicitly allow for bremsstrahlung in the electron track reconstruction and yields
efficiencies up to 5% higher than in 2011.

In general, the efficiencies are not considered to be process independent. For combination
of the individual measurements of the identification efficiencies data/MC scale-factors are cal-
culated. These are combined using a χ2 minimisation. The combined scale-factors can then be
applied to the MC simulation of a process of choice to obtain efficiencies for the identification of
electrons of the respective physics process. This is done for Z → ee events, as shown in Fig. 4b.
Typical efficiencies of the identification criteria range from 68% to 92% for electrons with a
transverse energy of ET ∼ 25 GeV. The efficiency to identify electrons is known with a precision
of better than ∆ε

ε < 5% and ∆ε
ε < 1% for electrons with a transverse energy of 7 < ET < 30 GeV

and ET > 30 GeV, respectively.
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Abstract

Searches for new fermionic states heavier than the top quark are being pursued by the
CMS & ATLAS collaborations, pushing the mass bounds towards the TeV scale. Although a
chiral fourth generation of quarks is now excluded by the LHC results, models going beyond
the Standard Model predict the existence of heavy vector-like top partners as potential
smoking gun signatures. Relying on a model-independent parametrisation, we present the
first results of a dedicated software called XQCAT (eXtra Quark Combined Analysis Tool),
which recasts publicly available experimental data from direct and Supersymmetry inspired
searches and computes the exclusion confidence level for New Physics scenarios with one or
multiple top partners. The mass limits set on a T singlet scenario with general coupling
assumptions are briefly discussed in this framework.

1 Theoretical overview

Despite the huge success of the Standard Model (SM), compelling arguments indicate that New
Physics (NP) should appear at the TeV scale. In particular, the absence of any symmetries
protecting the Brout-Englert-Higgs boson mass term leads to the expectation that the SM
cannot be universally valid. As a possible solution to this puzzle, new regimes could be observed
at that energy scale, with novel particles related to the top quark by a symmetry, therefore
carrying similar quantum numbers. These new fermions may then contribute to stabilise the
electroweak scale, and cancel the quadratically divergent contributions to the mass of the SM
scalar boson.

Although a sequential fourth family of quarks is excluded by the current searches, models
going beyond the SM now point at the possibility for Vector-Like Quarks (VLQs), i.e., new
fermionic resonances having their left- and right- handed components transforming identically
under the electroweak gauge group. Referred to as “top partners”, these hypothetical quarks do
not gain their masses from the breaking of the electroweak symmetry, and occur as a common
feature of many NP scenarios such as extra-dimensional models, strongly interacting dynamics,
models with extended gauge symmetries, Composite Higgs models, and so forth. Assuming that
a single SU(2)L scalar doublet breaks the electroweak symmetry, minimal scenarios may allow
these top partners to interact with the SM quarks through Yukawa interactions. After that
the SM scalar boson develops its vacuum expectation value, the representations summarised
in Table 1 are allowed by SU(2)L × U(1)Y gauge invariance. Vector-like quark singlets and

aTalk given at the 49th Rencontres de Moriond, held in La Thuile (March 2014), and based on 1, carried out
in collaboration with D. Barducci, A. Belyaev, G. Cacciapaglia, A. Deandrea, S. De Curtis, J. Marrouche, S.
Moretti and L. Panizzi.



Table 1: Vector-like multiplets have fixed quantum numbers under SU(2)L×U(1)Y , assuming that they mix with
the SM quarks through Yukawa couplings. The electric charge is the sum of the third component of the isospin
T3, and of the hypercharge Y .
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triplets mix dominantly with the standard left-handed doublets, whereas doublets couple to the
standard right-handed singlets.

Depending on their charge assignments, these new quarks decay into a standard quark plus
a standard gauge boson, such that

• X5/3 →W+ui,

• T2/3 →W+di , Zui , Hui,

• B−1/3 →W−ui , Zdi , Hdi,

• Y−4/3 →W−di,

where the index i = 1, 2, 3 denotes the three standard generations. The nominal branching
fractions for T or B electroweak singlets are approximately 50% into W bosons, and 25% into Z
and H bosons, in agreement with the Goldstone Boson Equivalence Theorem. The exotic states
X and Y decay exclusively through charged currents to up- and down-type quarks, respectively.

As the guiding thread of this work, we point out that VLQs decaying to top and bottom
quarks (i = 3) have been studied to a great extent at the LHC, while the constraints on top
partners decaying to light jets (i = 1, 2) are still mild and require careful treatment. For this
reason, we proposed in 2 a model-independent framework to study the phenomenology of new
top partners at the LHC, with general couplings to all three generations of SM quarks. Factoring
out all model-dependent contributions, we performed a comprehensive analysis of all electroweak
production channels for VLQs, relying on a minimal amount of parameters. Based on this
parametrisation, we provided a compendium of the corresponding cross-section contributions,
for benchmark points satisfying the experimental constraints. Our analysis allowed to highlight
the potential relevance of scenarios which have been neglected in previous experimental searches,
as well as of novel interesting channels to be studied at the LHC.

2 Reinterpretation of the searches for models with top partners

Since the start of its physics program, the LHC has delivered a large set of limits on new heavy
coloured objects with spin 1/2. However, reinterpreting consistently the available bounds for
specific NP scenarios requires dedicated strategies to account for all the allowed signals. In the
presence of multiple resonances, events for a given final state may occur through different decay
chains and topologies. Furthermore, the experimental efficiencies may be different depending
on the considered model, affecting the rescaling of the mass bounds in a non-trivial way. Some
studies and related codes like CheckMATE, SModelS and Fastlim 3,4,5 have already attempted
to tackle this problem, however cannot be thoroughly applied to scenarios with multiple top
partners.

In the following we present a dedicated software named XQCAT, for eXtra Quark Combined
Analysis Tool 1, that allows the user to determine the exclusion confidence level for any scenario



involving VLQs. Assuming strong pair-production as an input, the corresponding cross-sections
are only sensitive to the masses of the new quarks. We simulated pp→ QQ̄+{0,1,2} jets for each
mass value with MadGraph5. The subsequent decays are then computed with BRIDGE, while
hadronisation and showering are determined with PYTHIA. Detector simulation is performed
through Delphes2. The full signal is reconstructed by combining, with the appropriate weights,
the different model-independent topologies which generate the underlying final states and the
corresponding kinematic distributions. We subsequently estimate the number of signal events
passing the selection cuts for each signature and search, and extract the respective efficiencies for
each subprocess contributing to the given final state. Finally, for each implemented search (or
combination thereof), our analysis code evaluates the respective respective exclusion confidence
level for a given input scenario.

To validate and apply our tool, we computed the 95% CL mass bounds for a T singlet under
different hypotheses for its branching ratios into SM bosons and quarks, considering two selected
subsets of searches:

1. Direct searches: a comprehensive number of final states was accounted for in 6. In this
analysis, the CMS collaboration presented an inclusive search for Q = 2/3 top partners,
at
√
s = 8 TeV and 19.5 fb−1 of integrated luminosity. Considering pair-produced objects

mixing with third-generation quarks, CMS obtained 95% CL lower limits on T quark
masses between 687 and 782 GeV.

2. SUSY searches: for the purpose of our analysis, we implemented the four Supersymmetry-
inspired searches 7,8,9,10 at

√
s = 7 TeV considering the entire 2011 dataset, and charac-

terised by large missing transverse energy and different numbers of leptons in the final
state. The updated searches 11,12 at 8 TeV have been included as well. As we have checked
that they are uncorrelated, these searches may be statistically combined.

In the left plot of Fig.1, we show the exclusion confidence levels for a T singlet with
BR(Wb) = 50% and BR(Zt) = BR(Ht) = 25%. Through linear interpolation of the ex-
clusion confidence levels, we obtain a 2σ mass bound of 614 GeV at 95% CL, whereas the linear
interpolation of the efficiencies excludes masses below 634 GeV, slightly below the value of 668
GeV quoted in6 (multilepton channels only). Yet, it is interesting to notice that the combination
of the SUSY searches 7,8,9,10,11,12 set constraints in the same ballpark as the direct search 6.

This selection of searches allows to address an interesting complementarity between direct
analyses for VLQs and others performed at the LHC. Although no specific search for pair-
produced top partners decaying to light jets is currently available, it is shown that the SUSY
searches already set significant bounds on these scenarios. On the right plot of Fig.1, we display
the exclusion confidence levels for a T singlet mixing only with light quarks, such that BR(Wj) =
0.5 and BR(Zj) = BR(Hj) = 0.25. The bound provided by linearly interpolating the eCLs
of the SUSY searches combination is 422 GeV (469 GeV if interpolating the efficiencies), while
the direct search 6 does not provide limits above 400 GeV at the 2σ level. Considering that
SUSY-inspired searches are not designed to probe such final states, it is remarkable that their
combination is more sensitive than the analysis 6 for this specific scenario. This points at the
interest of combining multiple topology searches so as to obtain more accurate bounds on New
physics models.

3 Perspectives

Details on the ability of XQCAT to set bounds on realistic scenarios with more than one VLQs
are given in 1. Future developments will include further analyses such as recent searches by
the ATLAS collaboration, searches for new bottom partners, and exotic phenomenologies. Fi-
nally, adding electroweak single production as a signal input within the context of our model-
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Figure 1 – Exclusion confidence levels for a T quark mixing only (left) with the SM top quark such that BR(Wb) =
0.5 and BR(Zt) = BR(Ht) = 0.25, and (right) to the SM up quark such that BR(Wd) = 0.5 and BR(Zu) =
BR(Hu) = 0.25. The dots correspond to the simulated points, while the lines are linear interpolations of the
eCLs. The solid line corresponds to the eCLs obtained using the direct searches, while the dashed line corresponds
to the combination of the SUSY searches at

√
s = 7 and 8 TeV. The strips below the plot indicate in red the

region where mass values can be excluded at 95% CL, in yellow the region where excluded mass limits can be
expected, and in green the region where mass values cannot excluded at the 2 σ level.

independent framework2 will allow us to probe the remaining allowed parameter space for VLQs
below the TeV scale.
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Fitting the Two-Higgs-Doublet model of type II

Otto Eberhardt

Istituto Nazionale di Fisica, Sezione di Roma,
Piazzale Aldo Moro 2, I-00185 Rome, Italy

We present the current status of the Two-Higgs-Doublet model of type II. Taking into account
all available relevant information, we exclude at 95% CL sizeable deviations of the so-called
alignment limit, in which all couplings of the light CP-even Higgs boson h are Standard-
Model-like. While we can set a lower limit of 240 GeV on the mass of the pseudoscalar Higgs
boson at 95% CL, the mass of the heavy CP-even Higgs boson H can be even lighter than
200 GeV. The strong constraints on the model parameters also set limits on the triple Higgs
couplings: the hhh coupling in the Two-Higgs-Doublet model of type II cannot be larger than
in the Standard Model, while the hhH coupling can maximally be 2.5 times the size of the
Standard Model hhh coupling, assuming an H mass below 1 TeV. The selection of benchmark
scenarios which maximize specific effects within the allowed regions for further collider studies
is illustrated for the H branching fraction to fermions and gauge bosons. As an example, we
calculate the cross section of gg → hh for four benchmark points and show that a resonant H
could enhance it by almost a factor of 70 at a centre-of-mass energy of 14 TeV.

1 Introduction

LHC measurements of the first run have revealed the existence of a scalar particle at 126 GeV
and determined its couplings to the known existing particles of the Standard Model (SM) with
an astonishing precision 1,2. Even if none of these experimental results stirs doubts about this
new particle being the scalar boson predicted by the BEH mechanism 3,4 in the framework of
the SM, it could be that the scalar sector contains more than one particle generation 5, just as
the fermionic sector. An appealing non-minimal model is the Two-Higgs-Doublet model of type
II (2HDMII) 6,7. Several studies in the recent years have shown that the parameter space of this
model is strongly constrained by various theoretical and experimental bounds. In these proceed-
ings, we present the current status of the 2HDMII with a CP conserving scalar potential and
a soft Z2 symmetry breaking term, combining Higgs measurements with electroweak precision
observables and the relevant flavour constraints in our analysis. With the result of the global
fit at hand, we study the possible size of triple-Higgs couplings to lay the ground for analyses of
Higgs pair production cross sections at the LHC. We quantify the possible enhancement factor
of the hh production cross section at the 14 TeV run of the LHC. All results can be found in
our last publications 8,9, where the interested reader can find the details about the constraints
and the fitting procedure.

2 Fit constraints

Theoretical considerations enable us to set limits for the allowed values of the quartic Higgs
couplings: Apart from the requirement of an absolute minimum of the scalar potential at around
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Figure 1: 1, 2 and 3 σ allowed regions in the tanβ–(β − α) plane (left) and in the mH–mA plane (right).

246 GeV, we apply the upper limit of 1/8 for the absolute value of the eigenvalues of the tree-
level S matrix, because we want the Higgs self-couplings to stay perturbative. This has been
proven to be a reliable upper bound for the SM quartic coupling 10. (For a comparison with
the more conservative bound of 1, we refer to our latest article 9.) In order to discuss the
experimental constraints, we want to use the physical parameters, which consist of the four
masses mh, mH , mA and mH+ , the two diagonalisation angle combinations tanβ and β−α, the
vacuum expectation value v as well as the soft Z2 breaking parameter m2

12. From all available
experimental data, we combined the following measurements: electroweak precision observables,
the branching ratio of radiative B meson decays BR(B → Xsγ), the mass difference of the Bs

meson and LHC light and heavy Higgs search results. For the first time we also added the
exclusion limits to the gg → H → hh and gg → A → hZ cross sections 11 to our set of
experimental inputs. However, those two observables do not have any effect of the results
presented in the latest publication 9. While the figures in the mentioned article stem from fits
with the myFitter framework 12, the fit results shown in these proceedings were obtained with
the CKMfitter package 13, thus being an independent cross-check.

3 Results

The scan over the tanβ-(β − α) plane (left side of Fig. 1) shows that at 2 σ β − α is now
constrained to be closer as 0.05π to the so-called alignment limit β −α = π/2, in which H does
not couple to vector bosons at tree-level and all h couplings to SM fermions and vector bosons
are SM-like. The right side of Fig. 1 displays the allowed combinations of the H and A masses.
At 2σ, mA must be larger than 240 GeV, while mH can be even lighter than 200 GeV; the decay
H → AA can be excluded.

If the heavy Higgs bosons are light enough for direct detection but escape the “standard”
searches at LHC due to their coupling behaviour, they might show up in other observables. One
possibility is an enhancement of the cross section of double h production, which at the LHC
would be mainly the process gg → hh, for which the two diagrams on the left of Fig. 2 are
relevant. In the lower (“triangle”) diagram, the intermediate scalar could be an h or H boson
in the 2HDMII. Therefore, we need to investigate the corresponding couplings of the hhh and
hhH vertices, ghhh and ghhH . Our analysis shows that an enhancement of the ratio ghhh/g

SM
hhh

is not possible in the 2HDMII, see the right side of Fig. 2, but it could be reduced to less than
50% at the 2 σ level. The coupling ghhH , however, can be more than twice as large as gSMhhh.
(Here, we assumed mH ≤ 1 TeV.)

However, also the branching ratio of the H boson plays a crucial role: from the left of
Fig. 3, we can see that the branching ratio of H decaying into fermions and vector bosons
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decay has a large branching fraction. This situation is realised in benchmarks H-1 to H-4

(see Tab. 2). Fig. 5 shows the 2HDM/SM ratio of the gg ! hh cross section as a function

of the hadronic centre of mass energy for these benchmarks. The magnitude of chhh is

close to 1 for all these benchmarks, which means that the contribution from the diagram

with the s-channel h exchange is SM-like. We see that the gg ! hh cross section can be

enhanced by more than a factor 50 for benchmarks H-1 and H-2 and that benchmark H-3

still gives a factor 6 enhancement.

We also investigated the possibility that the only hints for heavy Higgs resonances

at the 14 TeV run of the LHC after 300 fb�1 of data are in the hh final state. Using an

extrapolation of the current limits for heavy Higgs resonances in the WW , ZZ and ⌧⌧

channels based on the ratio of expected signal events we find that scenarios with heavy

Higgs masses below the tt̄ threshold can be ruled out (or discovered) by the standard

searches. The ILC in its first stage at
p

s = 250GeV would impose even stronger bounds

on additional Higgs resonances below the tt̄ threshold, but provide little information about

heavier resonances. Benchmarks H-3 and H-4 can easily evade the expected limits from

both ILC and the LHC at 14 TeV as they have all heavy Higgs bosons above the tt̄

threshold. However, as seen in Fig. 5 they still lead to a noticable enhancement in the

Higgs pair production rate.

6 Conclusions

The existing data from flavour, electroweak precision and Higgs physics imposes severe

constraints on extended Higgs sectors and can be used to to put limits on the possible

size of signals in future collider searches. In this paper we studied the bounds on triple

Higgs couplings and branching fractions of non-standard decays of heavy Higgs bosons

– 13 –

Figure 3: The figure on the left shows the 1, 2 and 3 σ regions for the allowed branching ratio of an H boson to
SM fermions and vector bosons depending on mH . The four benchmark points H-1, H-2, H-3 and H-4 feature
maximal deviation from “standard decays” at the 95% level. The enhancement of the gg → hh cross section with

respect to the SM value for the four chosen benchmark points is shown on the right side.

BR(H → ff̄ , V V ) could be suppressed to less than 40% at the 2 σ level, depending on the H
mass. For a precise study of the gg → hh cross section, we define for different H masses the four
benchmark scenarios H-1 to H-4, in which effects of “non-standard” H decays are maximized.
On the right of Fig. 3, we show that for the benchmark point H-1, a resonant H in the lower
right diagram of Fig. 2 could enhance the gg → hh cross section to a factor of almost 70 with
respect to the SM value, which should be visible at the next run of the LHC at 14 TeV.

Furthermore, we studied the other 2HDMII triple scalar couplings hHH, HHH, hAA and
hH+H−, and found their maximal possible coupling strength to be limited to 5.5gSMhhh. Also
the branching ratio of “standard” decays of A bosons was analyzed. It strongly depends on
the A mass, and if the decay A→ HZ is kinematically possible, it can be suppressed to 1% at
the 2 σ level if mA is just below the tt̄ threshold. (Similarly, BR(H → ff̄ , V V ) is minimal for
mH . 2mt.) In order to trigger more intricate collider studies, we specified a set of benchmark
points which feature the largest effects currently allowed by all mentioned constraints at the
2 σ level, varying the corresponding relevant heavy Higgs mass 9: Like H-1 to H-4 for minimal
BR(H → ff̄ , V V ), we provide benchmark scenarios for minimal “standard” A decays, minimal



hhh as well as maximal hhH, hHH, HHH, hAA and hH+H− couplings.

4 Conclusions

We have discussed the results of a global analysis of the 2HDMII parameter space using all
relevant theoretical and experimental constraints in a fit performed with the CKMfitter package.
The findings of our publication 9 did not change by adding CMS exclusion limits on H → hh
and A→ hZ decays: At 95% CL, we can set a lower limit of 240 GeV to mA, while mH can be
smaller than 200 GeV. The triple Higgs coupling ghhh cannot exceed its SM value gSMhhh, whereas
the coupling ghhH can be more than twice as large as gSMhhh. Both couplings are important for
the future measurement of the gg → hh cross section, where we showed for a chosen set of
benchmark scenarios that enhancements of the expected SM value by almost a factor of 70 are
still possible in the 2HDMII. Further sets of benchmark points as well as results for triple Higgs
couplings and H and A branching fractions can be found in our latest article 9.
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LOW MASS NEW PHYSICS SEARCH FOR A CP-ODD HIGGS BOSON A0

DECAYING TO ss̄ OR GLUON GLUON AT BABAR
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on behalf of the BABAR Collaboration

Università degli Studi di Genova, Department of Physics, Via Dodecaneso 33 , I-16146 Genova, Italy

We report on the search for the decay Υ(1S) → γA0, A0 → gg or ss̄, where A0 is the
pseudoscalar light Higgs boson predicted by the next-to-minimal supersymmetric standard
model. A sample of ∼ 18 × 106 Υ(1S) resonances, produced in the BABAR experiment via
e+e− → Υ(2S) → π+π−Υ(1S), is used for this search. No significant signal has been found,
and upper limits at the 90% of confidence level are set on the product branching fraction of
the process.

1 Introduction

The Next to Minimal Supersymmetric Standard Model (NMSSM)1, one of the several extensions
of the Standard Model, predicts a larger Higgs sector, with two charged, three neutral CP-even,
and two neutral CP-odd Higgs bosons. In particular, the model includes the possibility that
one of the pseudoscalar Higgs bosons, denoted as A0 hereafter, can be lighter than two bottom
quarks 2, therefore making its production accessible at the B-factories, via the radiative decay
of an Υ resonance.

The A0 is a superposition of a singlet and a non-singlet state, and the value of the branching
fraction of the radiative decay Υ→ γA0 actually depends on the non-singlet fraction. The final
state to which the A0 decays depends instead on various parameters, such as tanβ and the
mass of the CP-odd Higgs boson itself 3. In order to be sensitive to as much parameter space
as possible, BABAR has performed searches for different final states: A0 decaying into µ+µ− 4,5,
into τ+τ− 6,7, into invisible states 8, and into hadrons 9, without seeing any significant signal.

The search presented here 10 focuses on the decays A0 → gg or ss̄. For an A0 mass smaller
than 2mτ , the light pseudoscalar Higgs boson is predicted to decay mostly into two gluons if
tanβ is of order 1, and into ss̄ if tanβ is of order 10. Despite being motivated by NMSSM,
the results of this search can be applied to any CP-odd hadronic resonances produced in the
radiative decays of Υ(1S).

2 Experimental technique

This analysis uses the data recorded by the BABAR detector at the PEP-II asymmetric-energy
e+e− collider at the SLAC National Accelerator Laboratory. The BABAR detector is described
in detail elsewhere 11,12. We use ∼14 fb−1 of data taken at the Υ(2S) resonance. Tagging
the dipion in the Υ(2S) → π+π−Υ(1S) transition allows to significantly reduce the otherwise
dominant e+e− → qq̄ background, where q is a u, d, or s quark. We also use ∼ 1.4 fb−1 of data
taken 30 MeV below the Υ(2S) resonance as a background estimate. Simulated signal events
with various A0 masses ranging from 0.5 to 9.0 GeV/c2 are used in this analysis.



Table 1: Decay modes for candidate A0 → gg and ss̄ decays, sorted by the total mass of the decay products.

# Channel # Channel

1 π+π−π0 14 K+K−π+π−

2 π+π−2π0 15 K+K−π+π−π0

3 2π+2π− 16 K±K0
Sπ

∓π+π−

4 2π+2π−π0 17 K+K−η
5 π+π−η 18 K+K−2π+2π−

6 2π+2π−2π0 19 K±K0
Sπ

∓π+π−2π0

7 3π+3π− 20 K+K−2π+2π−π0

8 2π+2π−η 21 K+K−2π+2π−2π0

9 3π+3π−2π0 22 K±K0
Sπ

∓2π+2π−π0

10 4π+4π− 23 K+K−3π+3π−

11 K+K−π0 24 2K+2K−

12 K±K0
Sπ

∓ 25 pp̄π0

13 K+K−2π0 26 pp̄π+π−

The final states analyzed must contain: two charged tracks as the dipion system candidate,
a radiative photon with an energy greater than 200 MeV when calculated in its center-of-mass
frame, and a hadronic system. An exclusive reconstruction of A0 → gg is performed, using 26
channels as listed in Table 1, while disregarding two-body decay channels because a CP-odd
Higgs boson cannot decay into two pseudoscalar mesons. The A0 → ss̄ sample is defined as
the subset of the 26 A0 → gg decay channels that include two or four kaons (channels 11-24 in
Table 1). Charged kaons, pions, and protons are required to be positively identified.

The A0 mass resolution is improved by constraining the A0 candidate and the photon to
have an invariant mass equal to the Υ(1S) one, and a decay vertex at the beam spot. The main
backgrounds to this search are:

• Υ(1S)→ γgg events, with gluons hadronizing to more than one daughter; it is dominant
at low masses, i.e. between 2 and 4 GeV/c2;

• Υ(1S)→ ggg events, with a π0 mistaken as a photon; it is dominant at higher masses, i.e.
between 7 and 9 GeV/c2.

This search relies on the hadronization modelling used in simulations; the agreement between
data and Monte Carlo samples is checked on Υ(1S) → γgg events, resulting in a scaling factor
and a global systematic uncertainty of 50% to be applied to the efficiency. This is the dominant
contribution to the systematic uncertainties of this analysis.

3 Results

The candidate mass spectrum is shown in Fig. 1. The A0 would appear as a narrow peak in
the distribution. A scan of the mass spectrum has been performed in 10 MeV/c2-steps, from
0.5 to 9 GeV/c2, without finding any significant signal through the entire mass range analyzed.
Bayesian upper limits at the 90% of confidence level are then set on the product of branching
fractions B(Υ(1S)→ γA0)× B(A0 → gg) and B(Υ(1S)→ γA0)× B(A0 → ss̄), ranging between
10−6 and 10−2, and between 10−5 and 10−3 for the two final states, respectively, as shown in
Fig. 2. As a result, the low mass region for A0 is excluded, and no evidence either for a light
pseudoscalar Higgs boson, or for any narrow hadronic resonance is found through the entire
mass spectrum.



Figure 1 – A0 candidate mass spectra after applying all selection criteria. We reconstruct A0 → gg using the 26
channels listed in Table 1 and A0 → ss̄ using the subset of the same 26 channels that includes two or four kaons.
The A0 candidate mass is the invariant mass of the reconstructed hadrons in each channel. The black points
with error bars are on-resonance data for A0 → gg. The red squares with error bars are on-resonance data for
A0 → ss̄. The thick blue histogram is A0 → gg in off-resonance data normalized to the on-resonance integrated
luminosity. The thin magenta histogram is A0 → ss̄ in off-resonance data normalized to the on-resonance
integrated luminosity.
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Figure 2 – The 90% confidence level upper limits (thin solid line) on the product branching fractions B(Υ(1S)→
γA0)× B(A0 → gg) (top) and B(Υ(1S) → γA0)× B(A0 → ss̄) (bottom). We overlay limits calculated using
statistical uncertainties only (thin dashed line). The inner band is the expected region of upper limits in 68%
of simulated experiments. The inner band plus the outer band is the expected region of upper limits in 95% of
simulated experiments. The bands are calculated using all uncertainties. The thick line in the center of the inner
band is the expected upper limits calculated using simulated experiments.



Search for direct top squark pair production in final states with two leptons in√
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A search is presented for direct top squark pair production in final states with two leptons
(electrons or muons) of opposite charge using 20.3 fb−1 of pp collision data at

√
s = 8 TeV,

collected by the ATLAS experiment at the Large Hadron Collider in 2012. No excesses over
Standard Model expectations are observed, and the results are interpreted under the separate
assumptions that the lightest top squark decays to a b-quark and the lightest chargino, or to
a t-quark and the lightest neutralino.

1 Introduction

Supersymmetry (SUSY) is an extension to the Standard Model (SM) that provides a solution
to the instability of the scalar SM sector with respect to new high-scale physics by introducing
supersymmetric partners of the known fermions and bosons. These particles differ from their
SM counterparts by half a unit of spin. In the framework of a generic R-parity (R = −13B+L+2s

where B is the baryon number, L the lepton number and S the spin) conserving minimal super-
symmetric extension of the SM (MSSM), SUSY particles are produced in pairs and the lightest
supersymmetric particle (LSP) is stable, providing a dark matter candidate. In a large variety
of models, the LSP is the lightest neutralino, χ̃0

1. The supersymmetric partner of the top quark
is the main ingredient in the solution of the gauge stability problem 1,2. The top squark (t̃) has
two mass eigenstates predicted by the theory (the t̃1 being the lightest): in order to preserve
naturalness, the t̃1 or both t̃1 and t̃2 need to be below the TeV range. The t̃2 can also be heavy,
as long as

√
mt̃1

mt̃2
is light enough.

These proceedings summarize the results of a search for top squarks in events with two
isolated leptons 3 (e or µ) with opposite charge, two b-quarks and significant missing transverse
momentum (Emiss

T ). Three different approaches have been developed to target different top
squark decays and are referred to as the “leptonic mT2”, “hadronic mT2” and MVA analyses.

The t̃1 can decay into a variety of final states, depending, amongst other factors, on the
mass hierarchy of the lightest chargino (χ̃±

1 ) and the lightest neutralino (χ̃0
1). Three possible



stop decay channels have been considered to optimize and interpret the results of search: the
first is given by the t̃1 → b + χ̃±

1 decay, with m(t̃1) −m(χ̃±
1 ) > m(b), and the χ̃±

1 subsequently
decaying into the LSP and a real or virtual W boson. The second decay channel is t̃1 → t+ χ̃0

1

with only on-shell top quarks considered, while the third case considers the t̃1 → b + W + χ̃0
1

three-body decay.

The analyses use 20.3 fb−1 of integrated luminosity provided by the LHC operating at a pp
centre-of-mass energy of 8 TeV and recorded with the ATLAS detector 4.

In the following, the event selection used in the three approaches will be presented (Section 2)
before moving to the interpretation of the observed results (Section 3).

2 Event selection

The three different search approaches share a common preselection and some discriminatory
variables. The following event-level variables are defined:

- m``: the invariant mass of the two leptons.

- mT2 and mb-jet
T2 : stransverse mass 5,6, is a kinematic variable that can be used to measure

the masses of pair-produced semi-invisibly decaying heavy particles. If this quantity is
computed from the transverse momenta of the leptons, for top quark and W boson pair
production, mT2(`, `) (mT2) is bound sharply from above by the mass of the W . If the
transverse momenta of the two reconstructed b-quarks are taken into account instead, the
resulting mT2(b, b) (mb-jet

T2 ) has a very different kinematic limit: for top pair production it
is approximately bound by the mass of the top quark.

- ∆φ: the azimuthal angle difference between the missing transverse momentum vector,
pmiss

T , and the direction of the closest jet.

- ∆φ`: the azimuthal angle difference between the pmiss
T vector and the direction of the most

energetic lepton.

- ∆φb: the azimuthal angle between the pmiss
T vector and the p``

Tb = pmiss
T +p`1

T +p`2
T vector.

The p``
Tb, with magnitude p``Tb, is the opposite of the vector sum of all the transverse

hadronic activity in the event.

- meff: the scalar sum of the Emiss
T , the transverse momenta of the two leptons and of the

two most energetic jets in each event.

- ∆φ`` (∆θ``): the azimuthal (polar) angular distance between the two leptons.

- ∆φj`: the azimuthal distance between the most energetic jet and the leading lepton.

Events are required to have exactly two opposite-sign leptons (electrons or muons). At least
one of the selected leptons must have pT > 25 GeV in order for the event to be triggered with
high efficiency, and m`` > 20 GeV. If the event contains a third preselected electron or muon,
the event is rejected.

2.1 Leptonic mT2 event selection

The leptonic mT2 selection is designed to be sensitive to the t̃1 → b+ χ̃±
1 decay in models with

large m(χ̃±
1 )−m(χ̃0

1), where large values of mT2 are expected. This analysis is also sensitive to
the t̃1 → b+W + χ̃0

1 three-body decay.

Events with same-flavour leptons are required to have m`` < 71 GeV or m`` > 111 GeV in
order to reduce the number of events from the on-shell decay of the Z boson.



Four non-exclusive Signal Regions (SRs) are defined to be sensitive to different ∆m(t̃1, χ̃
±
1 )

and ∆m(χ̃±
1 , χ̃

0
1) scenarios, with different selections on mT2 and on the transverse momentum

of the two leading jets, as reported in table 1.

Table 1: Signal regions used in the leptonic mT2 analysis. The last two rows give the relative sizes of the mass
splittings that the SRs are sensitive to: small (almost degenerate), moderate (up to around the W boson mass)
or large (bigger than the W boson mass).

SR L90 L100 L110 L120

leading lepton pT [GeV] > 25

∆φj [rad] > 1.0
∆φb [rad] < 1.5

mT2 [GeV] > 90 > 100 > 110 > 120

Leading jet pT [GeV] - > 100 > 20 -
Second jet pT [GeV] - > 50 > 20 -

∆m(t̃1, χ̃
±
1 ) small large moderate small

∆m(χ̃±
1 , χ̃

0
1) moderate large moderate large

2.2 Hadronic mT2 event selection

In contrast to the leptonic mT2 selection, the hadronic mT2 selection is designed to be sensitive
to models with ∆m(χ̃±

1 , χ̃
0
1) mass differences smaller than the W mass. In addition to the

preselection described in section 2, events in the SR (indicated as H160) are required to satisfy
the requirements given in table 2. The requirement of two b-jets increases the signal over
background ratio; the targeted signal events have in general higher-pT b-jets as a result of a
large ∆m(t̃1, χ̃

±
1 ).

Table 2: Signal region used in the hadronic mT2 analysis. The last two rows give the relative sizes of the mass
splittings that the SR is sensitive to: small (almost degenerate) or large (bigger than the W boson mass).

SR H160

b-jets = 2
Leading lepton pT [GeV] < 60

mT2 [GeV] < 90

mb−jet
T2 [GeV] > 160

∆m(t̃1, χ̃
±
1 ) large

∆m(χ̃±
1 , χ̃

0
1) small

2.3 MVA event selection

This analysis targets t̃1 → tχ̃0
1 models using a multivariate analysis (MVA) technique based on

boosted decision trees (BDT) and applying a gradient boosting algorithm (BDTG). Events are
required to have at least two jets, a leading jet with pT > 50 GeV and meff > 300 GeV. The
selected events are first divided into four (not mutually exclusive) categories, with requirements
on Emiss

T and leading lepton pT designed to target a different region of the m(t̃1)−m(χ̃0
1) plane.

Events are then further divided into those containing a same flavour lepton pair (SF) and those
containing a different flavour lepton pair (DF).

A BDTG discriminant is hence defined using the following variables: Emiss
T , mll, mT2, ∆φ``,

∆θ``, ∆φl and ∆φjl. Several BDTGs are trained using simulated background samples and
various representative signal samples appropriate for each category. The value of the cut on the
BDTG output is chosen to maximise sensitivity to the signal points considered, resulting in nine
final SRs (five for DF events, four for SF events) used in the analysis.



3 Results

ATLAS searches for top squark pair production based on 20.3 fb−1collected in 2012 at 8 TeV
at LHC have been presented. Results are in agreement with SM predictions, and thus are
interpreted in terms of simplified models for two top squark decay channels, assuming 100% BR
to the targeted channel. A t̃1 decaying to b + χ̃±

1 with a mass between 150 and 445 GeV is
excluded at 95% CL for a chargino approximately degenerate with the top squark and a 1 GeV
lightest neutralino. Top squarks of masses between 215 GeV and 530 GeV decaying to an on-
shell t-quark and a χ̃0

1 (Fig. 1, red contour) and between 90 GeV and 170 GeV in the case of a
three-body decay mode (Fig. 1, purple contour), for a χ̃0

1 of mass 1 GeV, are excluded at 95%
CL.
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Figure 1 – Summary of the dedicated ATLAS searches for top squark pair production based on 20.3 fb−1 of pp
collision data taken at

√
s = 8 TeV, and 4.7 fb−1 of pp collision data taken at

√
s = 7 TeV. Exclusion limits at

95% CL in the t̃1 − χ̃0
1 mass plane are shown. The dashed and solid lines show the expected and observed limits,

respectively, including all uncertainties except the theoretical signal cross section uncertainty (PDF and scale).
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Lepton Flavor Violation in the Standard Model with dimension 6 operators
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We investigate Lepton Flavor Violation (LFV) in the general extension of the Standard Model
parametrized by the gauge invariant operators of dimension-6. We discuss 3-body charged
lepton decays and decay of Z boson to lepton pair and compare the obtained analytical
expression with the current experimental results. We derive the numerical bounds on the size
of the Wilson coefficients parameterizing the allowed size of New Physics effects.

1 Parametrization of the SM extensions in terms of effective operators

The renormalizable Standard Model (SM) is probably an effective theory valid only up to some
energy scale where a more fundamental theory could manifest itself. At the electroweak scale
the effects of New Physics (NP) can be effectively parametrized by new interactions described by
non-renormalizable operators of higher mass dimensions. Coefficients of such operators (called
Wilson coefficients) are suppressed by heavy mass scale (Λ) at which New Physics should become
effective. In general the dimension-4 renormalizable SM Lagrangian can be extended as follows:

LSM = L(4)SM +
1

Λ

∑
k

C
(5)
k Q

(5)
k +

1

Λ2

∑
k

C
(6)
k Q

(6)
k + . . . . (1)

where Q
(n)
k denote the higher-dimension operators and C

(n)
k stand for the corresponding dimen-

sionless Wilson coefficients.

Using such Lagrangian, the theoretical calculations of relevant physical observables can be
performed in a model-independent way, with final formulae given in terms of Wilson coefficients.
Having such expressions simplifies significantly a comparison of various SM extension with the
experimental results, as now only the values Wilson coefficients of new operators need be calcu-
lated within a given model of NP - this part of analysis is always model-dependent.

In the extended SM with the neutrino mass term, the GIM mechanism makes the branching
ratio of the charged lepton flavor violating (CLFV) very small due to smallness of the mass of
the neutrino comparing to the mass of the heaviest particle in the loop. Experimentally, the
CLFV decays have never been observed yet but there are many models beyond the SM predict
sizable rates up to the current experimental bounds. Here, we investigate the `i → `j`j`j decay
and Z → `+f `

−
i decays in the extension of the SM with dimension 6 operators.The full list of

operators of dimension 5 and 6 which can be constructed out of SM fields is given in 1.

ae-mail: saereh.najjari@fuw.edu.pl



After simplification only 8 operators of dimension 6 give contribution to these decays at tree
level:

• 2 dipole-type operators, contributing to tree-level flavor non-diagonal Z and photon cou-
plings to leptons:

QeW = (¯̀
iσ
µνej)τ

IϕW I
µν , QeB = (¯̀

iσ
µνej)ϕBµν .

• 3 operators modifying tree-level Z and W couplings:

Q
(1)
ϕ` = (ϕ†i

↔
Dµ ϕ)(¯̀

iγ
µ`j), Q

(3)
ϕ` = (ϕ†i

↔
D I
µ ϕ)(¯̀

iτ
Iγµ`j), Qϕe = (ϕ†i

↔
Dµ ϕ)(ēiγ

µej)

• 3 four-lepton contact operators:

Q`e = (¯̀
iγµ`j)(ēkγ

µel), Q`` = (¯̀
iγµ`j)(¯̀

kγ
µ`l), Qee = (ēiγµej)(ēkγ

µel)

In 2 we list the Feynman rules arising from dimension 6 operators.

2 Lepton Flavor violation in 3-body charged lepton and Z to lepton pair decays

In this section we compare the analytical results with experimental bounds on the `i → `j`j`j
decay and Z → `+f `

−
i decays to constrain the Wilson coefficients.Such decays can be generated

already at tree level. Our results for radiative lepton decays are given in 2,3. The experimental
bound on these decays are given in Tables 1 and 2.

Table 1: Experimental upper limits on the branching ratios of the three body charged lepton decays.

Process Experimental bound

B [τ− → µ−µ+µ−] 2.1× 10−8 4

B [τ− → e−e+e−] 2.7× 10−8 4

B [µ− → e−e+e−] 1.0× 10−12 5

Table 2: Experimental upper limits (95 % CL) on the lepton flavor violating Z decay rates.

Process Experimental bound

Br
[
Z0 → µ±e∓

]
1.7× 10−6 6

Br
[
Z0 → τ±e∓

]
9.8× 10−6 6

Br
[
Z0 → τ±µ∓

]
1.2× 10−5 6

In general, at the tree-level diagrams mediated by photon, Z0 boson and 4-lepton contact
interactions can contribute to the three body charged lepton decays µ→ 3e, τ → 3e and τ → 3µ.
The general expression for the Br(`i → 3`j) reads as:

Br(`i → `j`j ¯̀j) =
m5
`i

12288π3Λ4Γ`i

(
4
(
|CV LL|2 + |CV RR|2 + |CV LR|2 + |CV RL|2

)
+ |CSLR|2 + |CSRL|2 + 48Xγ (2)

where Γ`i is the total decay width of the initial lepton. The Xγ (photon contribution) and CX
(Z and contact interactions) can be written in terms of Wilson coefficients of operators listed in



previous Section as:

Xγ = −16ev

m`i

Re

[(
2CV LL + CV LR −

1

2
CSLR

)
C?γR +

(
2CV RR + CV RL −

1

2
CSRL

)
C?γL

]
+

64e2v2

m2
`i

(
log

m2
`i

m2
`j

− 11

4

)
(|CγL|2 + |CγR|2) (3)

CV LL = 2
(

(2s2W − 1)
(
C

(1)ji
ϕ` + C

(3)ji
ϕ`

)
+ Cjijj``

)
CV RR = 2

(
2s2WC

ji
ϕe + Cjijjee

)
CV LR = −1

2
CSRL =

(
2s2W

(
C

(1)ji
ϕ` + C

(3)ji
ϕ`

)
+ Cjijjle

)
CV RL = −1

2
CSLR =

(
(2s2W − 1)Cjiϕe + Cjjji`e

)
CijγL = Cji?γR = 2

√
2sW

(
cWC

ij?
eB − sWC

ij?
eW

)
(4)

Knowing that Cγ must be negligible, we neglect contribution from Cγ in order to constrain
the Wilson coefficients by using the bounds on `i → `j`j`j decays. Normalizing their branching
ratio to the limits in Table 1 we find following numerical equations constraining the Wilson
coefficients:

Cµeee ≤ 3.29× 10−5
(

Λ

1 TeV

)2
√

Br [µ→ eee]

1× 10−12
,

Cτeee ≤ 1.28× 10−2
(

Λ

1 TeV

)2
√

Br [τ → eee]

2.7× 10−8
, (5)

Cτµµµ ≤ 1.13× 10−2
(

Λ

1 TeV

)2
√

Br [τ → µµµ]

2.1× 10−8
,

with C`i`j`j`j given by

C`i`j`j`j =

(
2
∣∣∣Cjijj

`e − 0.54
(

C
(1)ji
ϕ` + C

(3)ji
ϕ`

)∣∣∣2 + 2
∣∣∣Cjijj

ee + 0.46Cji
ϕe

∣∣∣2
+
∣∣∣Cjijj

`e + 0.46
(

C
(1)ji
ϕ` + C

(3)fi
ϕ`

)∣∣∣2 +
∣∣∣Cjjji

`e − 0.54Cji
ϕe

∣∣∣2) 1
2

.

(6)

Similar analysis can be done for the LFV Z → `+f `
−
i decays. At the tree level the branching

ratio is:

Br
(
Z0 → `±f `

∓
i

)
=

mZ

24πΓZ

[
m2
Z

2

(∣∣CZRfi ∣∣2 +
∣∣CZLfi ∣∣2)+

∣∣ΓZLfi ∣∣2 +
∣∣ΓZRfi ∣∣2] , (7)

with ΓZ ≈ 2.495 GeV being the total decay width of Z boson.

where we included all tree-level contributions and

ΓZLfi =
e

2sW cW

(
v2

Λ2

(
C

(1)fi
ϕl + C

(3)fi
ϕl

)
+
(
1− 2s2W

)
δfi

)
, (8)

ΓZRfi =
e

2sW cW

(
v2

Λ2
Cfiϕe − 2s2W δfi

)
, (9)

CZRfi = CZL?if = −v
√

2CfiZ (10)



where CfiZ is defined as

CfiZ =
(
sWC

fi
eB + cWC

fi
eW

)
. (11)

In the experimental values for branching ratio are for the sum Z → `±f `
∓
i + `∓f `

±
i

7 while in

this equation branching ratio is for the decay Z → `±f `
∓
i or `∓f `

±
i . Therefore this equation must

be multiply by a factor 2 in order to compare into experimental value.
Again normalizing the formulae for the branching ratios to the current experimental bound

listed in Table 2 we derived the numerical equations constraining the Wilson coefficients con-
tributing to this decay:√∣∣∣C(1)12

ϕ` + C
(3)12
ϕ`

∣∣∣2 +
∣∣C12

ϕe

∣∣2 +
∣∣C12

Z

∣∣2 +
∣∣C21

Z

∣∣2 ≤ 0.06

(
Λ

1 TeV

)2
√

Br
[
Z0 → µ±e∓

]
1.7× 10−6

,√∣∣∣C(1)13
ϕ` + C13

ϕe

∣∣∣2 +
∣∣C13

ϕe

∣∣2 +
∣∣C13

Z

∣∣2 +
∣∣C31

Z

∣∣2 ≤ 0.14

(
Λ

1 TeV

)2
√

Br
[
Z0 → τ±e∓

]
9.8× 10−6

,√∣∣∣C(1)23
ϕ` + C

(3)23
ϕ`

∣∣∣2 +
∣∣C23

ϕe

∣∣2 +
∣∣C23

Z

∣∣2 +
∣∣C32

Z

∣∣2 ≤ 0.16

(
Λ

1 TeV

)2
√

Br
[
Z0 → τ±µ∓

]
1.2× 10−5

.

(12)

These constraints are less stringent than the ones from `i → `j`j`j decays.

3 Conclusions

We have calculated the rates of several lepton flavor violating decays in the Standard Model
extended with dimension 6 operators. We present numerical expressions constraining the rele-
vant Wilson coefficients, based on experimental bounds for the `i → `j`j`j decay and Z → `+f `

−
i

decays. There are also some experiments searching for charged lepton flavor violation and are
going to upgrade the sensitivity. Observation of charged lepton flavor violation at experiment
would be a clear hint for physics beyond the standard model. We show that the bounds on
lepton flavor violation couplings are already very strong if the scale of New Physics is low.
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In the Minimal Supersymmetric extension of the Standard Model or MSSM, the lighter Higgs
boson has a rather large mass, Mh ≈ 125 GeV. Together with the non-observation of super-
partners at the LHC, this suggests that the SUSY–breaking scale is rather high, MS >∼ 1 TeV.
This implies a dramatic simplification of the MSSM Higgs sector that is summarised here.

1 The post-Higgs boson discovery MSSM Higgs sector

In the MSSM, two Higgs doublets Hd and Hu are needed to break the electroweak symmetry,
leading to three neutral and two charged Higgs states; for a review see Ref.1. The tree–level
masses of the CP–even h and H bosons depend only on tanβ = vd/vu, the ratio of vevs of
the two doublets and on the pseudoscalar Higgs mass MA. Nevertheless, many parameters
of the MSSM such as the SUSY scale, taken to be the geometric average of the stop masses
MS =

√
mt̃1

mt̃2
, the higgsino mass µ and the stop/bottom trilinear couplings At/b enter Mh/H

through loop corrections. The CP–even Higgs mass matrix can be written in the basis as:

M2
S = M2

Z

(
c2β −sβcβ
−sβcβ s2β

)
+M2

A

(
s2β −sβcβ
−sβcβ c2β

)
+

(
∆M2

11 ∆M2
12

∆M2
12 ∆M2

22

)
(1)

where we use the notation cβ≡cosβ, sβ≡sinβ and include the radiative corrections into a 2×2
matrix ∆M2

ij . One can then easily derive the Higgs masses Mh,H and the mixing angle α that

diagonalizes the h,H system, h = − sinαH0
d + cosαH0

u and H = cosαH0
d + sinαH0

u:

M2
h/H =

1

2
(M2

A +M2
Z + ∆M2

11 + ∆M2
22 ∓

√
M4
A +M4

Z − 2M2
AM

2
Zc4β + C) (2)

tanα =
2∆M2

12 − (M2
A +M2

Z)sβ

∆M2
11 −∆M2

22 + (M2
Z −M2

A)c2β +
√
M4
A +M4

Z − 2M2
AM

2
Zc4β + C

(3)

C = 4∆M4
12+(∆M2

11−∆M2
22)

2−2(M2
A−M2

Z)(∆M2
11−∆M2

22)c2β−4(M2
A+M2

Z)∆M2
12s2β

In previous works 2,3, it was pointed out that since the measured value of the h boson mass
is high, Mh = 125 GeV, leading to a rather large SUSY-breaking scale 4, MS >∼ 1 TeV, it implies
that the leading radiative corrections are now almost fixed when the constraint Mh = 125 GeV
is taken into account. In the 2 × 2 correction matrix of eq. (1), only the ∆M2

22 entry which
involves the by far leading top/stop corrections proportional to the fourth power of the top
Yukawa coupling, is relevant to a good approximation 5. In this limit ∆M2

22 � ∆M2
11,∆M2

12,
one can simply trade ∆M2

22 for the known Mh value:

∆M2
22 =

M2
h(M2

A +M2
Z −M2

h)−M2
AM

2
Zc

2
2β

M2
Zc

2
β +M2

As
2
β −M2

h

. (4)



In this case, called habemus MSSM or hMSSM in Ref.5, one obtains simple expressions for the
mass MH and the angle α in terms of MA, tanβ and Mh:

hMSSM :
M2
H =

(M2
A+M

2
Z−M

2
h)(M

2
Zc

2
β+M

2
As

2
β)−M

2
AM

2
Zc

2
2β

M2
Zc

2
β+M

2
As

2
β−M

2
h

α = − arctan

(
(M2

Z+M
2
A)cβsβ

M2
Zc

2
β+M

2
As

2
β−M

2
h

)
.

(5)

Concerning the charged Higgs boson, the quantum corrections to its mass are much smaller for
large MA, and one can write to a good approximation, M2

H± 'M2
A +M2

W .
This approach allows to disregard the radiative corrections in the MSSM Higgs sector and

their complicated dependence on all the MSSM parameters. This considerably simplifies the
phenomenological studies in the MSSM Higgs sector which up to now do not use the constraint
Mh = 125 GeV as an input as it should be, and rely either on benchmark scenarios in which
most of the MSSM parameters are fixed or refuge to large scans over the parameter space.

2 Fit of the SM Higgs couplings

In the MSSM, the couplings of the lighter h state to gauge bosons and fermions, normalized to
their SM values read:

c0V =sin(β−α) , c0t =
cosα

sinβ
, c0b =− sinα

cosβ
. (6)

They depend on the tree–level inputs tanβ and MA but also on the full MSSM spectrum
because of the quantum corrections that enter the angle α as in the case of the Higgs masses. As
discussed earlier, knowing tanβ and MA and fixing Mh to its measured value, the couplings can
be determined. Nevertheless, this applies only for the radiative corrections to the Higgs masses.
In addition, there exists direct radiative corrections to the Higgs couplings different from the
ones of the mass matrix in eq. (1) and which will complicate the situation.

If the h coupling to the bottom and top quarks could be significantly modified (by stop loops
in the production process gg → h in the former and by the ∆b corrections in the latter cases;
see Ref.5), c0t,b → ct,b, the couplings to τ leptons and c quarks do not receive substantial direct

corrections and one still has cc,τ ≈ c0t,b. Consequently, because of the direct radiative corrections,
the Higgs couplings cannot be described by only β and α as in eq. (6). To characterize the Higgs
particle at the LHC, it was advocated5 that three independent h couplings should be considered,
namely ct, cb and cV = c0V . Thus, one can define the following effective Lagrangian:

Lh = cV ghV V hV
+
µ V

−µ + ctytht̄LtR−ctychc̄LcR−cbybhb̄LbR−cbyτhτ̄LτR+h.c. (7)

where yt,c,b,τ = mt,c,b,τ/v are the Yukawa couplings of the heavy SM fermions, ghV V = 2M2
V /v

the hV V couplings with V =W,Z. Following an earlier analysis performed in Ref.6 where details
can be found, a three–dimensional fit of the

√
s = 7+8 TeV ATLAS and CMS Higgs data has

been performed and the result in the space [ct, cb, cV ] is shown on the left-hand side of Fig. 1.
The obtained best-fit values for the Higgs couplings are: ct = 0.89, cb = 1.0 and cV = 1.02.

In cases where the direct corrections are not quantitatively significant one can reduce the
number of effective parameters down to two using the MSSM relations of eq. (6). Using the
formulae of eq. (5) for the mixing angle and the Mh ≈ 125 GeV value as an input, one can
perform a fit in the [tanβ,MA] plane as shown on the right-hand side of Fig. 1. It illustrates
the 68%, 95% and 99%CL contours obtained from fitting the signal strengths and their ratios.
The best-fit point is realized for the values tanβ= 1 and MA= 557 GeV, which translates into
MH = 580 GeV, MH± = 563 GeV and α = −0.837 rad. Such a low tanβ point implies an
extremely large SUSY scale value, MS = O(100) TeV to accommodate a 125 GeV Higgs boson.
Notice, that the χ2 value is relatively flat all over the 1σ region and, thus, larger tanβ values
could also be appropriate, hence allowing for not too large SUSY scale values. Nevertheless, one
obtains that the pseudoscalar should verify MA >∼ 200 GeV in all cases.
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Figure 1 – Left: best-fit regions at 99%CL for the Higgs signal strengths in the three dimensional space [ct, cb, cV ]5.
Right: best-fit regions for the signal strengths and their ratios in the plane [tanβ,MA]; the best point is in blue 5.

3 Heavy scalar searches

In our quite “model–independent” approach, defined in eq. 5, we make no restriction on the
SUSY scale which can be at any value, even quite high. It allows to reopen the small tanβ
region, tanβ <∼ 3, that was long thought to be excluded from the negative search of a SM–like
scalar boson at LEP which set the limit Mh>∼114 GeV, but assuming a setting with MS <∼1 TeV.
If MS is large enough as indicated by present data (see Ref.4 for example), low tanβ values would
still be allowed. In the left-hand side of Fig. 2, we display the contours in the plane [tanβ,MS ]
for mass values in the window Mh = 120–132 GeV of the observed Higgs state.

The contour corresponding to the LEP2 limit Mh = 114 GeV indicates that tanβ ≈ 1 is
still viable provided that MS >∼ 20 TeV. The present value Mh = 125 sets stronger constraints:
for example, while one can accommodate a scale MS ≈ 1 TeV with tanβ ≈ 5, a large scale
MS ≈ 20 TeV is required to obtain tanβ ≈ 2. Let us discuss the implications for heavy Higgs
searches.

The most promising process to look for the heavier MSSM Higgs scalars is by far pp →
gg+bb→H/A→ττ . Searches for this channel have been performed by ATLAS 7 with ≈ 5 fb−1

data at the 7 TeV run and by CMS 8 with ≈ 5 + 20 fb−1 data at the 7 TeV and 8 TeV runs.
Upper limits on the production cross section times decay branching ratio have been set and
they can be turned into constraints on the MSSM parameter space. The sensitivity of the CMS
pp→ h,H,A→ ττ analysis in the plane [tanβ,MA] using 25 fb−1 of data can be found in Ref.8.
The excluded region obtained from the observed limit at the 95%CL is extremely restrictive and
for MA ≈ 250 GeV the high tanβ >∼ 10 region is entirely excluded and one is even sensitive to
large values MA ≈ 800 GeV for tanβ >∼ 45.

Nevertheless, there is a caveat to this exclusion limit because the constraint applies for a
particular benchmark, the maximal mixing scenario with Xt/MS =

√
6, assuming MS = 1 TeV.

In fact this exclusion limit is valid in far more situations than the “MSSM Mmax
h scenario” and

it should be extended to the low tanβ regime which, in the chosen scenario with MS = 1 TeV, is
excluded by the LEP2 limit on the lighter h mass but is resurrected if the SUSY scale is kept as
a free parameter. Reopening the low tanβ region allows to hunt for the heavier scalar bosons in
various interesting processes at the LHC. Heavier CP–even H decays into massive gauge bosons
H → WW,ZZ and lighter Higgs bosons H → hh, CP–odd scalar decays into a vector and a
Higgs boson, A→ hZ, CP–even and CP–odd scalar decays into top quarks, H/A→ tt̄, and the
charged scalar decays into a gauge boson and a Higgs boson, H± →Wh.

A preliminary study of these processes has been performed 3 relying on the searches for the
SM Higgs boson or other heavy resonances made by the ATLAS and CMS collaborations. The



results which are shown on the left-hand of Fig. 2 are interesting since these searches cover a
large part of the parameter space of the MSSM Higgs sector in a model–independent way, i.e.
without the need to precise the SUSY particle spectrum that appear in the quantum corrections.
More especially, the channels H → V V and H/A → tt̄ are very constraining as they probe the
entire low tanβ area up to MA ≈ 600 GeV. Notice that A → hZ and H → hh could also be
seen at the current LHC in small parts of the MSSM parameter space.
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Figure 2 – Left: contours for fixed values Mh = 120–132 GeV in the [tanβ,MS ] plane in the decoupling limit
MA � MZ ; the “LEP2 contour” for Mh = 114 GeV is shown in red. Right: the estimated sensitivities 3 in the
various search channels for the heavier MSSM Higgs bosons in the [tanβ,MA] plane: H/A→ττ , H→WW+ZZ,
H/A→ tt̄, A→hZ and H→hh. Taken from Ref.3.

4 Summary

We have discussed a simplified framework that describes the MSSM Higgs sector after the discov-
ery of the lighter h boson. Including the constraint Mh=125 GeV, it can be again parameterized
by the two inputs tanβ and MA as at tree-level, irrespective of the SUSY parameters that enter
the radiative corrections such as the SUSY scale MS . Allowing large MS values reopens the low
tanβ region which can be probed in many interesting processes at the LHC. This is the case of
e.g. the processes gg → H/A→ tt̄ which need further studies 9.
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1. Heavy flavours
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3. Astrophysics and Cosmology

4. Standard Model Physics

5. Beyond the Standard Model

II. General Outlook

1 Introduction. General Outlook

In this Conference we had more than 40 theoretical talks, some reviewing a subject and some
presenting original contributions. I cannot possibly do justice to all of them in such a short time
and I will use them as guide in order to present my summary. The list of the subjects is given
above and, as I go on, I will mention the particular contributions. I apologise for the numerous
omissions.

Let me start with the second topic, namely the General Outlook which can be stated in just
one sentence:

The Standard Model is complete!

In fact, we should not call it any more ”The Standard Model”, but The Standard Theory.

The Standard Theory has been enormously successful! It is a gauge theory of the group
SU(3)×SU(2)×U(1) spontaneously broken to SU(3)×U(1)em. It has four fundamental coupling
constants, i.e. the three gauge couplings g, g′ and g3, as well as the scalar coupling constant
λ, in addition to the Yukawa couplings of the scalar with the fermions which give rise to the
fermion masses. All these parameters have now been measured experimentally, the last one being
determined by the measurement of the scalar mass. Some are very small, ex. the electron Yukawa



coupling constanta, and others are quite appreciable, like the top-scalar coupling. It is remarkable
however, that they are all smaller than one and perturbation theory seems to be applicable. We
shall come back to this point presently.

Let us first ask the following question: are all these parameters truly independent, in other
words, can we reduce their number by imposing some relation among them? An example of such
a relation is λ = F (g), the scalar coupling being a function of the gauge coupling constants. There
have been very interesting attempts to impose such a relation of the form m2

Z/m2
S = (g2+g′2)/8λ =

C2 with C some fixed constant. This in turn implies a relation between the scalar and the gauge
boson masses. The renormalisation group equations allow us to address this question. In the tree
approximation we have:

C =
mZ

mφ
=

√
g2
1 + g2

2√
8λ

(1)

So, the question is: is there any renormalisation scheme, no matter how complicated in practice,
in which the relation (1) does not receive an infinite counterterm? Such a relation will correspond
to a zero of the β-function for the combination of the coupling constants which appears at the r.h.s.
of (1). The β-functions of the Standard Model, with or without fermions, have been computed at
one and two loops. With three coupling constants we can form the two ratios:

η1 =
g2
1

λ
; η2 =

g2
2

λ
; z = η1 + η2 ; ρ =

η1

η2
; w = η1η2 (2)

Notice that λ must be positive, otherwise the classical Higgs potential is unbounded from
below. This implies that both η’s are positive. If we leave out the fermions, the corresponding
β-functions are given by:

βη1 =
1
λ2

(2g1λβg1 − g2
1βλ) =

=
λ

16π2

(
2η2

1 − 12η1 + 9η1η2 −
27
100

η3
1 −

9
10

η2
1η2 −

9
4
η1η

2
2

)
βη2 =

1
λ2

(2g2λβg2 − g2
2βλ) =

= − λ

16π2

(
16
3

η2
2 + 12η2 −

9
5
η1η2 +

27
100

η2
1η2 +

9
10

η1η
2
2 +

9
4
η3
2

)
(3)

Using (3) we can investigate any ratio of the Higgs and the gauge boson masses. For the
combination (1) we obtain:

βz = βη1 + βη2 =

=
−λw

16π2ρz

[(
27
100

ρ2 +
9
10

ρ +
9
4

)
z2 −

(
2ρ2 +

54
5

ρ− 16
3

)
z + 12(ρ + 1)2

] (4)

It is easy to check that the quadratic form in the r.h.s. of (4) never vanishes for real and
positive z and ρ. This implies that the relation (1) will be violated in one loop, no matter which
renormalisation scheme one is using.

Similarly, we can check whether the ratio mW /mφ can provide a stable fixed point by looking
for possible zeros of the β-function of η2, eq. (3). The result is again negative. It is easy to show
that adding the fermions does not produce any fixed points either and this applies to any other
combination of the parameters of the theory. This allows us to conclude that:

aIf the neutrinos acquire their masses through the same Yukawa mechanism as the other fermions, the corre-
sponding coupling constants must be really tiny. This point has been discussed in this Conference and we shall
mention it later on.



The Standard Theory is irreducible under renormalisation!

It has all necessary coupling terms and nothing more. It is the extreme totalitarian system:
everything which is not forbidden is compulsory.

1.1 The perturbation expansion.

The Standard Model is a renormalisable quantum field theory. Through the Feynman rules we
obtain well defined expressions for any correlation function to any order of perturbation. Depending
on the numerical value of the various coupling constants, we expect to find three different regimes:
(i) the strong coupling regime, in which g ≥ 1 for at least one coupling constant, (ii) the weak
coupling regime, in which g << 1 for all coupling constants and (iii) a ”gray area” in between. We
expect perturbation theory to be reliable in (ii), we have developed a strong coupling approach
based on lattice simulations for (i), and we are in the dark for (iii). In fact, at present energies
the Standard Model appears to be in the gray area with some coupling constants rather large,
although still smaller than one. Why does perturbation theory work so well? We can show the
problem by a hand-waving argument. Let An be the nth order term in the perturbation expansion
of some quantity A. We expect to have:

An ∼ αn(2n− 1)!! (5)

where α is a typical coupling constant α = g2/4π and the double factorial comes from the estimated
number of diagrams at the αn ∼ g2n order. In writing (5) we have made the following assumptions:
(i) all diagrams at a given order give positive contributions and, (ii) the value of each diagram
is roughly equal to one. Although neither one is correct for a general theory, we still expect the
estimation to give the right order of magnitude. The perturbation theory breaks down when we
have:

An ∼ An+1 ⇒ 2n + 1 ∼ α−1 (6)

This sounds fine for QED with α ∼1/137, but what about QCD at Q2 ∼ 10GeV 2? We have
no rigorous answer to this question, but we believe we understand the structure of the theory and
we have developed powerful techniques to perform calculations which, although still perturbative,
go beyond the näıve Feynman diagram expansion. (For the details, stay in Moriond next week.).
The conclusion is that the validity of (improved) perturbation theory seems to extend deep inside
the gray area.

1.2 The strong coupling regime.

In the strong coupling regime we use a lattice approximation. It is a direct numerical computation
of the functional integral and the formulation is interesting in its own right.

Let us consider, for simplicity, a lattice with hypercubic symmetry. The space-time point xµ

is replaced by:

xµ → nµa (7)

where a is a constant length, (the lattice spacing), and nµ is a d-dimensional vector with compo-
nents nµ = (n1, n2, ..., nd) which take integer values 0 ≤ nµ ≤ Nµ. Nµ is the number of points of
our lattice in the direction µ. The total number of points, i.e. the volume of the system, is given
by V ∼

∏d
µ=1 Nµ. The presence of a introduces an ultraviolet, or short distance, cut-off because

all momenta are bounded from above by 2π/a. The presence of Nµ introduces an infrared, or
large distance cut-off because the momenta are also bounded from below by 2π/Na, where N is
the maximum of Nµ. The infinite volume continuum space is recovered at the double limit a→ 0
and Nµ →∞.



The dictionary between quantities defined in the continuum and the corresponding ones on the
lattice is easy to establish (we take the lattice spacing a equal to one):

1. A field Ψ(x) ⇒ Ψn

2. A local term such as Ψ̄(x)Ψ(x) ⇒ Ψ̄nΨn

3. A derivative ∂µΨ(x) ⇒ (Ψn −Ψn+µ)

where n + µ should be understood as a unit vector joining the point n with its nearest
neighbour in the direction µ.

4. The kinetic energy termb Ψ̄(x)∂µΨ(x) ⇒ Ψ̄nΨn − Ψ̄nΨn+µ

5. A gauge transformation Ψ(x)→ eiΘ(x)Ψ(x) ⇒ Ψn → eiΘnΨn

All local terms of the form Ψ̄nΨn remain invariant but the part of the kinetic energy which
couples fields at neighbouring points does not.

6. The kinetic energy Ψ̄nΨn+µ → Ψ̄ne−iΘneiΘn+µΨn+µ

which shows that we recover the problem we had with the derivative operator in the continuum.
In order to restore invariance we must introduce a new field which has indices n and n + µ. We
denote it by Un,n+µ and we shall impose on it the constraint Un,n+µ = U−1

n+µ,n. Under a gauge
transformation, U transforms as:

Un,n+µ → eiΘnUn,n+µe−iΘn+µ (8)

With the help of this gauge field we write the kinetic energy term with the covariant derivative
on the lattice as:

Ψ̄n Un,n+µ Ψn+µ (9)

which is invariant under gauge transformations.
U is an element of the gauge group but we can show that, at the continuum limit and for an

infinitesimal transformation, it reproduces correctly Aµ, which belongs to the Lie algebra of the
group. Notice that, contrary to the field Ψ, U does not live on a single lattice point, but it has
two indices, n and n + µ, in other words it lives on the oriented link joining the two neighbouring
points. We see here that the mathematicians are right when they do not call the gauge field “a
field” but “a connection”.

In order to finish the story we want to obtain an expression for the kinetic energy of the gauge
field, the analogue of TrGµν(x)Gµν(x), on the lattice. As for the continuum, the guiding principle
is gauge invariance. Let us consider two points on the lattice n and m. We shall call a path pn,m

on the lattice a sequence of oriented links which join continuously the two points. Consider next
the product of the gauge fields U along all the links of the path pn,m:

P (p)(n, m) =
∏
p

Un,n+µ...Um−ν,m (10)

Using the transformation rule (8), we see that P (p)(n, m) transforms as:

P (p)(n, m)→ eiΘnP (p)(n, m)e−iΘm (11)

It follows that if we consider a closed path c = pn,n the quantity TrP (c) is gauge invariant. The
simplest closed path for a hypercubic lattice has four links and it is called plaquette. The correct

bWe write here the expression for spinor fields which contain only first order derivatives in the kinetic energy.
The extension to scalar fields with second order derivatives is obvious.



form of the Yang-Mills action on the lattice can be written in terms of the sum of TrP (c) over all
plaquettes.

On the lattice the functional integral becomes an ordinary multiple integral, in principle com-
putable numerically. However, there are still several problems which should be addressed, both
conceptual and technical:

1. Fermions. We just saw that the lattice provides for a cut-off which removes all divergences
and respects gauge invariance. Therefore, it must violate chiral symmetry, otherwise we
would have obtained a regularised theory with no axial anomaly. This is an old problem
known as the Nielsen-Ninomiya theorem. There are several ways to bypass it, the most
common one, introduced already by Ken Wilson, consisting of doubling all fermion species
on the lattice. One can show that it is possible to recover the usual theory with the physical
fermion content in the continuum limit. Alternative formulations, such as starting from a
five dimensional theory, also exist.

2. Computers do not know how to handle anti-commuting variables, so, integrating over fermion
fields is not straightforward. Fortunately, we never have to do it, because all terms in the
Standard Model Lagrangian are at most quadratic in the fermion fields. So, the integration
can be done analytically and we recover a determinant which depends on the gauge fields.

3. Computing the determinant for every gauge field configuration is a time-consuming operation.
For this reason most early lattice calculations assumed non-dynamical fermions, the so-called
quenched approximation. It is only recently, with the last generation of powerful computing
systems, that real dynamical fermions can be included.

4. Even today a realistic computation covering the entire energy scale of interest in QCD,
from the spontaneous breaking of chiral symmetry with real pions all the way to match
perturbative calculations, is beyond our reach. These phenomena can be studied only by
extrapolations. However, with the projected increase in computing power, such ”dream”
calculations can be expected for the next decade.

5. At present we have a good fit of hadron spectra with the exception of the very light pseudo
scalars which are sensitive to the spontaneous breaking of chiral symmetry. In addition, the
matrix elements describing the weak decays of heavy quarks are also quite reliably estimated
(see the talk by F. SanFilippo).

1.3 New Physics.

We have been told repeatedly that New Physics is around the corner.....but, for the moment, we
see no corner! There exist, however, good reasons to believe that new physics is indeed there,
except that the corner may be a bit further than what we thought.

The ST is a renormalisable Quantum Field Theory. As such, it gives perfectly well-defined
answers for every correlation function at any order in perturbation theory. Remember, however,
that parameters such as masses and coupling constants are not calculable. They are taken by
experiment. From the mathematical point of view any number is as good as any other but this
leaves some conceptual questions unanswered.

1. Hierarchy: Why all dimensionless numbers are not of order one. In particular, why there
seem to be widely separated mass scales. The problem is physical, not mathematical.

2. Naturalness, or Fine tuning: Why some choice of parameters may require fine tuning in
perturbation.

Both problems are aesthetic. If you are happy with very small, or very large, numbers, you do
not have to worry about them. We can show the problem using Wilson’s effective theory approach.



Consider any 4-dim renormalisable theory. Integrate over all modes of the fields with energy
above a given scale M . M does not have to correspond to a physical scale. You obtain an effective
theory in terms of the light , i.e. lighter that M , modes. The general form of this theory will be
an infinite sum of terms of the form:

Leff =
∑

i

Ci(g,M)Oi (12)

where Oi form an infinite set of all local operators which are consistent with the symmetries of
the initial theory and Ci are c-number functions of the coupling constants and the scale M . If
the initial theory is renormalisable, the coefficient functions Ci can be computed in perturbation.
Notice that this expansion is valid irrespectively of whether the initial theory was ”fundamental”
or ”effective”. The dependence of the Ci’s on M can be deduced by dimensional analysis. If di is
the dimension of the operator Oi, the corresponding coefficient is proportional to M to the power
(4−di). We see that we obtain three kinds of terms. (i) Those with di > 4 have a negative power of
M and they become irrelevant for large M . (ii) Those with di = 4 are marginal operators and their
coefficients are M -independentc. Since the Standard Model is irreducible, all these terms appear
already in the original Lagrangian. (iii) Finally we have terms with di < 4 whose coefficients
have positive powers of M and become dominant for large M . The only dominant operator in
the Standard Model is the scalar mass term: m2

Sφ2
S. It will grow as M2, unless, for some reason,

its coefficient vanishes. This will require the introduction of new physics and we heard in this
Conference several ways such a thing could happen.

2 What we have learned

I shall follow the topics, as they were presented in the Conference.

2.1 Heavy flavours

Many contributions by W. Altmannshofer, Ch. Bobeth, S. Descotes-Genon, M. Gorbahn, F. Sala,
F. SanFilippo, A. Tayduganov.

Heavy flavors present a rich and exciting phenomenology, but we have to admit that we do
not understand the underlying physics. It was I. Rabi who, after the identification of the muon,
almost seventy years ago, asked the question: ”who ordered that?” The question is still with
us extended to all quark and lepton flavours beyond the first family. Even if we forget about
neutrinos, their masses are spread over a wide range of more than five orders of magnitude and
this creates a naturalness problem which we do not understand. We try to turn it into a blessing.
For example, b-quarks present an interesting new source of CP violation and they are the subject
of both experimental and theoretical investigation. Rare decays may reveal the presence of new
physics.

2.2 Neutrinos

We had many reviews and contributions: R. Alonso, G. Altarelli ( general review), F. Capozzi, P.
Coloma, M. Drewes, A. Kartavtsev, F. Lyonnet, M. Maltoni (on sterile neutrinos), P. Schwaller,
Y. Wong

Neutrinos have provided the only experimental results which, quite probably, point already
to physics beyond the Standard Model. It is a data driven subject in which, for a change, the
theorists did not play the major role. There have been very few new ideas and most of them
provide an independent indication for the possible existence of a GUT-like scale.

A point which was emphasised in this Conference is that the presence of sterile neutrinos will
not help in the effort to remove the discrepancies and fit all the experimental results. Unless
something totally unexpected happens, some measurements should be revised.

cWe ignore in this discussion any logarithmic dependance on M .



From G. Altarelli’s review: So far no real illumination came from leptons to be combined with
the quark sector for a more complete theory of flavour

2.3 Astrophysics and Cosmology

We were presented with great new results in astrophysics and cosmology. Since they were essentially
experimental, I will mostly mention them very briefly

1. Planck: Beautiful measurements of CMB anisotropies in temperature and polarisation.

(See the theory talk by J. Hamann.)

2. Ice Cube: We enter the era of High Energy Neutrino Astronomy.

(See the theory talks by I. Saba, G. Sigl and I. Tamborra.)

3. BICEP2: First evidence for the B-mode in polarisation. The trace of primordial gravitational
waves?

Let me remind you here the well known fact that scattering on free electrons can produce
linearly polarised light. Let us choose the rest frame of the target electron and consider a
beam of photons incident along the z axis. The initial polarisation vectors ~εi lie on the x− y
plane. If we look at a scattered photon at large angles, say along the x axis, its polarisation
vector ~εf will lie on the y − z plane. Thompson’s classical formula tells us that only the y
component survives, i.e., even if the incident beam was unpolarised, the scattered photon
will be linearly polarised.

According to the Standard Cosmological Model, the Universe started very hot and dense and
it cools down as it expands. During this process it went through several phase transitions.
When the temperature was above a few keV, matter consisted of a hot plasma made out of
electrons and protons with some light nuclei, mainly helium. Photons were trapped in the
plasma and were not free. As the temperature dropped electrons and nuclei combined to
form the first atoms. Matter became neutral and photons could travel freely through space
and can be observed today. They carry precious information regarding the conditions that
prevailed when they last interacted with free electrons, i.e. the moment of recombination.
According to the model, this happened at a time around 380000 years after the big bang.
Because of the expansion, the photon wave length has since been redshifted and today it is
observed as a cosmic microwave background (CMB) radiation. It is remarkably homogeneous
and isotropic and this fact is best understood in the framework of the so-called inflation
model which postulates that, at very early times, of the order of 10−33 seconds after the big
bang, the Universe went through a state of exponentially fast expansion. Thus, the present
visible Universe results from a very small region of the early Universe and the study of the
CMB radiation brings to us the earliest information of the world history. This information
is of two kinds. First, we observe density and temperature fluctuations of the order 10−5.
They are at the origine of the formation of the large structures we observe today. A second
kind of information concerns the polarisation of the CMB photons. As we noticed already,
scattering at 90 degrees of unpolarised photons produces linear polarisation. However, if,
in the electron rest frame, the incident radiations along the z and the y axis have the same
intensity, the polarisation of the photons scattered in the x direction, cancels. It follows that
a net polarisation will reveal the presence of anisotropies along perpendicular directions, i.e.
quadrupole anisotropies, at the moments just before the last scattering. It is assumed that
inflation has washed out any large anisotropies, so the polarisation is expected to be small.
We can treat these anisotropies as perturbations and make a multipole expansion in scalar,
vector, tensor etc. We can imagine various sources of such perturbations. In the inflation
model scalar perturbations come from density anisotropies, vector perturbations from the
presence of magnetic vortices in the plasma and tensor perturbations from the presence of



gravitational waves created during the set up of inflation. These perturbations are expected
to leave their imprint in the polarisation pattern of CMB radiation.

Like any vector field, a polarisation ~ε(~x) of the CMB radiation can be decomposed into
a pure gradient part and a pure curl part. They have different transformation properties
under parity: the first, called the E-mode, is a pure vector and the second, the B-mode,
a pseudo-vector. The scalar perturbations will contribute only to the E-mode because we
cannot make a pseudo-vector out of the derivatives of a scalar. The E-mode polarisation has
been measured already and it is well correlated with the observed temperature fluctuations.
A B-mode can come only from vector or tensor perturbations. The first are expected to be
very small because inflation has presumably diluted any primordial vortices in the plasma, so
we are left with gravitational waves as the principal source of a B-mode. Furthermore, their
presence is a generic prediction of all inflation models. Therefore, it is easy to understand
the excitement caused by the BICEP2 results which were shown in this Conference. They
have the magnitude and the properties expected from inflation models. At this moment this
observation is still preliminary but, if it is confirmed by independent measurements and if all
other sources of contamination are eliminated, it will be the first, albeit indirect, observation
of gravitational waves.

4. Limits on Dark Matter searches were presented together with planned new experiments.
Several theoretical talks addressed the question in the framework of specific models. I will
mention them mostly in the section ”Beyond the Standard Model”. More specifically, see
the contributions of J.Heisig and T. Scarna.

2.4 Standard Model Physics

Several subjects have been discussed. I will present my conclusions.

1. The Standard Model and scale invariance.

We had a good discussion on this subject (see talks by M. Raidal, K. Kannike, M. Schmaltz).
The conclusion is that the Standard Model is not scale invariant. This result does not depend
on the particular regularisation scheme one uses to perform the renormalisation.

In fact, the only generic 4-dim, non-trivial, scale invariant, quantum field theory is the N=4
supersymmetric theory with an SU(k) gauge symmetry. The beta-function vanishes and the
coupling constant does not run. This theory has remarkable properties which may lead to
complete integrability and are the subject of intense scrutiny during the last years with very
exciting perspectives.

2. Possible new particles without new physics.

We had the example of axions. They are part of QCD with massive quarks, so they do
not imply necessarily ”new physics”, although, in practice, all proposed models have some
features beyond the Standard Model. Their detailed properties are model-dependent. (See
review by A. Ringwald).

Let me remind you that taking into account in the QCD functional integral gauge field
configurations with non-trivial boundary conditions, amounts into adding to the effective
Lagrangian a term proportional to εµνρσFµνF ρσ = FF̃ and work with an effective action:

Seff = SY M +
iθ

32π2

∫
d4xFF̃ (13)

with SY M the usual Yang-Mills term and θ an arbitrary constant. Our old perturbation
theory corresponds to the particular value θ = 0. In other words, a Yang-Mills theory has
a more complex structure than näıvely anticipated, namely it contains a second “hidden”
coupling constant, the parameter θ. It is easy to show that this new term is equal to the



integral over all space of a four-divergence, however it would be a mistake to ignore it because
the assumption that all fields always vanish at infinity is not correct for a gauge theory.

∂µGµ = TrF̃µνF
µν (14)

with

Gµ = 2εµνρσTr
(

Aν∂ρAσ +
2
3
AνAρAσ

)
(15)

Gµ is not gauge invariant but, as shown in (14), its divergence is.

FF̃ is a pseudoscalar, therefore for θ 6= 0 this term violates parity. Since it conserves charge
conjugation, it violates CP and, consequently, time-reversal invariance. This is also obvious
from the presence of the i-factor. If there were no other sources of CP violation in the theory,
we could set θ = 0, but we know that weak interactions will induce a non-zero θ term. Since
strong interactions are known to conserve CP and T , it means that experiments should put
severe bounds on the allowed values of θ for QCD. It turns out that the strongest constraint
comes from the absence of a neutron electric dipole moment. It can be translated as an
upper bound for θ of the order θ < 10−9, several orders of magnitude smaller than what we
could näıvely expect from the electroweak radiative corrections. This is known as the strong
CP problem and a deeper explanation is clearly needed.

The simplest and most elegant solution is to assume that at least one quark species is
massless. The best candidate is the u quark. Then a chiral transformation on the quark
fields will produce, through the axial anomaly, an FF̃ term which could absorb whichever θ
term we had put in. The trouble is that mu = 0 does not seem to be compatible with the
results of chiral perturbation theory, so we must look for a different explanation.

Roberto Peccei and Helen Quinn proposed to enlarge the model in such a way as to restore
a U(1) axial symmetry, even in the presence of massive quarks. For the Standard Model a
simple way to achieve this goal is to consider two BEH doublets, one which is coupled only to
up-type quarks and a second one for the down-type. Now we have an extra freedom, namely
to perform phase changes of the scalar fields. It is easy to check that the θ-term can be
absorbed and no CP violation is induced. However, as Steven Weinberg and Franck Wilczek
have observed, this U(1)PQ is spontaneously broken at the classical level, since both BEH
doublets acquire a non-zero vacuum expectation value. The resulting Goldstone boson does
not remain massless, because of the instanton effects. It follows that such a theory contains a
pseudo-scalar pseudo-Goldstone boson which is called an axion. Its detailed properties, mass
and couplings, depend on the particular model. The simplest two doublet model is already
ruled out by experiment, but other models are not. An active experimental programme is
being currently pursued aiming to the discovery and, possibly the study, of axions.

3. The properties of the new scalar boson.

(See contributions by K. Kannike, A. Pomarol, M. Raidal and C. Weiland)

This is, obviously, a very important topic, although it is mostly the domain of experimental-
ists. We have to make sure that it is the boson of the Standard Model and, for that purpose,
we must study and measure all its detailed properties.

From the theoretical side people try to determine its general properties, as well as possible
signals of new physics.

Even if we have argued that new physics is expected at a nearby energy scale, it is still
interesting to study the properties of the scalar potential as a function of the scale. Such
studies had been done before the discovery, but now we have all the information. The
intriguing result is that the measured value of the mass lies at the border of metastability:



the scalar potential becomes metastable at very high energies. I confess I do not know
whether this is an important result, or a mere numerical coincidence.

Many contributions presented in this Conference aim at giving a precise picture of possible
new physics via the study of the properties of the scalar boson. If any departure from the
Standard Model values is detected, we shall know what kind of extensions we should consider.

4. The electric dipole moments as probes for new physics (Review by J. Hisano).

Non-zero electric dipole moments are only possible if time reversal invariance is violated. In
the Standard Model these effects are suppressed, so the predicted values of EDM’s are very
small. This makes these quantities good probes for new physics, provided the latter offers the
possibility of enhancing CP -violation effects. In this review we had a comprehensive picture
of possible effects, but also the difficulties in interpreting whichever signals may occur.

2.5 Beyond the Standard Model

This has occupied a large part of the presentations. Even those which I have already mentioned
previously, contain analysis for possible new physics. Specific contributions include: M. Badziak, C.
Biggio, M. Buchkremer, D. Buttazzo, O. Eberhardt, S. Fukasawa, M. Jung, D. Litim, F. Lyonnet,
D. Marzocca, S. Najjari, Ch. Petersson, J. Quevillon.

In a model independent way, we can use the analysis based on the Wilson expansion shown in
equation (12). Here M represents the scale for new physics. Operators with dimensions di > 4,
the ones we called ”irrelevant operators”, will give contributions suppressed by M4−di . Since
such operators may contribute to processes beyond the Standard Model, such as the EDM’s we
mentioned before, they provide sensitive tests of New Physics.

Supersymmetry is still the favourite model for both theorists and experimentalists. I am sure
by now everybody has heard about supersymmetry more than he ever wished to know, so I will not
present the details of any model. It is the most attractive and the most seminal theoretical idea
of the last decades, but we have to admit that, if it is the way chosen by Nature, we do not know
neither how, nor where it is broken. I was pleased to see that both theorists and experimentalists
have escaped the unjustified tyranny of MSSM and the data are presented, as much as possible,
in a model independent way. In the notation we used in equation (12), supersymmetry ensures
that the coefficient CS of the scalar mass term, which is proportional to M2, vanishes and the
fine tuning problem is eliminated. The second good thing about supersymmetry is that in order
for this to happen, M cannot be arbitrarily large. We hope it will turn out to be within reach of
improved LHC and we are looking forward to exciting discoveries.

3 Conclusions

• The field is active showing a good collaboration between theorists and experimentalists.

• More than 40 theoretical presentations, many coming from young researchers.

•We have the clear feeling of excitement, both from the long awaited confirmation of the Standard
Theory, as well as from the expectation of New Physics.

I end with a story (A. Pais, Inward Bound)
A tourist was visiting Washington DC. Behind the National Archives he noticed a statue of a

seated woman holding an open book on her lap. Underneath there was the inscription: What is
past is prologue. What does it mean? he asked his guide. And the latter replied: It means you
ain’t heard nothing yet.
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