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• The 126 GeV Higgs is standard
– Not so surprising - to the level of precision that its 

properties are measured.  That was expected for 
most of the parameter space of SUSY models - 
even if large deviations are possible.

• No sign of new physics in B-observables 
• No sign of BSM at LHC
• But we have strong evidence for dark matter 
• What can we learn on DM from the Higgs?

– How non-standard can the Higgs be?
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Light dark matter
• mDM< mh/2 --> direct 

link with Higgs physics
• Hints in direct detection
• DAMA, CoGENT, CDMS-

Si, CRESST all reported 
some signals compatible 
with light DM 

• Exclusion by Xenon ...
• Hints indirect detection
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served in Detector 3 of Tower 5. These detectors were
near the middle of their respective tower stacks. Fig. 2
illustrates the distribution of events in and near the sig-
nal region of the WIMP-search data set before (top) and
after (bottom) application of the phonon timing criterion.
Fig. 3 shows an alternate view of these events, expressed
in “normalized” versions of yield and timing that are
transformed so that the WIMP acceptance regions of all
detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7σ, 4.9σ, and 5.1σ. A study on possible leakage
into the signal band due to 206Pb recoils from 210Po de-
cays found the expected leakage to be negligible with
an upper limit of < 0.08 events at the 90% confidence
level. The energy distribution of the 206Pb background
was constructed using events in which a coincident α par-
ticle was detected in a detector adjacent to one of the 8
Si detectors used in this analysis.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [25]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [26], and the Helm form factor [27]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4× 10−41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ∼ 7%. In
addition, neutron calibration multiple scattering effects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ∼ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our
signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis,
including the event energies, in which the background
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FIG. 4. Experimental upper limits (90% confidence level) for

the WIMP-nucleon spin-independent cross section as a func-

tion of WIMP mass. We show the limit obtained from the

exposure analyzed in this work alone (blue dotted line), and
combined with the CDMS II Si data set reported in [23, 28]

(blue solid line). Also shown are limits from the CDMS

II Ge standard [17] and low-threshold [29] analysis (dark
and light dashed red), EDELWEISS low-threshold [30] (long-
dashed orange), XENON10 S2-only [31] (dash-dotted green),
and XENON100 [32] (long-dash-dotted green). The filled re-

gions identify possible signal regions associated with data

from CoGeNT [33] (dashed yellow, 90% C.L.), DAMA/LIBRA

[10, 34] (dotted tan, 99.7% C.L.), and CRESST [12, 35] (dash-
dotted pink, 95.45% C.L.) experiments. 68% and 90% C.L.

contours for a possible signal from these data are shown in

light blue. The blue dot shows the maximum likelihood point

at (8.6 GeV/c
2
, 1.9× 10

−41
cm

2
).

rates were treated as nuisance parameters and the WIMP
mass and cross section were the parameters of interest.
We profiled over probability distribution functions of the
rate for each of our known backgrounds. The highest like-
lihood was found for a WIMP mass of 8.6 GeV/c2 and
a WIMP-nucleon cross section of 1.9×10−41 cm2. The
goodness-of-fit test of this WIMP+background hypoth-
esis results in a p-value of 68%, while the background-
only hypothesis fits the data with a p-value of 4.5%.
A profile likelihood ratio test finds that the data favor
the WIMP+background hypothesis over our background-
only hypothesis with a p-value of 0.19%. Though this
result favors a WIMP interpretation over the known-
background-only hypothesis, we do not believe this result
rises to the level of a discovery.

Fig. 4 shows the resulting best-fit region from this
analysis (68% and 90% confidence level contours) on
the WIMP-nucleon cross-section vs. WIMP mass plane.
The 90% C.L. exclusion regions from CDMS II’s Ge
and Si analyses and EDELWEISS low-threshold analy-
sis cover part of this best-fit region, but the results are
overall statistically compatible. There is much stronger
tension with the upper limits from the XENON10 and
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DAMA
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vendredi 27 septembre 2013



Light dark matter
• mDM< mh/2 --> direct 

link with Higgs physics
• Hints in direct detection
• DAMA, CoGENT, CDMS-

Si, CRESST all reported 
some signals compatible 
with light DM 

• Exclusion by Xenon ...
• Hints indirect detection

• No clear DM signal
4
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FIG. 7: Examples illustrating how dark matter annihilations and astrophysical sources could combine to make up the observed

residual emission surrounding the Galactic Center. In the upper left frame, we show results for a 10 GeV dark matter particle

with an annihilation cross section of σv = 7 × 10
−27

cm
3
/s and which annihilates only to leptons (e+e−, µ+µ−

and τ+τ−
,

1/3 of the time to each). In the upper right frame, we show the same case, but with 10% of the annihilations proceeding to

bb̄. In the lower frame, we show results for a 30 GeV dark matter particle annihilating to bb̄ with an annihilation cross section

of σv = 6 × 10
−27

cm
3
/s. In each case, the annihilation rate is normalized to a halo profile with γ = 1.3. The point source

spectrum is taken as the broken power-law shown in Fig. 4, and the Galactic Ridge emission has been extrapolated from the

higher energy spectrum reported by HESS [12], assuming a pion decay origin and a power-law proton spectrum. See text for

details.

these uncertainties in mind, one should consider all an-
nihilation cross sections shown in Fig. 6 and elsewhere in
this paper to be accurate only to within a factor of a few.

Of course, it is also expected that astrophysical sources
will contribute to the Galactic Center’s gamma ray spec-
trum between 300 MeV and 10 GeV. In Fig. 7, we show
three examples in which emission from a central point
source (as shown in Fig. 4), along with emission from the
Galactic Ridge (as extrapolated from the higher energy
HESS emission, assuming a spectral shape that results
from a power-law spectrum of protons) combine with a
contribution from dark matter to generate the observed
residual emission. Note that the lowest energy emission
is largely generated by the central point source (as sug-
gested by the observed morphology) while the highest
energy bin is dominated by emission from the Galactic
Ridge. Only the 300 MeV-10 GeV range is dominated by
dark matter annihilation products.

C. Millisecond Pulsars

A population of gamma ray point sources surround-
ing the Galactic Center could also potentially contribute
to the observed residual emission. Millisecond pulsars,
which are observed to produce spectra that fall off rapidly
above a few GeV, represent such a possibility [5, 17].

Observations of resolved millisecond pulsars by FGST
have found an average spectrum well described by
dNγ/dEγ ∝ E−1.5

γ exp(−Eγ/2.8GeV) [33]. Similarly, the
46 gamma ray pulsars (millisecond and otherwise) in the
FGST’s first pulsar catalog have a distribution of spec-
tral indices which peaks strongly at Γ =1.38, with 44
out of 46 of the observed pulsars possessing (central val-
ues of their) spectral indices greater than 1.0 [34] (see
Fig. 8). In contrast, to produce a sizable fraction of the
spatially extended residual emission between 300 MeV
and 10 GeV without exceeding the emission observed be-

Gamma-rays from Galactic 
Center
Hooper, Linden 1110.0006
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Outline
• How standard is the Higgs and 

implications for dark matter
• The special case of the MSSM
• Conclusion
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How standard is the Higgs?
• Carmi et al, 1202.3144, Azatov et al, 1202.3415, Espinosa et al, 

1202.3697, Klute et al, 1205.2699, Azatov et al, 1206.1058, Low 
et al, 1207.1093, Corbett et al, 1207.1344, Giardino et al, 
1207.1347, Ellis et al, 1207.1693, Montull et al 1207.1716, 
Espinosa et al, 1207.1717, Carmi et al, 1207.1718, Banerjee et 
al, 1207.3588, Bertolini et al, 1207.4209, Bonnet et al, 
1207.4599, Plehn et al, 1207.6108, Elander et al, 1208.0546, 
Djouadi, 1208.3436, Dobrescu, Lykken, 1210.3342, Moreau, 
1210.3977, Cacciapaglia et al 1210.8120, Corbett et al, 
1211.4580, Masso, Sanz, 1211.1320, Azatov, Galloway, 
1212.1380, GB et al, 1212.5244, Cheung et al, 1302.3794, Celis 
et al, 1302.4022, GB et al, 1302.5694, Falkowski et al, 
1303.1812, Cao et al, 1303.2426, Giardino et al, 1303.3570, Ellis 
et al, 1303.3879, Djouadi et al, 1303.6591, Chang et al, 
1303.7035, Dumont et al 1304.3369, Bechtle et al, 1305.1933 ....
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Generic Higgs couplings

• Scaling SM tree-level couplings

• Assume custodial symmetry CW=CZ=CV

• Assume family universality
• Loop-induced couplings: hgg, hγγ

– modified if tree-level couplings are modified even if only 
SM particles in the loop

– contributions from new particles
– 5 free parameters CU,CD,CV,ΔCg,ΔCγ

7

we assume that the CF are family universal). Moreover, we assume a custodial symmetry in
employing a single CW = CZ ≡ CV in Eq. (1). The structure we are testing thus becomes

L = g

�
CV

�
mWWµW

µ +
mZ

cos θW
ZµZ

µ

�
− CU

mt

2mW
t̄t− CD

mb

2mW
b̄b− CD

mτ

2mW
τ̄ τ

�
H . (2)

In general, the CI can take on negative as well as positive values; there is one overall sign ambi-
guity which we fix by taking CV > 0. Even in this restricted context, various types of deviations
of these three CI from unity are possible in extended theories such as Two-Higgs-Doublet Mod-
els (2HDMs), models with singlet-doublet mixing, and supersymmetric models such as the
Minimal Supersymmetric Standard Model (MSSM) and the Next-to-Minimal Supersymmetric
Standard Model (NMSSM).

In addition to the tree-level couplings given above, the H has couplings to gg and γγ that
are first induced at one loop and are completely computable in terms of CU , CD and CV if
only loops containing SM particles are present. We define Cg and Cγ to be the ratio of these
couplings so computed to the SM (i.e. CU = CD = CV = 1) values. However, in some of our
fits we will also allow for additional loop contributions ∆Cg and ∆Cγ from new particles; in
this case Cg = Cg + ∆Cg and Cγ = Cγ + ∆Cγ. The largest set of independent parameters in
our fits is thus

CU , CD, CV , ∆Cg, ∆Cγ . (3)

In this study, we focus on models in which the Higgs decays only to SM particles, in
particular not allowing for invisible (e.g. H → χ̃0

1χ̃
0
1, where χ̃

0
1 is the lightest SUSY particle) or

undetected decays (such as H → aa, where a is a light CP-odd, perhaps singlet scalar). This
approach, when we allow in the most general case for the CU , CD, CV , Cγ and Cg couplings
to be fully independent, encompasses a very broad range of models, including in particular
those in which the Higgs sector consists of any number of doublets + singlets, the only proviso
being the absence of decays of the observed ∼ 125 GeV state to non-SM final states. (A fit
for invisible Higgs decays was performed early on in [43].) This approach however does not
cover models such as composite models and Higgs-radion mixing models for which the V V H

coupling has a more complicated tensor structure than that given in Eq. (2). Our procedure
will also be inadequate should the observed signal at ∼ 125 GeV actually arise from two or
more degenerate Higgs bosons (see e.g. [44, 45]). Although the success of our fits implies that
there is no need for such extra states, the explicit tests for degenerate states developed in [46]
should be kept in mind as a means to test directly for two or more Higgs bosons contributing
to the signal at 125–126 GeV.

This paper is organized as follows. The experimental inputs and our fitting procedure are
described in Section 2. The results of three generic fits are presented in Section 3 together with
the results of a fit in Two-Higgs-Doublet models. Section 4 contains our conclusions.

2
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• two independent production modes VBF+VH, ggF+ttH
• Four independent final states: γγ,VV, bb,ττ
• Combine ATLAS, CMS and Tevatron results from Moriond 

and LHCP 2013 - include error correlations among production 
modes

• Combined likelihood in µ(ggF+ttH) - µ(VBF+VH) plane  

8

Production in pp

Table 6: Final results of the searches at LEP2: local p-values for the consistency with the background-
only and signal+background hypotheses assuming MH = 115GeV, expected and observed mass limits
as derived in the LEP Higgs Working Group [194].

Pb-only Ps+b exp. limit obs. limit

LEP 0.09 0.15 115.3GeV 114.4GeV

ALEPH 3.3× 10−3 0.87 113.5GeV 111.5GeV

DELPHI 0.79 0.03 113.3GeV 114.3GeV

L3 0.33 0.30 112.4GeV 112.0GeV

OPAL 0.50 0.14 112.7GeV 112.8GeV

four jets 0.05 0.44 114.5GeV 113.3GeV

all but four jets 0.37 0.10 114.2GeV 114.2GeV

At the beginning of the LEP programme no solid limit existed on the mass of the Higgs boson. The
searches for the SM Higgs boson carried out by the four LEP experiments extended the sensitive range
well beyond that anticipated at the beginning of the LEP programme. This is due to the higher energy
achieved and to more sophisticated detectors and analysis techniques. The range below 114.4GeV was
and is difficult to be probed at past and current hadron colliders.

5 Higgs-boson production at hadron colliders

5.1 Higgs-boson production mechanisms and cross-section overview

The four main production mechanisms for SM Higgs bosons at hadron colliders are illustrated by some
representative LO diagrams in Figure 14. The size of the respective cross sections depends both on
the type of colliding hadrons and on the collision energy. Figures 15 and 16 show the total cross
sections of the various channels for the pp̄ collider Tevatron at its CM energy of

√
s = 1.96TeV and

for the pp collider LHC at the two energies
√
s = 7TeV and 14TeV. At the LHC, the energy increase

from 7TeV to 8TeV leads to an increase of 20−30% in the Higgs-boson production cross sections for
MH ∼ 100−200GeV. The energy step-up from 7TeV to 14TeV raises the cross sections even by a factor
of about 3−4 for these Higgs-boson masses, with the exception of tt̄H production, where the factor is
roughly 8. Globally, loop-induced Higgs-boson production via gluon fusion delivers the largest cross
section owing to the large gluon flux in high-energetic proton–(anti)proton collisions. The respective

H
Q

(a)

H

W/Z
W/Z

(b)

H

q

q

W/Z

W/Z

(c)

H

Q

Q̄

Q

Q

(d)

Figure 14: Representative leading-order diagrams for the main SM Higgs-boson production channels
at hadron colliders, where q and Q denote light and heavy quarks, respectively: (a) gluon fusion,
(b) Higgs-strahlung, (c) vector-boson fusion, (d) heavy-quark associate production.
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Htt̄ coupling, leading to a strong correlation with the ttH process, this need not be the
case in models with suppressed Htt̄ coupling and/or enhanced Hbb̄ coupling and most
especially in models with BSM loops.

The final states in which the Higgs is observed include γγ, ZZ(∗), WW
(∗), bb̄ and ττ . How-

ever, they do not all scale independently. In particular, custodial symmetry implies that the
branching fractions into ZZ

(∗) and WW
(∗) are rescaled by the same factor with respect to the

SM. We are then left with two independent production modes (VBF+VH) and (ggF+ttH), and
four independent final states γγ, V V

(∗), bb̄, ττ . In addition, in many models there is a common
coupling to down-type fermions and hence the branching fractions into bb̄ and ττ rescale by a
common factor, leading to identical µ values for the bb̄ and ττ final states.

The first purpose of the present paper is to combine the information provided by ATLAS,
CMS and the Tevatron experiments on the γγ, ZZ(∗), WW

(∗), bb̄ and ττ final states including
the error correlations among the (VBF+VH) and (ggF+ttH) production modes. Using a Gaus-
sian approximation, we derive for each final state a combined likelihood in the µ(ggF + ttH)
versus µ(VBF + VH) plane, which can then simply be expressed as a χ2. (Note that this does
not rely on ggF production being dominated by the top loop.) We express this χ2 as

χ2
i = ai(µ

ggF
i − µ̂

ggF
i )2 + 2bi(µ

ggF
i − µ̂

ggF
i )(µVBF

i − µ̂
VBF
i ) + ci(µ

VBF
i − µ̂

VBF
i )2 , (1)

where the upper indices ggF and VBF stand for (ggF+ttH) and (VBF+VH), respectively, the
lower index i stands for γγ, V V

(∗), bb̄ and ττ (or bb̄ = ττ), and µ̂
ggF
i and µ̂

VBF
i denote the best-

fit points obtained from the measurements. We thus obtain “combined likelihood ellipses”,
which can be used in a simple, generic way to constrain non-standard Higgs sectors and new
contributions to the loop-induced processes, provided they have the same Lagrangian structure
as the SM.

In particular, these likelihoods can be used to derive constraints on a model-dependent
choice of generalized Higgs couplings, the implications of which we study subsequently for
several well-motivated models. The choice of models is far from exhaustive, but we present our
results for the likelihoods as a function of the independent signal strengths µi in such a manner
that these can easily be applied to other models.

We note that we will not include correlations between different final states but identical
production modes which originate from common theoretical errors on the production cross sec-
tions [51, 57] nor correlations between systematic errors due to common detector components
(like EM calorimeters) sensitive to different final states (such as γγ and e

− from ZZ
(∗) and

WW
(∗)). A precise treatment of these ‘2nd order’ corrections to our contours is only possible if

performed by the experimental collaborations. It is however possible to estimate their impor-
tance, e.g., by reproducing the results of coupling fits performed by ATLAS and CMS, as done
for two representative cases in Appendix B. The results we obtain are in good agreement with
the ones published by the experimental collaborations.

In the next Section, we will list the various sources of information used for the determination
of the coefficients ai, bi, ci, µ̂

ggF
i and µ̂

VBF
i , and present our results for these parameters. In

Section 3, we parametrize the signal strengths µi in terms of various sets of Higgs couplings,
and use our results from Section 2 to derive χ2 contours for these couplings. In Section 4, we
apply our fits to some concrete BSM models, which provide simple tree-level relations between
the generalized Higgs couplings to fermions and gauge bosons. Our conclusions are presented

2
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Signal strength ellipses

9

µ̂
ggF

µ̂
VBF ρ a b c

γγ 0.98± 0.28 1.72± 0.59 −0.38 14.94 2.69 3.34

V V 0.91± 0.16 1.01± 0.49 −0.30 44.59 4.24 4.58

bb̄/ττ 0.98± 0.63 0.97± 0.32 −0.25 2.67 1.31 10.12

bb̄ −0.23± 2.86 0.97± 0.38 0 0.12 0 7.06

ττ 1.07± 0.71 0.94± 0.65 −0.47 2.55 1.31 3.07

Table 1: Combined best-fit signal strengths µ̂
ggF

, µ̂
VBF

and correlation coefficient ρ for various

final states, as well as the coefficients a, b and c for the χ2
in Eq. (1).
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Figure 1: Combined signal strength ellipses for the γγ, V V = ZZ,WW and bb̄ = ττ channels.

The filled red, orange and yellow ellipses show the 68%, 95% and 99.7% CL regions, respectively,

derived by combining the ATLAS, CMS and Tevatron results. The red, orange and yellow line

contours in the right-most plot show how these ellipses change when neglecting the Tevatron

results. The white stars mark the best-fit points.

parametrized by ellipses (or strips) in χ2
as in Eq. (1), which can subsequently be combined.

(In Appendix A we clarify how these combinations are performed.)

The resulting parameters µ̂
ggF

, µ̂
VBF

, a, b and c for Eq. (1) (and, for completeness, the

correlation coefficient ρ) for the different final states are listed in Table 1. The corresponding

68%, 95% and 99.7% CL ellipses are represented graphically in Fig. 1.

We see that, after combining different experiments, the best fit signal strengths are as-

tonishingly close to their SM values, the only exception being the γγ final state produced via

(VBF+VH) for which the SM is, nonetheless, still within the 68% CL contour. Therefore, these

results serve mainly to constrain BSM contributions to the properties of the Higgs boson.

The combination of the bb̄ and ττ final states is justified, in principle, in models where one

specific Higgs doublet has the same reduced couplings (with respect to the SM) to down-type

quarks and leptons. However, even in this case QCD corrections and so-called ∆b corrections

(from radiative corrections, notably at large tan β, inducing couplings of another Higgs doublet

to b quarks, see e.g. [64, 65]) can lead to deviations of the reduced Hbb and Hττ couplings

from a common value. Therefore, for completeness we show the result for the bb̄ final state

only (combining ATLAS, CMS and Tevatron results as given in the previous paragraph) in the

fourth line of Table 1, and the resulting 68%, 95% and 99.7% CL contours in the left plot in
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case in models with suppressed Htt̄ coupling and/or enhanced Hbb̄ coupling and most
especially in models with BSM loops.
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(∗), bb̄ and ττ . How-

ever, they do not all scale independently. In particular, custodial symmetry implies that the
branching fractions into ZZ
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SM. We are then left with two independent production modes (VBF+VH) and (ggF+ttH), and
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coupling to down-type fermions and hence the branching fractions into bb̄ and ττ rescale by a
common factor, leading to identical µ values for the bb̄ and ττ final states.
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(∗), bb̄ and ττ final states including
the error correlations among the (VBF+VH) and (ggF+ttH) production modes. Using a Gaus-
sian approximation, we derive for each final state a combined likelihood in the µ(ggF + ttH)
versus µ(VBF + VH) plane, which can then simply be expressed as a χ2. (Note that this does
not rely on ggF production being dominated by the top loop.) We express this χ2 as

χ2
i = ai(µ

ggF
i − µ̂

ggF
i )2 + 2bi(µ

ggF
i − µ̂

ggF
i )(µVBF

i − µ̂
VBF
i ) + ci(µ

VBF
i − µ̂

VBF
i )2 , (1)

where the upper indices ggF and VBF stand for (ggF+ttH) and (VBF+VH), respectively, the
lower index i stands for γγ, V V
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i denote the best-

fit points obtained from the measurements. We thus obtain “combined likelihood ellipses”,
which can be used in a simple, generic way to constrain non-standard Higgs sectors and new
contributions to the loop-induced processes, provided they have the same Lagrangian structure
as the SM.

In particular, these likelihoods can be used to derive constraints on a model-dependent
choice of generalized Higgs couplings, the implications of which we study subsequently for
several well-motivated models. The choice of models is far from exhaustive, but we present our
results for the likelihoods as a function of the independent signal strengths µi in such a manner
that these can easily be applied to other models.

We note that we will not include correlations between different final states but identical
production modes which originate from common theoretical errors on the production cross sec-
tions [51, 57] nor correlations between systematic errors due to common detector components
(like EM calorimeters) sensitive to different final states (such as γγ and e
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(∗)). A precise treatment of these ‘2nd order’ corrections to our contours is only possible if

performed by the experimental collaborations. It is however possible to estimate their impor-
tance, e.g., by reproducing the results of coupling fits performed by ATLAS and CMS, as done
for two representative cases in Appendix B. The results we obtain are in good agreement with
the ones published by the experimental collaborations.

In the next Section, we will list the various sources of information used for the determination
of the coefficients ai, bi, ci, µ̂

ggF
i and µ̂

VBF
i , and present our results for these parameters. In

Section 3, we parametrize the signal strengths µi in terms of various sets of Higgs couplings,
and use our results from Section 2 to derive χ2 contours for these couplings. In Section 4, we
apply our fits to some concrete BSM models, which provide simple tree-level relations between
the generalized Higgs couplings to fermions and gauge bosons. Our conclusions are presented

2

µ̂
ggF

µ̂
VBF ρ a b c

γγ 0.98± 0.28 1.72± 0.59 −0.38 14.94 2.69 3.34

V V 0.91± 0.16 1.01± 0.49 −0.30 44.59 4.24 4.58

bb̄/ττ 0.98± 0.63 0.97± 0.32 −0.25 2.67 1.31 10.12

bb̄ −0.23± 2.86 0.97± 0.38 0 0.12 0 7.06

ττ 1.07± 0.71 0.94± 0.65 −0.47 2.55 1.31 3.07

Table 1: Combined best-fit signal strengths µ̂
ggF

, µ̂
VBF

and correlation coefficient ρ for various

final states, as well as the coefficients a, b and c for the χ2
in Eq. (1).
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Figure 1: Combined signal strength ellipses for the γγ, V V = ZZ,WW and bb̄ = ττ channels.

The filled red, orange and yellow ellipses show the 68%, 95% and 99.7% CL regions, respectively,

derived by combining the ATLAS, CMS and Tevatron results. The red, orange and yellow line

contours in the right-most plot show how these ellipses change when neglecting the Tevatron

results. The white stars mark the best-fit points.

parametrized by ellipses (or strips) in χ2
as in Eq. (1), which can subsequently be combined.

(In Appendix A we clarify how these combinations are performed.)

The resulting parameters µ̂
ggF

, µ̂
VBF

, a, b and c for Eq. (1) (and, for completeness, the

correlation coefficient ρ) for the different final states are listed in Table 1. The corresponding

68%, 95% and 99.7% CL ellipses are represented graphically in Fig. 1.

We see that, after combining different experiments, the best fit signal strengths are as-

tonishingly close to their SM values, the only exception being the γγ final state produced via

(VBF+VH) for which the SM is, nonetheless, still within the 68% CL contour. Therefore, these

results serve mainly to constrain BSM contributions to the properties of the Higgs boson.

The combination of the bb̄ and ττ final states is justified, in principle, in models where one

specific Higgs doublet has the same reduced couplings (with respect to the SM) to down-type

quarks and leptons. However, even in this case QCD corrections and so-called ∆b corrections

(from radiative corrections, notably at large tan β, inducing couplings of another Higgs doublet

to b quarks, see e.g. [64, 65]) can lead to deviations of the reduced Hbb and Hττ couplings

from a common value. Therefore, for completeness we show the result for the bb̄ final state

only (combining ATLAS, CMS and Tevatron results as given in the previous paragraph) in the

fourth line of Table 1, and the resulting 68%, 95% and 99.7% CL contours in the left plot in

4

GB, Dumont, Ellwanger, Gunion, Kraml, 1306.2941

without 
Tevatron
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Reduced Higgs couplings

• Here  ΔCg,ΔCγ =0, no invisible decays

10

0 0.5 1 1.5 2
0

0.5

1

1.5

2

CD

C
U

0 0.5 1 1.5 2
0

0.5

1

1.5

2

CV

C
U

0 0.5 1 1.5 2
0

0.5

1

1.5

2

Cγ

C
g

Figure 5: Fit of CU > 0, CD > 0 and CV for ∆Cg = ∆Cγ = 0. The red, orange and yellow areas

are the 68%, 95% and 99.7% CL regions, respectively, assuming invisible decays are absent.

The white star marks the best-fit point.
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Figure 6: As in Fig. 5 but for CV ≤ 1.

(allowing for) invisible/unseen decay modes of the Higgs. Allowing for invisible/unseen decay

modes again relaxes the ∆χ2
behavior only modestly. The best fit point always corresponds to

Binv = 0.

An overview of the current status of invisible decays is given in Fig. 8, which shows the

behavior of ∆χ2
as a function of Binv for various different cases of interest:

a) SM Higgs with allowance for invisible decays — one finds Binv < 0.09 (0.19);

b) CU = CD = CV = 1 but ∆Cγ,∆Cg allowed for — Binv < 0.11 (0.29);

c) CU , CD, CV free, ∆Cγ = ∆Cg = 0, — Binv < 0.15 (0.36);

d) CU , CD free, CV ≤ 1, ∆Cγ = ∆Cg = 0 — Binv < 0.09 (0.24);

e) CU , CD, CV ,∆Cg,∆Cγ free — Binv < 0.16 (0.38).

(All Binv limits are given at 68% (95%) CL.) Thus, while Binv is certainly significantly limited

by the current data set, there remains ample room for invisible/unseen decays. At 95% CL, Binv

as large as ∼ 0.38 is possible. Here, we remind the reader that the above results are obtained

after fitting the 125.5 GeV data and inputting the experimental results for the (Z → �+�−) +
invisible direct searches. When CV ≤ 1, H → invisible is much more constrained by the global

fits to the H properties than by the direct searches for invisible decays, cf. the solid, dashed

and dash-dotted lines in Fig. 8. For unconstrained CU , CD and CV , on the other hand, cf.

8
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Reduced Higgs couplings

• Under the same assumptions - matches very well 
the contours of CMS and ATLAS individually
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as large as ∼ 0.38 is possible. Here, we remind the reader that the above results are obtained

after fitting the 125.5 GeV data and inputting the experimental results for the (Z → �+�−) +
invisible direct searches. When CV ≤ 1, H → invisible is much more constrained by the global

fits to the H properties than by the direct searches for invisible decays, cf. the solid, dashed

and dash-dotted lines in Fig. 8. For unconstrained CU , CD and CV , on the other hand, cf.

8

in all four cases. The ATLAS (CMS) best fit points are at distances of
�

(∆CV )2 + (∆CF )2 =
0.03 (0.07) and

�
(∆Cγ)2 + (∆Cg)2 = 0.04 (0.05) from the reconstructed best fit points, and

good coverage of the 68% and 95% CL regions is observed.
For completeness, we note that our fit for (CF , CV ) combining ATLAS and CMS results up

to the LHCP 2013 conference can be seen in the right plot of Fig. 13, and the one for (Cg, Cγ)
in the middle plot in Fig. 3, taking Cg,γ = 1 +∆Cg,γ.
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Figure 15: Fit to the couplings (CF , CV ) (left) and (Cg, Cγ) (right) using separately results from
ATLAS and CMS up to the Moriond 2013 conference. The black and grey (dark blue and light
blue) contours show the 68% and 95% CL regions for ATLAS (CMS), respectively. The solid
contours correspond to the results published by the experimental collaborations, while dashed
contours have been obtained using the fitted signal strength ellipses as determined using the
separate data for ATLAS (CMS) in the manner described in Section 2.

References

[1] G. Aad et al. [ATLAS Collaboration], “Observation of a new particle in the search for the
Standard Model Higgs boson with the ATLAS detector at the LHC,” Phys. Lett. B 716
(2012) 1 [arXiv:1207.7214 [hep-ex]].

[2] S. Chatrchyan et al. [CMS Collaboration], “Observation of a new boson at a mass of 125
GeV with the CMS experiment at the LHC,” Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235
[hep-ex]].

[3] CMS-PAS-HIG-13-005, “Combination of standard model Higgs boson searches and mea-
surements of the properties of the new boson with a mass near 125 GeV”.

[4] ATLAS-CONF-2013-034, “Combined coupling measurements of the Higgs-like boson with
the ATLAS detector using up to 25 fb−1 of proton-proton collision data”.

[5] ATLAS-CONF-2013-011, “Search for invisible decays of a Higgs boson produced in asso-
ciation with a Z boson in ATLAS”.

24

vendredi 27 septembre 2013



Reduced Higgs couplings

• All couplings free with/without invisible decays
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Figure 7: Five (six) parameter fit of CU , CD, CV , ∆Cg and ∆Cγ; the solid (dashed) curves are

those obtained when invisible/unseen decay modes are not allowed (allowed) for.
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Figure 8: ∆χ2
distributions for the branching ratio of invisible Higgs decays for various cases.

Solid: SM+invisible. Dashed: varying ∆Cg and ∆Cγ for CU = CD = CV = 1. Dotted:

varying CU , CD and CV for ∆Cg = ∆Cγ = 0. Dot-dashed: varying CU , CD and CV ≤ 1 for

∆Cg = ∆Cγ = 0. Crosses: varying CU , CD, CV , ∆Cg and ∆Cγ.

dotted line and crosses in Fig. 8, the limit comes from the direct search for invisible decays in

the ZH channel.

A comment is in order here. In principle there is a flat direction in the unconstrained LHC

9
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Direct search for invisible Higgs
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How much invisible Higgs?

• Best fit at 0 - the 95%CL allows Binv  up to  19% (only 
SM + invisible)  or 38% (CU,CD,CV,ΔCg,ΔCγ)

• Include both global fit + direct search for Z(l+l-)H(inv)
• There is still plenty of room for non standard 

Higgs decays 14
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• What are the implications for dark matter?
• Both the invisible width and SI cross section 

(direct detection) depend on h coupling to DM
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Figure 8: σSI as a function of the mass of the DM particle, for B(H → invisible) =
0.2, 0.4, 0.6, 0.8 (from bottom to top) for the case of a Majorana χ (left panel) or a real scalar
φ (right panel) when CU = CD = CV = 1 and ∆Cg = ∆Cγ = 0, i.e. a SM Higgs plus invisible
decays. The red dashed curves show the XENON100 exclusion limit.

exchange diagram, can then be directly related to the invisible width of the Higgs:

σSI = ηµ2
r
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2
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g
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M
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with η = 4/(m5
H
β3) for a Majorana fermion and η = 2/(m3

H
m

2
φβ) for a real scalar; µr is the

reduced mass and f
N

q
(fN

g
) are the quark (gluon) coefficients in the nucleon. We take the values

f
p

s
= 0.0447, f p

u
= 0.0135, and f

p

d
= 0.0203 from an average of recent lattice results [23, 24].

The gluon and heavy quark (Q = c, b, t) coefficients are related to those of light quarks, and
f
p

g
= f

p

Q
= 2/27(1 −

�
q=u,d,s

f
p

q
) at leading order. Since the contribution of heavy quarks to

the scattering amplitude originates from their contribution to the Hgg coupling, we write the
effect of ∆Cg, the last term in eq. (4), in terms of an additional top quark contributing to the

Hgg coupling; numerically �Cg = Cg = 1.052 with only the SM top-quark contribution taken
into account for computing Cg.

For the numerical evaluation of σSI, we use micrOMEGAs [24, 25] in which the relation
between the heavy quark coefficients and the light ones are modified by QCD corrections. This
amounts to taking

CQf
p
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36π

�
f
p

Q
, ∆Cgf

p

g
→ ∆Cg

�
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p
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. (5)

The results for σSI versus the DM mass and for different B(H → invisible) are displayed in
Fig. 8 for a Majorana fermion (left panel)2 and a real scalar (right panel) assuming CU = CD =
CV = 1. As can be seen, for a Majorana fermion the current XENON100 limits [26] exclude,

2For a Dirac fermion, the cross sections are a factor 1/2 smaller.
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Light neutralino in the MSSM
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• Possibility of “light” neutralino (below LEP 
limit) explored by many groups
– Bottino,Fornengo,Scopel,Donato,Plehn,GB,Boudjema,Godbole,

Roszkowski, R. de Austri, Cumberlach, Dreiner, Heinemeyer, 
Kittel,AlbornozVasquez,Boehm,Calibbi,Ota,Takanishi, Gunion, 
Belikov, Arbey, Battaglia, Mahmoudi, Dev, Mazumdar, Pukartas, 
Han,Liu,Natarajan....

• In part motivated by hints in direct detection 
• Possible only for non-universal gaugino mass (need M1 

small)

• Is it possible after LHC?
– New constraints on B-physics
– Constraints on Higgs couplings and invisible  

decays
– Searches for SUSY particles

17
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MSSM with light neutralino
• Relaxing gaugino universality: few collider constraints

–  Z invisible  (Γinv<2MeV), e+e-  à χ1 χ i, Hinvisible

• Cosmological constraints : need annihilation mechanism 
efficient enough (LSP dominantly bino)

– light sbottom (Arbey et al, 1211.2795, 1308.2153)

Need light slepton 
(collider constraints)

Z

Works well for M>35GeV works well for m~mh/2 
otherwise need enhanced 
Higgs coupling (large tanβ)
ruled out by LHC searches for 
heavy Higgses
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• pMSSM  - scan over relevant parameters
– M1, M2, µ, tanβ, MA, At, MlL, MlR, M3L, M3R, Aτ

– LEP limits, invisible Z, B-physics, Higgs mass
+couplings, heavy Higgs@LHC, Xenon100

19Figure 1: Relic density Ωh2
(left) and rescaled spin independent scattering cross section ξσSI

(right) as function of the LSP mass, with ξ = Ωh2/0.1189. See text for color code.

Figure 2: Lighter stau mass (left) and chargino mass (right) versus mχ̃0
1
; same color code as in

Fig. 1 (see text).

approximately 15 GeV while the direct detection constraint does not modify the lower limit

as will be discussed below. Moreover the relic density constrains the parameter space and the

sparticles properties especially for neutralinos with mass below ≈ 30 GeV. These are associated

with light staus and light charginos as illustrated in Fig. 2. The light staus are mostly right-

handed to ensure efficient annihilation since the coupling of the bino LSP is proportional to

the hypercharge which is largest for τ̃R. Furthermore annihilation through stau exchange is

not as efficient if staus are mixed since there is a destructive interference between the L–R

contributions. The light charginos are mostly higgsino since a small value for µ is required to

have an additional contribution from Z and/or Higgs exchange, both dependent on the LSP

higgsino fraction.

For neutralinos with masses above ≈ 30 GeV, the contribution of light selectron/smuons in
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GB, G.Drieu La Rochelle, B.Dumont, R. Godbole, S. Kraml,S. Kulkarni, 
arXiv:1308.3735

vendredi 27 septembre 2013



• DM < 35 GeV associated with light sparticles : light 
stau + light chargino

• ATLAS and CMS have started to probe electroweak-
ino and sleptons

• Analysis based on SModelS (Kraml, Kulkarni, Laa, 
Lessa, Proschovsky-Spindler, Waltenberger, in progress)20
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the hypercharge which is largest for τ̃R. Furthermore annihilation through stau exchange is

not as efficient if staus are mixed since there is a destructive interference between the L–R

contributions. The light charginos are mostly higgsino since a small value for µ is required to

have an additional contribution from Z and/or Higgs exchange, both dependent on the LSP

higgsino fraction.
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; same color code as in

Fig. 1 (see text).
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Figure 8: 95% CL exclusion limits for (a) right-handed, (b) left-handed, and (c) both right- and left-

handed (mass degenerate) selectron and smuon production in the mχ̃0

1

–m�̃ plane. (d) 95% CL exclusion

limits for χ̃±
1
χ̃∓

1
pair production in the simplified model with sleptons and sneutrinos with m�̃ = mν̃ =

(mχ̃±
1

+mχ̃0

1

)/2. The dashed and solid lines show the 95% CLs expected and observed limits, respectively,

including all uncertainties except for the theoretical signal cross-section uncertainty (PDF and scale).

The solid band around the expected limit shows the ±1σ result where all uncertainties, except those on

the signal cross-sections, are considered. The ±1σ lines around the observed limit represent the results

obtained when moving the nominal signal cross-section up or down by the ±1σ theoretical uncertainty.

Illustrated also are the LEP limits [38] on the mass of the right-handed smuon µ̃R in (a)–(c), and on the

mass of the chargino in (d). The blue line in (d) indicates the limit from the previous analysis with the

7 TeV data [35].
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After LHC limits

• LHC constrains many models but light 
neutralino still possible 6

Figure 3: Points passing all constraints, including Ωh2 < 0.131, XENON100 limits and SMS
limits from the LHC SUSY searches: on the left in the chargino versus stau mass plane, on the
right in the M2 versus µ plane. The yellow, dark green, light green and grey points have χ̃0

1

masses of 15–25 GeV, 25–35 GeV, 35–50 GeV and 50–60 GeV, respectively. Points which might
be excluded either due to the factor 2 uncertainty in the implementation of the SMS limit for
the τ -dominated case from the CMS analysis [55] or by the ATLAS 2τ ’s + Emiss

T analysis [36]
are flagged as triangles in a lighter color shade.

addition to that of the stau can bring the relic density in the PLANCK range, in this case it
is not necessary to have a light chargino. These points correspond to the scatter points with
heavy charginos in Fig. 2 (right panel). Finally, as the LSP mass approaches mZ/2 or mh/2 the
Higgsino fraction has to be small because of the resonance enhancement in LSP annihilation—
hence the chargino can be heavy. Moreover, for mχ̃0

1
� 35 GeV the stau contribution to the

LSP annihilation is not needed, so the mτ̃1 can be large. Figure 3 summarizes the allowed
parameter space in the mχ̃±

1
versus mτ̃1 plane (left) as well as in the M2 versus µ plane (right)

for different ranges of LSP masses. The M2 versus µ plot illustrates the fact that when the
LSP is light, µ is small, hence χ̃+

1 and χ̃0
2 are dominantly higgsino as discussed above. In this

plot also the points for which our implementation of LHC constraints in the SMS approach
has some significant uncertainty (from our extrapolation for the τ -dominated case from [55] or
because we cannot use the ATLAS di-tau + Emiss

T analysis [36]) become clearly visible. These
points are flagged as triangles in lighter color shade. For mχ̃0

1
< 35 GeV they concentrate in

the region M2, µ � 320 GeV (although a few such points have larger µ). Most of these triangle
points actually have a light τ̃L and are thus likely to be excluded by the ATLAS result [36],
see [29]. Note also that the production cross section for higgsinos is low, so most of the points
with low µ and larger M2 are allowed.

Another class of points that are strongly constrained by LHC are those with light ẽR. For
LSP masses above 20 GeV, the ATLAS searches are however insensitive to selectron masses
just above the LEP limit, more precisely in the range mẽR ≈ 100–120 GeV, thus many points
with light selectrons are still allowed. Furthermore in many cases we have selectrons decaying
into νχ̃± and/or eχ̃0

2 thus avoiding the LHC constraint.
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with light selectrons are still allowed. Furthermore in many cases we have selectrons decaying
into νχ̃± and/or eχ̃0

2 thus avoiding the LHC constraint.

7

In the present analysis, the SMS results used are:

• �̃±L �̃
∓
L → �±χ̃0

1�
∓χ̃0

1 ; �̃±R�̃
∓
R → �±χ̃0

1�
∓χ̃0

1 , ATLAS-CONF-2013-049,CMS-PAS-SUS-12-022,

• χ̃0
2χ̃

±
1 → Z(∗)χ̃0

1W
(∗)χ̃0

1, ATLAS-CONF-2013-035, CMS-PAS-SUS-12-022

• χ̃0
2χ̃

±
1 → �̃±Rν�̃

±
R�

∓ → �±χ̃0
1ν�

±χ̃0
1�

∓ CMS-PAS-SUS-12-022, (l = e, µ, τ)

1
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Figure 16: The shading in the m�χ0

1

versus m�χ0
2

(= m�χ±
1

) plane indicates the 95% CL upper limit on

the chargino-neutralino production NLO cross section times branching fraction in the flavor-

democratic scenario, for the three-lepton search. The contours bound the mass regions ex-

cluded at 95% CL for a branching fraction of 50%, as appropriate for the visible decay products

in this scenario. The contours based on the observations are shown; in addition, the expected

bound is shown.

  [GeV]0
2
!"

=m±

1
!"

m
100 200 300 400 500 600 700 800

  [
G

eV
]

0 1!"
m

0

100

200

300

400

500

600

  [
fb

]
#

95
%

 C
L 

up
pe

r l
im

it 
on

 

1

10

210

310

0
1!"

 > 
m

±
1!"

 = 
m

0
2!"m

-1 = 9.2 fbint = 8 TeV, LsCMS Preliminary                    

  95% C.L. CLs NLO Exclusions
theory

# 1 ±+SS  lObserved 3
theory

# 1 ±+SS  lExpected 3
 onlylObserved 3

Observed SS only

0
2
!" ±

1
!" $ pp

%&%
", µ&µ

", e&e~ $ ±
1
!"

%%", µµ", ee~ $ 0
2
!"

) = 0.5-l+l~ $ 0
2
!"(Br

0
1
!"

 + 0.95m±

1
!"

 = 0.05ml~ m

(a) x�� = 0.05

  [GeV]0
2
!"

=m±

1
!"

m
100 200 300 400 500 600 700 800

  [
G

eV
]

0 1!"
m

0

100

200

300

400

500

600

  [
fb

]
#

95
%

 C
L 

up
pe

r l
im

it 
on

 

1

10

210

310

0
1!"

 > 
m

±
1!"

 = 
m

0
2!"m

-1 = 9.2 fbint = 8 TeV, LsCMS Preliminary                    

  95% C.L. CLs NLO Exclusions
theory

# 1 ±+SS  lObserved 3
theory

# 1 ±+SS  lExpected 3
 onlylObserved 3

Observed SS only

0
2
!" ±

1
!" $ pp

%&%
", µ&µ

", e&e~ $ ±
1
!"

%%", µµ", ee~ $ 0
2
!"

) = 0.5-l+l~ $ 0
2
!"(Br

0
1
!"

 + 0.05m±

1
!"

 = 0.95ml~ m

(b) x�� = 0.95

Figure 17: The shading in the m�χ0

1

versus m�χ0
2

(= m�χ±
1

) plane indicates the 95% CL upper limit on

the chargino-neutralino production NLO cross section times branching fraction in the flavor-

democratic scenario, for the combined analysis of the three-lepton search and the same-sign

dilepton search. The contours bound the mass regions excluded at 95% CL for a branching

fraction of 50%, as appropriate for the visible decay products in this scenario. The contours

based on the observations are shown for the combination; in addition, the expected combined

bound is shown. Other contours show separate mass exclusions for the three-lepton search and

the same-sign dilepton search alone.
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Figure 18: The exclusion contours for the τ-enriched scenario corresponding to the results in
Fig. 16, for (a) and (c) the combination of the three-lepton searches with SS dilepton analysis,
and (b) the three-lepton searches.
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Figure 19: The exclusion contours for τ-dominated scenario corresponding to results in Fig. 16.
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Figure 20: Interpretation of the dilepton WZ + Emiss
T and three-lepton results. The dilepton ob-

served, three-lepton observed, their combination, and combined expected contours are shown.

WZ/ZZ + Emiss
T analysis of Section 6 to restrict the GMSB scenario. The results are displayed

in Fig. 21.

8.4 Limits on chargino and slepton pair production

Figure 22 shows limits on the chargino and slepton pair-production cross section times branch-
ing ratio for the processes of Fig. 3. The limits for chargino-pair production are set using both
the opposite- and same-flavor channels discussed in Section 7, while the limits for slepton pair
production are set using only the same-flavor channel.

9 Summary
This note presents searches for supersymmetric charginos, neutralinos, and sleptons. The
searches explore final states with three leptons, four leptons, two same-sign leptons, two res-
onant opposite-sign-same-flavor leptons plus two jets, and two non-resonant opposite-sign
leptons. Figure 23 displays four of the results presented above on a single plot. No excesses
above the standard model expectations are observed. The results are used to exclude a range of
chargino, neutralino, and slepton masses, where we assume these particles have large branch-
ing fractions to leptons and vector bosons.

The results improve on the previous CMS search for electroweak supersymmetry [8]. This
analysis also presents the first interpretation from CMS of models with slepton and chargino
pair production.
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• LHC constrains many models but light 
neutralino still possible 6

Figure 3: Points passing all constraints, including Ωh2 < 0.131, XENON100 limits and SMS
limits from the LHC SUSY searches: on the left in the chargino versus stau mass plane, on the
right in the M2 versus µ plane. The yellow, dark green, light green and grey points have χ̃0
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masses of 15–25 GeV, 25–35 GeV, 35–50 GeV and 50–60 GeV, respectively. Points which might
be excluded either due to the factor 2 uncertainty in the implementation of the SMS limit for
the τ -dominated case from the CMS analysis [55] or by the ATLAS 2τ ’s + Emiss

T analysis [36]
are flagged as triangles in a lighter color shade.

addition to that of the stau can bring the relic density in the PLANCK range, in this case it
is not necessary to have a light chargino. These points correspond to the scatter points with
heavy charginos in Fig. 2 (right panel). Finally, as the LSP mass approaches mZ/2 or mh/2 the
Higgsino fraction has to be small because of the resonance enhancement in LSP annihilation—
hence the chargino can be heavy. Moreover, for mχ̃0

1
� 35 GeV the stau contribution to the

LSP annihilation is not needed, so the mτ̃1 can be large. Figure 3 summarizes the allowed
parameter space in the mχ̃±

1
versus mτ̃1 plane (left) as well as in the M2 versus µ plane (right)

for different ranges of LSP masses. The M2 versus µ plot illustrates the fact that when the
LSP is light, µ is small, hence χ̃+

1 and χ̃0
2 are dominantly higgsino as discussed above. In this

plot also the points for which our implementation of LHC constraints in the SMS approach
has some significant uncertainty (from our extrapolation for the τ -dominated case from [55] or
because we cannot use the ATLAS di-tau + Emiss

T analysis [36]) become clearly visible. These
points are flagged as triangles in lighter color shade. For mχ̃0

1
< 35 GeV they concentrate in

the region M2, µ � 320 GeV (although a few such points have larger µ). Most of these triangle
points actually have a light τ̃L and are thus likely to be excluded by the ATLAS result [36],
see [29]. Note also that the production cross section for higgsinos is low, so most of the points
with low µ and larger M2 are allowed.

Another class of points that are strongly constrained by LHC are those with light ẽR. For
LSP masses above 20 GeV, the ATLAS searches are however insensitive to selectron masses
just above the LEP limit, more precisely in the range mẽR ≈ 100–120 GeV, thus many points
with light selectrons are still allowed. Furthermore in many cases we have selectrons decaying
into νχ̃± and/or eχ̃0

2 thus avoiding the LHC constraint.
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After LHC limits

• LHC constrains many models but light 
neutralino still possible 
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Higgs 

• Lightest neutralinos associated with some invisible 
Higgs decays

• Further probe at LHC14TeV with ZH-> inv, expect 
Br<0.17 (Ghosh et al, 1211.7015)

• and improved global fits to Higgs couplings
24

Figure 5: Implications of the light neutralino dark matter scenario for Higgs signal strengths.

Same color code as in Fig. 3.

direct slepton searches.

The bulk of the light χ̃0
1 points however features a reduced µ(gg, γγ) ≈ 0.7−0.9. This occurs

when the stau has only a mild effect on hγγ and the invisible decay is sizeable, cf. Fig. 6. In

particular, for the very light neutralino sample with mχ̃0
1
= 15−25 GeV the light τ̃R needed for

DM constraints does not help in increasing the hγγ coupling, hence all these points (in yellow

in Fig. 5) have a reduced signal strength. Note also that for the points with µ(gg, γγ) < 1,

also µ(gg, ZZ) is suppressed, see bottom-left panel in Fig. 5. The reason for this that the

production through gluon-fusion is suppressed by the stop-loop contribution. Associated V H

production on the other hand is unaffected by this, and since the Higgs branching ratio into

bb can be enhanced or suppressed µ(V H, bb) can be above or below 1, as can be seen in the

bottom-right panel in Fig. 5.

The invisible branching ratio of the Higgs can vary up to ≈ 30% (the maximum allowed

by the global Higgs fit) and is large for a large higgsino fraction of the LSP modulo kinematic

factors, as illustrated in Fig. 6. For this reason, the invisible width can be large for neutralinos

9

Figure 6: Implications of the light neutralino dark matter scenario for invisible h decays. Same

color code as in Fig. 3.

below 35 GeV leading to suppressed Higgs signals in all channels. Moreover the points with

µ(gg, γγ) > 1 have a small invisible width since they correspond to mixed staus and a small

higgsino fraction (because large stau mixing requires large µ) as mentioned above. The invisible

width is also suppressed for mχ̃0
1
≈ mZ/2 because of the small higgsino fraction as well as near

mh/2 for kinematical reasons. It should be noted, however, that the determination of the

allowed values of the branching ratios of the Higgs into invisible channels do, to some extent,

depend on the way in which theoretical uncertainties on the Higgs cross sections are included

in the analysis [63]. Hence, results from direct searches for a Higgs decaying invisibly at the

13–14 TeV LHC [64] will play an important rôle.

5 Conclusions

We find that although the most recent LHC limits on Higgs properties and on direct pro-

duction of SUSY particles impose strong constraints on the model, neutralino LSPs as light

as 15 GeV can be compatible with all data. These scenarios require light staus below about

100 GeV and light charginos below about 200 GeV. They will be further probed at the LHC

at 13–14 TeV through searches for sleptons and electroweak-inos, as well as through a more

precise determination of the Higgs couplings. Moreover, improving the spin-independent di-

rect detection limits by an order of magnitude will cover the whole range of χ̃0
1 masses below

≈ 35 GeV.

Note added

While this Letter was in preparation, Ref. [29] appeared with very similar conclusions as the

ones reached here. While Ref. [29] features a better implementation of the limits from multi-tau

plus Emiss
T searches, based on a reinterpretation of the ATLAS results [36], it does not include

or discuss implications for the Higgs sector. Another difference is that we consider a wider
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Conclusion

• Some room for non-standard Higgs couplings - 
important to improve the precision on 
measurements

• Light dark matter still compatible with the Higgs

• Neutralinos ~15-20GeV allowed in MSSM  further 
probed at LHC with searches for sleptons, 
electroweak-inos, Higgs properties and direct 
detection
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