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• Hunt for BSM physics is strong from the smallest to largest 
scales

• Many new and interesting results from astrophysics and collider 
searches exist and they must be taken into account to test a 
BSM theory

• Many BSM theories and no conclusive evidence for any of them

The scene
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DAMA/Na

CoGeNT

CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±



The LHC BSM frontier
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• Nice thing: The LHC works! ;) 

The LHC BSM frontier

... is it?

• Good thing: We have completed our 8TeV 
run

• Bad thing: We don’t have any sign of new 
physics

• Best thing - part 1: We found Higgs boson 

• Best thing - part 2: We are gearing up for 
13 TeV run 





1 Tev!



• Theoretical model development is influenced by conclusions at 
8 TeV, e.g. GUT scale SUSY models like cMSSM are pushed to 
higher scales and we are thinking of more non-minimal models

• The strategies for 13 TeV results depend on the conclusions 
at 8 TeV

• It is necessary to interpret the results in the most generic 
fashion and test as many models as possible

The LHC frontier

8 TeV
(Any luminosity)

8 TeV 
(20 fb-1)

ATLAS 39 23

CMS 28 20

Analyses statistics (SUSY searches only)

• A way to test our favorite BSM model against LHC results 
should exist

Huge number of searches
Easier said than done!



• Interpretation of LHC searches are 
model dependent

• Model dependence comes while 
converting the number of events 
observed to a limit on particle masses

• For a more generic case: 

1. Re-interpret the results yourself

2. Use simplified model spectra results

• Re-interpreting the results yourself involves re-implementing the 
analysis, requires expertise, large computing power, time consuming

• We stick to simplified models results

Traditional approach

Matrix Element 
Generator 

Parton Showering, 
hadronization 

Detector  
simulation

Data analysis

A typical analysis re-interpretation chain



• SMS are an effective-Lagrangian description of BSM involving a 
limited set of new particles.

What is an SMS result?



What is an SMS result?

ẽR, µ̃R, ⌧̃R

�̃+
1 , �̃

0
2

�̃0
1

} Other 
particles
(heavy)

Effective theory contains only 
some electroweak -inos and 

some sleptons

We don’t care about them



• Every SMS interpretation is based on 
a set of assumptions and is applicable 
for specific topologies e.g. ttbar + 
MET

• A generic point in e.g. SUSY parameter space contains many topologies 
and is sensitive to more than one SMS interpretation e.g. ttbar + MET, 
bbar + MET

ATLAS-CONF-2013-024

Note: the grid numbers on the plot are 
more important than the exclusion lines

What is an SMS result?



How to read an SMS result
ATLAS-CONF-2013-024

We should use 
these numbers

Useful but not 
the most 
important 
outcome

• 95% CL UL is the unfolded maximum amount of cross-section 
allowed for a specific decay chain and a mass combination

Is sigmaXBR(ttbar + MET, Mother mass, LSP mass) of your model > the 
number on the plot? -- Yes, point excluded; No, point allowed



Can we have a centralized database of all the SMS results to 
check a given SUSY point in parameter space by decomposing it 

into SMS topologies?

Central concept of



SModelS framework

• It assumes, for most experimental searches, the BSM model can 
be approximated by a sum over effective simplified models

• Current implementation assumes R-parity is conserved
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ẽR

e

ẽR
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ẽR

⌧̃R

⌧⌫

e e

µ

�̃0
2

�̃1
+ ⌧̃R

⌧⌫

µ

µ̃R

�̃0
2

�̃1
+ ⌧̃R

⌧⌫

⌧̃R

⌧ ⌧

.....

ATLAS-
CONF-2013-035

ATLAS-
CONF-2013-049

�̃0
2

�̃1
+ ⌧̃R

⌧⌫

l̃

l l

Fi
nd

 a
pp

lic
ab

le
 a

na
ly

sis Com
bine topologies

Analyses database

⌧̃R

⌧

⌧̃R

⌧

µ

µ̃R

µ

µ̃R

ẽR
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ẽR

e

ẽR
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SModelS framework
• Consider:

• The framework does not depend on characteristics of SUSY 
particles, can also be applied to decompose any BSM spectra of 
arbitrary complexity

SModelS language

ẽR, µ̃R, ⌧̃R

�̃+
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1

Decompose

description
masses

sigma X BR

[[[nu],[tau]],[[L],[L]]]Look up upper limit if

Condition

Element

Constraint

[[[nu],[tau]],[[L],[L]]] > 
3* [[[nu],[tau]],[[tau],[tau]]] [[300,200,100],[320,220,100]]

Sigma X BR



How do we know it works?

• The code has been validated through the reproduction of 
various SMS exclusion curves
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• Code is equipped to decompose any BSM model with a Z2 
symmetry

• It can handle compressed topologies

• It can take care of invisible decays

• It has the most comprehensive database of simplified model 
results, 22 CMS, 24 ATLAS (7 + 8 TeV)

• Now a web SLHA interface is available to check your point

Salient features



Good, so what do you learn out of it?

based on: 
arXiv: 1312.4175 [hep-ph]



• pMSSM scan over 6 parameters

-  

- Gaugino masses obey GUT relation

- Flavor constraints, invisible Z width, Higgs mass, LEP limits 
imposed

• Limits obtained will always be conservative

• We probe electroweak -ino decays via WZ and sleptons, direct 
slepton production and gluino decays

SUSY scan - weak sector

M2 µ tan� ML̃ MẼ A⌧

0.1–1 0.1–1 3–60 0.1–1 0.1–1 ±1

NB: A similar scan was also performed 
for strong sector particles



SUSY scan - weak sector



SUSY scan - weak sector

Edge due to GUT relation
(excluded) points correspond to pure wino



SUSY scan - weak sector

Light neutralino (up to ~125 GeV) excluded
due to -ino decays via WZ 

Heavier neutralino decay via sleptons, 
excluded up to LSP ~ 250 GeV



SUSY scan - weak sector

Points excluded for binolike LSP



SUSY scan - weak sector



SUSY scan - weak sector

• Breakdown of the excluded parameter space by analysis



SUSY scan - weak sector

• Breakdown of the excluded parameter space by analysis

Constraints coming from gluino searches (pink triangles)
 strong only for low LSP masses



SUSY scan - weak sector

• Breakdown of the excluded parameter space by analysis

Direct weakino searches matter for high masses
(stronger searches and under-fluctuation in BG for a CMS analysis)



SUSY scan - weak sector

• Some allowed points may lie below excluded points

• Chargino - LSP nature, 
higgsino have smaller 
production cross-section

• Right handed sleptons have 
smaller production CS

• Gluino decays via on-shell 
squarks are kinematically 
forbidden for small masses

• Uncovered gluino decay 
topologies e.g. BR(g̃ ! �̃± + tb)



Can it be used to test parameter space for some interesting 
scenario?



Do LHC results on the SUSY particles, Higgs signal strengths and 
constraints on DM from direct and indirect detection experiments 

rule out light neutralino DM? 

A real life application

Already many studies exist in literature, I’ll not list them here

based on: 
arxiv:1308.3735 [hep-ph] (published PLB)



(



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

The first purpose of the present paper is to combine the information provided by ATLAS,
CMS and the Tevatron experiments on the ��, ZZ(⇥), WW (⇥), bb̄ and ⇥⇥ 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 ⇤2. (Note that this does
not rely on ggF production being dominated by the top loop.) We express this ⇤2 as

⇤2
i = ai(µ

ggF
i � µ̂ggF

i )2 + 2bi(µ
ggF
i � µ̂ggF

i )(µVBF
i � µ̂VBF

i ) + ci(µ
VBF
i � µ̂VBF

i )2 , (1)

where the upper indices ggF and VBF stand for (ggF+ttH) and (VBF+VH), respectively, the
lower index i stands for ��, V V (⇥), bb̄ and ⇥⇥ (or bb̄ = ⇥⇥), and µ̂ggF

i and µ̂VBF
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 di�erent 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 di�erent final states (such as �� 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 coe⇥cients ai, bi, ci, µ̂

ggF
i and µ̂VBF

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 ⇤2 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
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126 GeV Higgs at the LHC

• Four production modes ggF, VH, VBF, and ttH

• Five final states:                                         only four  are 
independent - ZZ and WW related by custodial symmetry

• Loop induced ggF production and        final state are susceptible 
to BSM contributions - in case of SUSY light staus and neutralino 
contribute

• Experimentally we get information on the signal strengths 

for each final state

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 − µ̂ggF

i )2 + 2bi(µ
ggF
i − µ̂ggF

i )(µVBF
i − µ̂VBF

i ) + ci(µ
VBF
i − µ̂VBF

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 µ̂ggF

i and µ̂VBF
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 µ̂VBF

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
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1 Introduction

That the mass of the Higgs boson is about 125–126 GeV is a very fortunate circumstance
in that we can detect it in many different production and decay channels [1, 2]. Indeed, many
distinct signal strengths, defined as production×decay rates relative to Standard Model (SM)
expectations, µi ≡ (σ × BR)i/(σ × BR)SMi , have been measured with unforeseeable precision
already with the 7–8 TeV LHC run [3,4]. From these signal strengths one can obtain information
about the couplings of the Higgs boson to electroweak gauge bosons, fermions (of the third
generation) and loop-induced couplings to photons and gluons.

According to the latest measurements presented at the 2013 Moriond [3–17] and LHCP [18–
20] conferences, these couplings seem to coincide well with those expected in the SM. This poses
constraints on various beyond the Standard Model (BSM) theories, in which these couplings
can differ substantially from those of the SM. The Higgs couplings can be parametrized in
terms of effective Lagrangians [21–57] whose structure depends, however, on the class of mod-
els considered, such as extended Higgs sectors, extra fermions and/or scalars contributing to
loop diagrams, composite Higgs bosons and/or fermions, nonlinear realizations of electroweak
symmetry breaking, large extra dimensions, Higgs–dilaton mixing and more.

When such generalized couplings are used to fit the large number of measurements of signal
strengths now available in different channels, one faces the problem that the experimentally
defined signal categories (based on combinations of cuts) nearly always contain superpositions
of different production modes and thus errors (both systematic and statistical) in different
channels are correlated. Ideally one would like to fit not to experimentally defined categories
but rather to the different production and decay modes which lead to distinct final states and
kinematic distributions. The five usual theoretically “pure” production modes are gluon–gluon
fusion (ggF), vector boson fusion (VBF), associated production with a W or Z boson (WH and
ZH, commonly denoted as VH), and associated production with a top-quark pair (ttH). The
scheme conveniently adopted by the experimental collaborations is to group these five modes
into just two effective modes ggF + ttH and VBF + VH and present contours of constant
likelihood L for particular final states in the µ(ggF + ttH) versus µ(VBF + VH) plane. This is
a natural choice for the following reasons:

• Deviations from custodial symmetry, which implies a SM-like ratio of the couplings to W
and Z gauge bosons, are strongly constrained by the Peskin–Takeuchi T parameter [59,60]
from electroweak fits [61]. Furthermore, there is no indication of such deviation from the
Higgs measurements performed at the LHC [3, 4]. Hence, one can assume that the VBF
and VH production modes both depend on a single generalized coupling of the Higgs boson
to V = W,Z and it is therefore appropriate to combine results for these two channels.

• Grouping ggF and ttH together is more a matter of convenience in order to be able to
present two-dimensional likelihood plots. Nonetheless, there are some physics motivations
for considering this combination, the primary one being that, in the current data set, ggF
and ttH are statistically independent since they are probed by different final states: ttH
via H → bb̄ and ggF via a variety of other final states such as γγ and ZZ∗. While
the ttH production rate depends entirely on the Htt̄ coupling, ggF production occurs at
one loop and is sensitive to both the Htt̄ coupling and the Hbb̄ couplings as well as to
BSM loop diagrams. Although in the SM limit ggF is roughly 90% determined by the

1



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

The first purpose of the present paper is to combine the information provided by ATLAS,
CMS and the Tevatron experiments on the ��, ZZ(⇥), WW (⇥), bb̄ and ⇥⇥ 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 ⇤2. (Note that this does
not rely on ggF production being dominated by the top loop.) We express this ⇤2 as

⇤2
i = ai(µ

ggF
i � µ̂ggF

i )2 + 2bi(µ
ggF
i � µ̂ggF

i )(µVBF
i � µ̂VBF

i ) + ci(µ
VBF
i � µ̂VBF

i )2 , (1)

where the upper indices ggF and VBF stand for (ggF+ttH) and (VBF+VH), respectively, the
lower index i stands for ��, V V (⇥), bb̄ and ⇥⇥ (or bb̄ = ⇥⇥), and µ̂ggF

i and µ̂VBF
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 di�erent 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 di�erent final states (such as �� 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 coe⇥cients ai, bi, ci, µ̂

ggF
i and µ̂VBF

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 ⇤2 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
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126 GeV Higgs at the LHC

• Higgs effective Lagrangian:

S. Kraml New Perspectives in Dark Matter, Lyon, 22-25 Oct 2013

Coupling Fits

• Need to specify the Lagrangian

• Couplings to gluons and photons: we compute Cg and Cγ from CU, CD, CV;     
we also allow additional loop contributions ΔCg and ΔCγ from new particles    
→  Cg = Cg + ΔCg and Cγ = Cγ + ΔCγ

• Calculation of σ×BR following the recommendations of the LHC Higgs Cross 
Section Working Group, arXiv:1209.0040

• Fit includes ATLAS, CMS and Tevatron results from Moriond and LHCP 2013. 
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L = g


CV

✓
MWWµW

µ
+

MZ

cos ✓W
ZµZ

µ

◆
� CU

mt

2MW

¯tt� CD
mb

2MW

¯bb� CD
m⌧

2MW
⌧̄ ⌧

�
H .

— —

— —

C’s scale couplings relative to SM ones; CU=CD=CV=1 is SM.

• NB when relevant we also include searches for 
invisible decays. In particular ATLAS ZH→ll+MET 
gives B(inv)<0.65 at 95% CL.

ATLAS-CONF-2013-011

arXiv:1306.2941

• Additional loop contribution modify the couplings to gluons and 
photons 



• A combined likelihood in (ggF+ttH) and (VBF+VH) planes was 
derived using ATLAS, CMS and Tevatron results

S. Kraml New Perspectives in Dark Matter, Lyon, 22-25 Oct 2013

Combining ATLAS, CMS and Tevatron results

Fitting 2D Gaussians to the 68% CL contours from the experiments, we construct  
a combined likelihood in the (ggF+ttH, VBF+VH) plane for each final state:
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126 GeV Higgs at the LHC



• How much invisible Higgs decay is allowed?

S. Kraml New Perspectives in Dark Matter, Lyon, 22-25 Oct 2013

invisible decays

26

0 0.2 0.4 0.6
0

2

4

6

8

10

B(H → invisible)

∆
χ
2

.
SM+invisible
B(H ! inv.) < 0.19 at 95% CL

CU + CD + (CV  1)+invisible
B(H ! inv.) < 0.24 at 95% CL

SM+�Cg +�C�+invisible
B(H ! inv.) < 0.29 at 95% CL

CU + CD + CV +invisible
B(H ! inv.) < 0.36 at 95% CL

CU + CD + CV +�Cg +�C�+invisible
B(H ! inv.) < 0.38 at 95% CL

G. Belanger, B. Dumont, U. Ellwanger, J. Gunion, S, Kraml
arXiv:1306.2941

126 GeV Higgs at the LHC
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Do LHC results on the SUSY particles, Higgs signal strengths and 
constraints on DM from direct and indirect detection experiments 

rule out light neutralino DM? 

A real life application

Already many studies exist in literature, I’ll not list them here

based on: 
arXiv:1308.3735 [hep-ph] (published PLB)



Why light neutralino?

• Easy to exclude region

• No resonance below 45 GeV (Mz/2)

• No co-annihilation under 100 GeV (LEP limits) (counter 
example light sbottoms)

• Light SUSY spectrum 

• Hints from direct (and may be indirect detection) ~ 10 GeV
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light neutralino dark matter

In the MSSM: 
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LSP and dark matter candidate

light neutralino dark matter motivated by:
 

✦ having a light SUSY spectrum
 

✦ hints from direct detection ~ 10 GeV
✦ (... and maybe from indirect detection)
 
 

✦ easy-to-exclude region
• no resonance under MZ/2 = 45 GeV
• no co-annihilation under ~ 100 GeV

✦ (counterexample: [arXiv:1308.2153]
✦  see Alexandre Arbey’s talk tomorrow)

[CDMS, arXiv:1304.4279]

XENON100

CDMS II Si
CoGeNT

DAMA/LIBRA
CRESST

[Hopper et al. claims]

arXiv:1308.2153

CDMS, arXiv:1304.4279



• Relaxing gaugino universality: few collider constraints

- Z width, LEP bounds, invisible Higgs decays

• Most important annihilation channels: 

• Region of interest:                     - Z and H exchange not effective

• Light slepton exchange of interest to us here
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How light is light?



• RH stau annihilation is more efficient, also get enhancements for 
high tan(beta) and higgsino LSP

How light is light?

�(e+ e� ! �̃0
1 �̃

0
2)

Light chargino LEP and LHC ✓
Invisible Z, Higgs decays LEP and LHC ✓

Light neutralino 2 LEP ✓
Slepton and stau LEP and LHC ✓



• pMSSM scan over 11 parameters

-  

- LEP limits, Z width, flavor physics, heavy Higgs searches 
@LHC, Higgs mass, Higgs couplings, Xenon100 

How light is light?

M1,M2, µ, tan�,MA, At,M1L.M1R,M3L,M3R, A⌧

• 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 �h2 (left) and rescaled spin independent scattering cross section �⇥SI

(right) as function of the LSP mass, with � = �h2/0.1189. See text for color code.

Figure 2: Lighter stau mass (left) and chargino mass (right) versus m�̃0
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 e⇥cient annihilation since the coupling of the bino LSP is proportional to
the hypercharge which is largest for ⇤̃R. Furthermore annihilation through stau exchange is
not as e⇥cient 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
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Basic constraints
Higgs couplings fits

LHC results + upper limit of relic
LHC results + exact relic



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

• LHC searches put constraints on light electroweak -ino and 
slepton production

How light is light?

• 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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• Direct electroweak -ino production 

LHC searches

• Direct slepton production 

ATLAS-CONF-2013-035

ATLAS-CONF-2013-049



All points passing relic 
density upper limits

Points excluded by the 
LHC limits

• SMS results used from ATLAS-CONF-2013-049, CMS-PAS-
SUS-12-022, ATLAS-CONF-2013-035

• Density of points reduced - LHC SMS results do rule out  some 
scenarios

• In general light neutralino still possible

Applying SModelS



• Neutralino DD CS is driven by higgsino component, suppressed 
when LSP has small higgsino component 

• LUX disfavors the light neutralino DM region we had identified 
to be viable

Basic constraints
Higgs couplings fits

LHC results + upper limit of relic
LHC results + exact relic

Limit curve: arXiv:1310.8214

LUX limits



SMS approach - what’s next?

• SMS approach is not perfect yet

• Not all SMS topologies are present

• It is not always possible to use experimental SMS results, 
sometimes the results have a coarse grid or in case of a one step 
decay, only one mass slice is given
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SMS approach - what’s next?

• Results presented are not always usable

• My nightmare SMS analysis: ATLAS-CONF-2013-007

- Involves topologies with more than four SUSY particles

- Plots often include strong assumptions on the masses 
involved

- Binning is not uniform



SMS approach - what’s next?
ATLAS-CONF-2013-007



•Two of the four masses fixed

•Only democratic slepton decays

•Irregular binning (less severe)

SMS approach - what’s next?

ATLAS-CONF-2013-007



SMS approach - what’s next?

• In principle several topologies can contribute to the same final 
state with different efficiencies

Tri-lepton final state: ATLAS-CONF-2013-035



SMS approach - what’s next?

• In principle several topologies can contribute to the same final 
state with different efficiencies

Real life ✏1 ✏2 ✏3++

Tri-lepton final state: ATLAS-CONF-2013-035



SMS approach - what’s next?

• In principle several topologies can contribute to the same final 
state with different efficiencies

Tri-lepton final state: ATLAS-CONF-2013-035



SMS approach - what’s next?

• In principle several topologies can contribute to the same final 
state with different efficiencies

Current SMS 
results

+

Tri-lepton final state: ATLAS-CONF-2013-035



• To utilize this approach one needs to develop efficiency maps for 
each analysis and for each topology that can potentially 
contribute to the final state

• Need to re-implement the analysis - requires manpower and 
availability of information from experimental collaborations in a 
systematic manner

• FastLim is developing the efficiency maps, aim is to reconstruct 
the number of events for each signal region

• SModelS is also capable of supporting efficiency maps approach, 
and in future we might consider exploiting this feature

SMS approach - what’s next?

FastLim arXiv:1402.0492



• Generally the development will be slow - a community effort to 
contribute to the efficiency maps is underway, this effort should 
also make the re-implemented analysis publicly available

• Also need to develop a reasonable likelihood in order to be able to 
combine several signal regions - e.g. CMS-SUS-PAS-13-011 has 
16 signal regions

SMS approach - what’s next?



• It will be difficult to tackle long cascade decays with SMS 
approach

• A completely different approach is being taken by checkMATE

• The tool identifies the most sensitive topology and then tests it 
via Monte Carlo simulation

SMS approach - what’s next?

SModelS

FastLim

CheckMate

Conservative

Si
m

pl
ic

ity

CheckMATEarXiv:1312.2591



• SMS results are a good way to test BSM theories and can have a 
good constraining power

• SModelS is designed to utilize this power and constrain BSM 
scenarios 

• The formalism of the code is generic and can be applied to any 
BSM spectra for which SMS results are applicable

• Currently, the code can handle scenarios with Z2 parity

• It contains the most comprehensive database of SMS SUSY 
results

• It can be used in order to understand the features of parameter 
space under consideration, it can also be used to study viability of 
an interesting BSM scenario

• Stay tuned applying LHC searches to your favorite BSM model is 
being made easy!

Conclusions



Back-up



• Mass slices 10-15; 25-35; 35-50; 50-60 GeV

• Density of points reduced - LHC does rule out  some scenarios

• In general light neutralino still possible

Applying SModelS

Figure 3: Points passing all constraints, including ⌦h2 < 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 �̃0

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 ⌧ -dominated case from the CMS analysis [61] or by the ATLAS 2⌧ ’s + Emiss

T analysis [41]
are flagged as triangles in a lighter color shade.

allowed. Furthermore, in many cases we have selectrons decaying into ⌫�̃±
1 and/or e�̃0

2, thus
avoiding the LHC constraint. All in all we find that for m�̃0

1
> 35 GeV the whole selectron

mass range considered in our scans is allowed (i.e. either [100, 200] GeV or around 500 GeV),
while for m�̃0

1
< 35 GeV, the ATLAS search imposes mẽR ⇡ 100–120 GeV or ẽR being heavy,

with the range mẽR ⇡ 120–200 GeV being excluded. (Since we are mostly interested in how low
the �̃0

1 can go, we did not attempt to derive the upper end of the exclusion range for selectrons;
note however that the bounds given by ATLAS vary between 230 and 450 GeV depending on
the scenario.)

The cross section for neutralino scattering on nucleons is dominated by the Higgs exchange
diagram hence is driven by the higgsino fraction. For neutralinos below 30 GeV the cross section
is mostly within one order of magnitude of the current XENON100 limit. It can however be
much suppressed when the LSP has a small higgsino fraction. This occurs when the neutralino
mass is near mZ/2 or mh/2 or when the light neutralino is purely bino and accompanied by
light staus and light selectrons/smuons.

The interplay with indirect DM detection is also interesting. Figure 4 shows �v correspond-
ing to DM annihilation in the galaxy in either the bb̄ or ⌧⌧ channel. The upper limit from
Fermi-LAT indirect searches for photons produced from DM annihilation in dwarf spheroidal
galaxies allows to constrain a small subset of the points with light DM annihilating into ⌧⌧ .
Some of these points are also in the region probed by Fermi-LAT searches for DM annihilation
in subhalos [18] or from the Galactic Center [16], the latter bounds however depend on the as-
sumed DM profile. However, a large fraction of allowed points corresponding to m�̃0

1
> 30 GeV

are several orders of magnitude below the current limits whether their main annihilation chan-
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m�̃0
1
< 25GeV



• Mass slices 10-15; 25-35; 35-50; 50-60 GeV

• Light neutralino and light stau lead to modifications

• Heavily mixed stau increases diphoton rate

• Lightest neutralino associated with some invisible Higgs decays

• At 14 TeV with ZH -> invisible, better sensitivity expected

Higgs signal strengths



Indirect detection limits

• We test for FERMI-LAT limits - photons produced from DM 
annihilation in dwarf spheroidal galaxies in bbar or tautau channel

• Large fraction of LSP < 30 GeV points are several orders of 
magnitude below the limit



Why not use monojet channel?

• Direct LSP production probed via monojet signature at the LHC 

• Limits given on the spin-independent interactions of DM

• Limits applicable for models involving heavy mediators

• Not applicable for MSSM since the mediators are not heavy 
enough



signal.
The setup of the numerical analysis is described in Section 2. In Section 3, we discuss the

various experimental constraints that are included in the analysis. Our results are presented in
Section 4 and conclusions are given in Section 5.

2 Setup of the numerical analysis

The model that we use throughout this study is the so-called phenomenological MSSM
(pMSSM) with parameters defined at the weak scale. The 19 free parameters of the pMSSM
are the gaugino masses M1, M2, M3, the higgsino parameter µ, the pseudoscalar mass MA, the
ratio of Higgs vev’s, tan � = v2/v1, the sfermion soft masses MQi ,MUi ,MDi ,MLi ,MRi (i = 1, 3
assuming degeneracy for the first two generations), and the trilinear couplings At,b,⌧ . In order to
reduce the number of parameters to scan over, we fix a subset that is not directly relevant to our
analysis to the following values: M3 = 1 TeV, MQ3 = 750 GeV, MUi = MDi = MQ1 = 2 TeV,
and Ab = 0. This means that we take heavy squarks (except for stops and sbottoms) and a
moderately heavy gluino. All the strongly interacting SUSY particles are thus above current
LHC limits. The parameters of interest are tan � and MA0 in the Higgs sector, the gaugino and
higgsino mass parameters M1, M2 and µ, the stop trilinear coupling At, the stau parameters
(ML3 ,MR3 , A⌧ ), and the slepton mass parameters (ML1 ,MR1). We allow these parameters to
vary within the ranges shown in Table 1.1 The only free parameter in the squark sector, At,
is tuned in order to match the mass of the lightest Higgs boson, h0, with the newly observed
state at the LHC.

tan � [5, 50] ML3 [70, 500]
MA0 [100, 1000] MR3 [70, 500]
M1 [10, 70] A⌧ [�1000, 1000]
M2 [100, 1000] ML1 [100, 500]
µ [100, 1000] MR1 [100, 500]

Table 1: Scan ranges of free parameters. All masses are in GeV.

We have explored this parameter space by means of various flat random scans, some of
them optimized to probe e�ciently regions of interest. More precisely, two of our “focused”
scans probe scenarios with light left-handed or light right-handed staus by fixing one of the
stau soft mass to 500 GeV and varying the other in the [70, 150] GeV range. These two scans
are subdivided according to the masses of the selectrons and smuons, by taking either fixed
ML1 = MR1 = 500 GeV or varying ML1 or MR1 within [100, 200] GeV. Another scan has
been performed in order to probe scenarios with large stau mixing and light selectrons and
smuons. In this case, ML3 and MR3 are varied within [200, 300] GeV and MR1 is tuned so that
mẽR 2 [100, 200] GeV.

1While the resulting pattern of heavy squarks and light sleptons is not the only possible choice, it seems well
motivated from GUT-inspired models in which squarks typically turn out heavier than sleptons due to RGE
running. Moreover, current LHC results indicate that squarks cannot be light. For a counter-example with
light sbottoms, see Ref. [35].

2

LEP limits m�̃±
1
> 100 GeV

m⌧̃1 > 84� 88 GeV (depending on m�̃0
1
)

�(e+e� ! �̃0
2,3�̃

0
1 ! Z(⇤)(! qq̄)�̃0

1) . 0.05 pb

invisible Z decay �Z!�̃0
1�̃

0
1
< 3 MeV

µ magnetic moment �aµ < 4.5⇥ 10�9

flavor constraints BR(b ! s�) 2 [3.03, 4.07]⇥ 10�4

BR(Bs ! µ+µ�) 2 [1.5, 4.3]⇥ 10�9

Higgs mass mh0 2 [122.5, 128.5] GeV

A0, H0 ! ⌧+⌧� CMS results for L = 17 fb�1, mmax
h scenario

Higgs couplings ATLAS, CMS and Tevatron global fit, see text

relic density ⌦h2 < 0.131 or ⌦h2 2 [0.107, 0.131]

direct detection XENON100 upper limit

indirect detection Fermi-LAT bound on gamma rays from dSphs

pp ! �̃0
2�̃

±
1 Simplified Models Spectra approach, see text

pp ! ˜̀+ ˜̀�

Table 2: Experimental constraints implemented in the analysis. For details, see text.

In the following, we present the results for the combination of all our scans. The density of
points has no particular meaning, as it is impacted by the arbitrary choice of regions of inter-
est. The computation of all the observables has been performed within micrOMEGAs 3.1 [42].
SuSpect 2.41 [43] has been used for the computation of the masses and mixing matrices for
Higgs particles and superpartners, while branching ratios for the decays of SUSY particles have
been computed with CalcHEP [44].

3 Experimental constraints

The various experimental constraints that we use in the analysis are listed in Table 2. A
number of “basic constraints” are imposed for a first selection. They include the LEP results for
the direct searches for charginos and staus2 [45] and for invisible decays of the Z boson [46], in
addition to the OPAL limit on e+e� ! �̃0

2,3�̃
0
1 ! Z(⇤)(! qq̄)�̃0

1 [47]. The anomalous magnetic
moment of the muon is also required not to exceed the bound set by the E821 experiment [48,49],
and the flavor constraints coming from b ! s� [50, 51] and from Bs ! µ+µ� [52] are taken
into account. Finally, the “basic constraints” also require the lightest Higgs boson, h0, to be
within 3 GeV of the best fit mass from ATLAS [53] and CMS [54]. This range is completely
dominated by the estimated theoretical uncertainties on the Higgs mass in the MSSM.

In addition to the set of basic constraints, limits from searches for Higgs bosons at the LHC

2Note that selectrons and smuons are safely above the LEP bound [45] since ML1 > 100 GeV and MR1 >
100 GeV.

3

Light neutralino DM - scan details



Tau dominated scenario

• For topologies involving an intermediate particles, three mass 
slices are given. We interpolate over these slices

interpolate and 
derive k-factors

interpolate using 
k-factors

interpolate using 
k-factors



SModelS scan - strong focus

• pMSSM scan over 6 parameters

-  Gaugino masses obey GUT relation

- Flavor constraints, invisible Z width, Higgs mass, LEP limits 
imposed

- Scan ranges

M2 µ tan� Mq̃ MQ̃3
MD̃3

MŨ3
At Ab

0.1–1 0.1–1 3–60 0.1–5 0–2 0–2 0–2 [1,3]max(MQ̃3
,MQ̃3

) ±1



SModelS scan - strong focus



SModelS scan - strong focus



SModelS scan - strong focus



SModelS scan - strong focus


