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Introduction

Theory Experiment

Constraints/measurements

Experimental signatures

Additional constraints: !
• Dark matter does not over close the Universe!
• Dark matter direct direction constraints !
• Higgs mass and branching ratio measurements!
• Flavour physics constraints in particular BR(B ! s �) andBR(Bs ! µµ)

Focus purely on application of simplified model results for R-parity conserving SUSY

Question: How to most effectively exploit this interplay?
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LHC results
Nevts =

X

i

L⇥ (A⇥ ✏)i ⇥ (� ⇥BR)i

• Generic reinterpretation: Reconstruct the number of events by taking into account all 
possible decay chains!

• Simplified model reinterpretation(I): Obtain maximum allowed cross-section for a given 
decay chain !

• Simplified model reinterpretation(II): Reconstruct number of events by predefining 
efficiency maps

• Works for BSM model involving complex 
topologies/decays 

• Time consuming, demands computing 
power 

• Account for e.g. spin correlation of the 
process

• Assumes that BSM model contains only few 
light particles hence deals with simple 
topologies 

• Generic, simple and quick to use 

• Neglect e.g. spin correlation of the process

Generic reinterpretation Simplified model reinterpretation



(3)S. Kulkarni

Simplified model reinterpretation - I



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

Is σ X BR (Mother mass, intermediate mass, LSP mass) of given model > the 
number on the plot? -- Yes, point excluded; No, point allowed

SMS result

(4)S. Kulkarni

We should use 
these numbers

Useful but not 
the most 
important 
outcome

CMS-SUS-13-006



SMS result
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Generic MSSM spectra - II



• 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

SModelS framework
Kraml et al, arXiv:1412.1745 	


Eur.Phys.J. C74 (2014) 2868
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ẽR

e

ẽR
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ẽR

e

ẽR
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ẽR

e

l̃

l̃

l

l

CMS-SUS-PAS-12-022

ATLAS-
CONF-2013-049

S. Kulkarni (10)



�̃0
2

�̃1
+ ⌧̃R

⌧⌫

l̃

l l

l̃

l̃

l

l

Lo
ok

-u
p 

ex
pe

rim
en

ta
l l

im
its Is theory prediction > experimental  limit?

Yes No

Point excluded Point allowed

S. Kulkarni

⌧̃R

⌧

⌧̃R

⌧

Missing topology

⌧̃R

⌧

⌧̃R

⌧

(11)



• 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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SModelS framework
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• Ignore kinematics of the process e.g. spin correlations  

• Conclusions highly dependent on the availability of the results e.g. efficiency maps 
or upper limit maps 

• Conservative limits, generic parameter space contains complicated decay chains 

• SMS results almost always fail to constrain when there is no dominant decay 
channel (often the scenario) 

• No statistical interpretation possible

(Why not) Use SMS results

S. Kulkarni

• Can the SMS interpretations which are directly available from the experimental 
collaborations be systematically used in order to draw conclusions about the 
viability of BSM parameter space?  

• Can we have BSM search results which demonstrate the mightiness of LHC and 
are usable? 

Question

(13)



• LUX disfavours the light neutralino DM region deemed viable in this study

Basic constraints!
Higgs couplings fits

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

S. Kulkarni (14)

Neutralino LSP

• Flat random scan in pMSSM with 11 free 
parameters 

• Relic generated with slepton co-annihilation 
• Light neutralino respecting LHC searches 

can survive 
• Constrain such scenarios by using Higgs 

signal strengths and invisible branching 
ratio constraints

G. Bélanger, G. Drieu La Rochelle, B. Dumont, 	


      R. Godbole, S. Kraml, S. Kulkarni PLB726 (2013) 773-780	


see also: L. Calibbi, T. Ota, and Y. Takanishi, JHEP 1107 (2011) 013



S. Kulkarni

Ursula Laa, LPSC & LAPTh                 SUSY 20157

Typical signatures

�̃±
⌫̃

⌫̃

⌫̃

l̃

q̃ �̃0g̃

l

⌫qq

W±

gluino decay indistinguishable from neutralino LSP scenario

Ursula Laa, LPSC & LAPTh                 SUSY 20157

Typical signatures

�̃±
⌫̃

⌫̃

⌫̃

l̃

q̃ �̃0g̃

l

⌫qq

W±

gluino decay indistinguishable from neutralino LSP scenario

l̃ �̃0
1

l

Ursula Laa, LPSC & LAPTh                 SUSY 20157

Typical signatures

�̃±
⌫̃

⌫̃

⌫̃

l̃

q̃ �̃0g̃

l

⌫qq

W±

gluino decay indistinguishable from neutralino LSP scenario

�̃±
1 �̃0

1

Neutralino LSP Sneutrino LSP

Spin 0

Spin 0

Spin 1/2

Spin 1/2

Ursula Laa, LPSC & LAPTh 
 

 
 

 
 

 
 

 
 

 
 

     SUSY 2015

7

Typical signatures

�̃ ±

⌫̃

⌫̃

⌫̃

l̃

q̃

�̃ 0

g̃

l

⌫

q

q

W
±

gluino decay indistinguishable from neutralino LSP scenario

�̃0
1g̃

q q̄

Ursula Laa, LPSC & LAPTh 
 

 
 

 
 

 
 

 
 

 
 

     SUSY 2015

7

Typical signatures

�̃ ±

⌫̃

⌫̃

⌫̃

l̃

q̃

�̃ 0

g̃

l

⌫

q

q

W
±

gluino decay indistinguishable from neutralino LSP scenario

g̃ ⌫̃

⌫q q̄
Suppressed coupling 

Long lived gluino

C
an

 b
e 

th
e 

sa
m

e
C

an
 b

e 
ve

ry
 d

iff
er

en
t

Dev et al, JHEP 09, 110 (2012)	


Arina et al, JHEP04(2014)100

Mixed Sneutrino LSP

(15)



Figure 12: Comparison of the pT distributions of electrons originating from selectron decays
in the MSSM and from chargino decays in MSSM+RN, at the level of reconstructed events.
The benchmark scenarios used are (m

˜l± , m�̃0
1
) = (270, 100) GeV for the MSSM case and

(me�±
1
, m⌫̃1) = (270, 100) GeV for the MSSM+RN case. See text for details.

Figure 13: Comparison of the mT2

distributions for the two benchmark scenarios after all
preselection cuts.

limits given by the experimental collaborations in the context of slepton-pair production in the
MSSM to constrain chargino-pair production followed by decays into l⌫̃l in the MSSM+RN.

19
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Validity of SMS results

• Sample generation with MG5, decay 
with pythia6 

• Slepton decays lead to harder leptons 
• Explicit check of efficiencies by 

producing cutflows

Figure 12: Comparison of the pT distributions of electrons originating from selectron decays
in the MSSM and from chargino decays in MSSM+RN, at the level of reconstructed events.
The benchmark scenarios used are (m

˜l± , m�̃0
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) = (270, 100) GeV for the MSSM case and

(me�±
1
, m⌫̃1) = (270, 100) GeV for the MSSM+RN case. See text for details.

Figure 13: Comparison of the mT2
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limits given by the experimental collaborations in the context of slepton-pair production in the
MSSM to constrain chargino-pair production followed by decays into l⌫̃l in the MSSM+RN.
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LHC phenomenology

Many points can be excluded by using simplified model results however, many 
remain unchallenged

C. Arina M.E. Cabrera, S. Kraml, S. Kulkarni, U. Laa, JHEP 1505 (2015)

MCMC over 13 free parameters defined at the GUT scale

(17)
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LHC phenomenology

Ursula Laa, LPSC & LAPTh                 SUSY 201519

Those can be tested by topologies not yet 
considered by ATLAS and CMS

[[],[[l]]]

⌫̃l1

⌫̃l1
�̃±
1

�̃0
1

Chiara Arina, M.E. Cabrera, S. Kraml, S. K., U. Laa, JHEP 1505 (2015)

Efforts ongoing to constrain this final state — new search strategy required

(18)
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MSSM extensions
MSSM before the LHC Run-1
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MSSM extensions

Although, a lot of parameter is viable, extensions of MSSM are being considered seriously

Ageing beauty of MSSM:  
• Higgs branching ratio — Naturalness  
• Dark matter experiments — LSP properties 
• Direct searches at the LHC  — Particle spectra and couplings, in particular 

gluino and squarks

MSSM before the LHC Run-1 MSSM after the LHC Run-1

(19)
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MSSM extensions

• String inspired origin (E6MSSM): MSSM with additional U(1)’ symmetry + 
right handed Dirac neutrino 

• Two dark matter candidates: Neutralino, purely RH sneutrino 
• N.B. model contains 6 neutralinos thanks to extra singlino and gauge boson 
• Presence of additional Z’ gauge boson due to U(1)’ symmetry 
• LHC constraints on Z’: model suffers from fine tuning

UMSSM

MNMSSM
• MSSM with additional singlet field 
• Possess discrete R-symmetry which forbids cubic self interactions of the singlet 

filed 
• No mass term for the pure singlino, only mixing with Higgsino raises singlino 

mass

(20)
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NMSSM
D. Barducci, G. Bélanger, C. Hugonie, A. Pukhov, arXiv:1510.00246 

into account ⇠ 10% theoretical uncertainties that could arise from loop corrections into the

DM annihilation cross section, see e.g. [84]. We have also required the spin independent

cross section for DD, rescaled for the local DM abundance (�SI
rescaled = �SI⌦h2/⌦h2Planck),

to be compatible with the latest LUX results [85].

We illustrate in Fig. 1 the results of the scan mapped in the m�̃0

1

- ⌦h2 plane, showing

in blue the points with a DM relic density compatible with Planck (0.107< ⌦h2 <0.131)

and in red the points for which it is below (⌦h2 <0.107). We see that three di↵erent

regimes for the LSP mass exist: a region with a very light LSP below 5 GeV (region 1),

a region with a ⇠ 45 GeV LSP (region 2) and a region with a ⇠ 65 GeV LSP (region 3).

In the first region the DM annihilation proceeds through a light pseudoscalar (singlet like)

Higgs resonance, the second corresponds to the Z resonance and the third to the exchange

of a SM like Higgs or Z boson. Note that the gap for neutralino masses between 5 and

40 GeV is mostly due to constraints from the invisible width of the Higgs. The light LSP

is a nearly pure singlino, so that the Higgs invisible width is very small. As the singlino

mass increases, the same does its higgsino component, hence increasing the contribution

to the Higgs invisible width.
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Figure 1. DM relic density ⌦h2 in function of the LSP mass. Blue (red) points correspond to a
DM relic density 0.107  ⌦h2  0.131 (⌦h2 < 0.107).

As we will discuss in the following, the 5 GeV and 65 GeV LSP region present two

and three sub-regions respectively, mapped in di↵erent areas of the m0-M1/2 parameter

space. We report in Tabs. 1-2 the maximum and minimum values for all of the nMSSM

input parameters, in the three regions and sub-regions that we have identified. Moreover

in this Tables we also specify the weak scale gaugino masses and give a quick overview of

the sparticle spectrum in the di↵erent sub-regions. All regions have small µ and several

sub-regions feature sfermions and/or gauginos at the multi TeV scale. We distinguish

region 1 for which the 125 GeV (SM like) Higgs state is the second lightest CP even (h2)

while the lightest (h1) is mainly singlet, from regions 2 and 3 where the lightest CP even

– 8 –

• Light pseudo scalar 
(singlet-like) Higgs 
resonance 

• h2 SM like 
• Singlino LSP

• Gap due to Higgs 
invisible BR 

• Z resonance 
• Mixed singlino-

higgsino LSP

• SM like h and 
Z resonance 

• Bino LSP

h1 SM like

Dominant relic 
Subdominant relic

Feasibility study of a very light singlino DM ~< 5GeV 
Semi universal MCMC scan over 9 parameters

See also: D. A. Vasquez, G. Belanger, C. Boehm, J. Da Silva, P. Richardson, PRD86 (2012) 035023 

(21)



S. Kulkarni

NMSSM

notice that, while the reach on the slepton mass is close to the o�cial result of the ATLAS

analysis for a 5 GeV LSP (ml̃
>⇠ 330 GeV), this is not the case for the stop search, where

the ATLAS limit is around 650 GeV. However this can be explained by the fact that the

simplified model result assumes a 100% branching ratio either for t̃1 ! t�̃0
1 or t̃1 ! b�̃+

1 ,

an assumption which is not satisfied here. First, the mass spectrum is such that there is

always at least one decay channel into a heavier neutralino which is allowed. Moreover,

the decays into heavier neutralinos typically have larger branching ratios than the decay

into the singlino LSP. This causes therefore a small reduction of the LHC exclusion reach.

200 400 600 800 1000 1200
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1400

me
�
L
[GeV]

m
t� 1
[G

eV
]

Not Excluded

ATLAS-SUSY-2013-11
CMS-SUS-13-011

ATLAS-SUSY-2013-19

Region 1A

Figure 2. Allowed and excluded points for region 1A in the mẽL -mt̃1 plane. For each excluded
point we indicate the search with the maximum sensitivity.

The second region with a light LSP (1B) corresponds to large m0 (⇠ 4 TeV) and

small M1/2. The large value of m0 yields heavy sfermions with slepton and squark masses

above 3 TeV, except for the lightest stop which is between 1–2 TeV. Therefore the only

sub-TeV sparticles are EWinos and gluinos. In particular the neutralino spectrum has

the following hierarchy: a light singlino (m�̃0

1

< 5 GeV), a bino (m�̃0

2

⇠ 100–200 GeV), a

wino (m�̃0

3

⇠ 200��300 GeV) which is degenerate with the lightest chargino, and heavier

higgsino states since typically µ is larger than M1,M2 in region 1A (see Tab. 1). The

gluinos lie in the 800–1200 GeV range, while h2 is heavier than in region 1A, between 70

and 90 GeV.

Contrary to what we found in region 1A, SModelS does not set any constraint on the

parameter space of this region. Clearly sleptons and squarks, including stops, escape the

limits set by the experimental searches due to their high masses. Conversely, the reasons

for EWinos escaping the LHC limits are less straightforward. The chargino mass in region

1B is typically above the bound set by ATLAS from the search for �̃+
1 �̃

�
1 production, with

a subsequent �̃±
1 ! W±�̃0

1 decay, which, for a light LSP, is m�̃+

> 180 GeV [94]. The other

simplified topology analysed by ATLAS which is relevant for region 1B is �̃±
1 �̃

0
2 ! WZ�̃0

1�̃
0
1.

It assumes 100% EWinos decays into the LSP plus a SM gauge boson, as well as pure wino

– 12 –

• Region 1 containing light sleptons and stops completely constrained by SModelS   
• Applying SMS results to light gluino is a generic problem 
• Reinterpret LHC gluino searches for regions of parameter space containing light 

gluino (Generic reinterpretation) 
• Only singlino LSP with mass ~5GeV can form entire dark matter, all other 

regions can only contribute to a subdominant component

(22)
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Simplified model reinterpretation - II

See also:	


M. Papucci, K. Sakurai, A. Weiler, L. Zeune, Eur.Phys.J. C74 (2014) 11, 3163 	


D. Barducci, A. Belyaev, M. Buchkremer, J. Marrouche, 	


	

 S. Moretti, L. Panizzi, CPC 197 (2015) 263-275 

(23)
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Non-MET final states
J. Heisig, A. Lessa, L. Quertenmont arXiv: 1509.00473	


see also: G. Bélanger, J. Da Silva, U. Laa, A. Pukhov, JHEP 1509 (2015) 151

• Heavy stable charged particles: result of suppressed phase space 
• A generic decomposition of the parameter space leads to:

name diagram parameters SUSY topology

M1

mHSCP

mHSCP

mHSCP pp → χ̃±
1 χ̃

±
1

M3
mprod

mprod

mHSCP

mHSCP

mHSCP,mprod pp → q̃q̃ → χ̃±
1 χ̃

±
1

M5
mprod

mprod

mint

mint

mHSCP

mHSCP

mHSCP,mint,mprod pp → q̃q̃ → χ̃0χ̃0 → τ̃1τ̃1

M7
mprod

mprod

mint

mHSCP

mHSCP

mHSCP,mint,mprod pp → χ̃0χ̃±
2 → τ̃1(χ̃

±
1 → τ̃1)

M8
mprod

mprod

mHSCP

mHSCP

mHSCP,mprod pp → q̃q̃ → τ̃1τ̃1

Table 1. Definitions of the simplified models with two HSCPs used in this study. In the diagrams
single solid lines denote SM particles or intermediate BSM particles, double solid lines denote the
HSCP.

(pT > 45 GeV) trigger. However, the trigger becomes inefficient when the particle velocity

is too low (β < 0.45) due to the too long delay (> 25 ns) for the particle to reach the muon

system causing a mismatch between the muon system information and the inner tracker

information.

While there is no real standard model background to this search, instrumental back-
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±
1 → τ̃1)

M8
mprod
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mHSCP

mHSCP,mprod pp → q̃q̃ → τ̃1τ̃1
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HSCP.

(pT > 45 GeV) trigger. However, the trigger becomes inefficient when the particle velocity

is too low (β < 0.45) due to the too long delay (> 25 ns) for the particle to reach the muon

system causing a mismatch between the muon system information and the inner tracker

information.

While there is no real standard model background to this search, instrumental back-
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Purely HCSP final state
name diagram parameters SUSY topology

M2

minv

mHSCP

mHSCP = minv pp → χ̃±
1 χ̃

0

M4
mprod

mprod

mHSCP

mHSCP,mprod pp → q̃q̃ → χ̃±
1 χ̃

0

M6
mprod

mprod

mint mHSCP

mHSCP,mint,mprod pp → q̃q̃ → χ̃0(χ̃0 → τ̃1)

Table 2. Definitions of the simplified models with one HSCP used in this study. In the diagrams
single solid lines denote SM particles or intermediate BSM particles, double solid lines denote the
HSCP and dashed lines denote invisible particles (or an invisible branch, see Fig. 5).

grounds due to the mis-measurement of either dE/dx or TOF is not negligible. To predict

the amount of backgrounds in the signal region CMS exploits the fact that the dE/dx and

TOF measurements are uncorrelated for backgrounds. The track dE/dx and momentum

variables are used to reconstruct the particle mass and further discriminate the HSCP sig-

nal from mis-reconstruction background peaking at low values of the reconstructed mass.

Although the mass threshold used in [10] is continuous, the required inputs for the rein-

terpretation of these results [11] are only provided in 100GeV steps. Below we use the

results presented in Ref. [11] to compute the signal efficiencies for the simplified models

introduced in Tables 1 and 2.

2.2 Computation of signal efficiencies

In order to compute the efficiencies for the simplified models, we perform a Monte

Carlo simulation of the signal at the 8TeV LHC. For each topology listed in Tabs. 1

and 2 we scan over the respective BSM masses (listed in the third column) and generate

30 k events for each set of masses. For the event generation we use MadGraph 5 [25]

to generate parton level events and then Pythia 6 [26] to perform the decays, as well as
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Table 2. Definitions of the simplified models with one HSCP used in this study. In the diagrams
single solid lines denote SM particles or intermediate BSM particles, double solid lines denote the
HSCP and dashed lines denote invisible particles (or an invisible branch, see Fig. 5).
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the amount of backgrounds in the signal region CMS exploits the fact that the dE/dx and

TOF measurements are uncorrelated for backgrounds. The track dE/dx and momentum

variables are used to reconstruct the particle mass and further discriminate the HSCP sig-

nal from mis-reconstruction background peaking at low values of the reconstructed mass.

Although the mass threshold used in [10] is continuous, the required inputs for the rein-

terpretation of these results [11] are only provided in 100GeV steps. Below we use the

results presented in Ref. [11] to compute the signal efficiencies for the simplified models

introduced in Tables 1 and 2.

2.2 Computation of signal efficiencies

In order to compute the efficiencies for the simplified models, we perform a Monte

Carlo simulation of the signal at the 8TeV LHC. For each topology listed in Tabs. 1

and 2 we scan over the respective BSM masses (listed in the third column) and generate

30 k events for each set of masses. For the event generation we use MadGraph 5 [25]

to generate parton level events and then Pythia 6 [26] to perform the decays, as well as

– 5 –

Mixed MET-HCSP final state

Simplified Models for HSCPs

• Basic idea:

1. Compute efficiencies for classes of simplified models (SMS)
! efficiencies database

! ✏1(mHSCP) = �after cuts

�total , ! ✏2 (mprod,mint,mHSCP). . .

⇠ only depends on the decay structure and the masses

2. Decompose the full model in a coherent sum of SMS

Andre Lessa (UFABC - Santo André) ICTP2015 Program on Particle Physics 9 / 19

• Precompute efficiencies for various decay chains

(24)
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Non-MET final states

• Use precomputed efficiencies to constrain your model

Simplified Models for HSCPs

• Basic idea:

3. Use the pre-computed efficiencies to compute your full model signal
(� ⇥ BR) ⇥ ✏1

(� ⇥ BR) ⇥ ✏2

(� ⇥ BR) ⇥ ✏3

(� ⇥ BR) ⇥ ✏4

(� ⇥ BR) ⇥ ✏5

) �eff =
P

i (�BR✏i)

4. Compare to the experimental UL:

�eff > �UL ! the model is excluded

Andre Lessa (UFABC - Santo André) ICTP2015 Program on Particle Physics 10 / 19

(25)
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Charged particles
M
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Figure 7. Values for the signal cross section (σth) over the experimental 95% CL upper limit (σUL)
in the m0-M1/2 (top) and m0-mτ̃1 (bottom) planes. Points with σth/σUL > 1 are excluded by either
MET searches or HSCP searches at the LHC.
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Figure 8. Points excluded at 95% CL by HSCP (left) and MET (right) searches in the m0-M1/2

plane. The distinct signal regions for the HSCP search from CMS-EXO-13-006 [11] are shown as
light orange (SR100) and dark orange (SR200). Signal regions SR0 and SR300 were also considered
but are less constraining than SR100 and SR200 for this model. For the MET searches we show by
distinct colors the constraints from CMS [54] (dark blue) and ATLAS [55] (light blue) analyses.

seen in Fig. 7. This transition, however, does not affect our results, since all the points in

this region are excluded.

Since in the model considered here the signal cross section splits into a HSCP signal

and a MET signal, we expect both the MET and the HSCP searches to have a smaller

reach than in a scenario where the signature is pure MET or pure HSCP. In order to

compare the reach of MET searches against the one of HSCP searches, we show in Fig. 8

the most constraining (the one with the highest σth/σUL ratio) HSCP analysis (left) and

MET analysis (right). As we can see, the constraints from MET searches exclude points up

to M1/2 ≃ 650GeV, which corresponds to mg̃ ≃ 1500GeV or mq̃ ≃ 1350GeV. The most

– 17 –

Switch in the signal region

• Non-MET searches dominate the exclusion  
• Entire parameter space compatible with relic density constraints is excluded by 

LHC results

• Parameter space motivated by solution to cosmological 7Li problem 
• Parameter space consists of long lived staus — dark matter neutralino

(26)
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SMS wish list

Currently, SModelS group is implementing all efficiency maps from all 8 TeV results, 
so far only work on ATLAS is near completion  
Out of 15 analysis 6 can not be used 
1. Give efficiency maps for all signal regions, information on only best SR does not 

help 
2. For topologies containing more than two masses, give at least three mass 

planes which can be interpolated between (for both efficiency maps and upper 
limit maps) 

3. For such maps, give consistent results, we have cases when we can not 
complete closure test 

4. For cross section upper limit maps provide maps which can be interpolated, too 
coarse a binning can not be used

(27)
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Conclusions

1. SMS results come with their pros and cons, a big pro is simplicity and speed of 
usage, and a big con is conservative limits 

2. However, they can effectively constrain parameter space  
3. They provide an important feedback e.g. missing topologies, to the 

experimentalists and put the hard work they have done to a practical use  
4. Usage of efficiency maps over upper limits map will be very beneficial in many 

cases (does not mean upper limits should be discarded)  
5. An important opportunity for the experimentalists and  theorists to contribute and 

collaborate 
6. Finally, it is possible to extend simplified model analysis to non-MET searches 

and such inclusions will only improve the situation further

(28)
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Backup
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Mixed Sneutrino LSPMSSM + Right-handed Neutrinos (MSSM+RN)

C. Arina (IAP & UPMC, Paris) - SUSY 2015, 24th August

Sneutrino left and right components mix:

Dirac masses for neutrinos:

4

Sneutrino LSP models address two issues at once: DM and neutrino masses

Inclusion of neutrino mass terms modify scalar sector as well:

Borzumati & Nomura, hep-ph/0007018 
Arkani-Hamed et al., hep-ph/0006312
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UMSSM

Neutralino LSPSneutrino LSP

Figure 9: Relic density for ⌫̃⌧R LSP with MZ2 as colour code. The 2� upper bound from
Planck is shown in grey.

find that the most stringent constraints on supersymmetric particles are obtained for
light gluino or light squarks [6, 106, 107]. Second, we concentrate on points compatible
with the measurements of the muon anomalous magnetic moment and that still have a
neutralino LSP. This dedicated scan provides a significant number of points with light
sfermions and allows us to ascertain the impact of slepton searches. Finally we investigate
scenarios with a RH sneutrino LSP, among these we do not characterize the ones that
are compatible with the muon (g � 2) because of the small number of points involved.
The possibilities to probe all points with long-lived charginos are considered separately
in section 6.4 regardless of the dark matter candidate. Our results for the constraints on
the SUSY spectra are presented in section 7 where we combine all sets.

6.1 Neutralino LSP

In most points with a neutralino LSP, the LSP is actually either dominantly wino or
higgsino, see figure 7. Points with a wino LSP are however mostly not considered in the
SModelS v1.0.1 analysis because they lead to long-lived charginos. Therefore the most
common configuration for the supersymmetric spectra relevant for SMS results is one with
three dominantly higgsino particles with similar masses : the LSP, the second neutralino
and the lightest chargino. Moreover since the jets/leptons produced in the decay of the
chargino (second neutralino) to the LSP are too soft to be detected the chargino (second
neutralino) will often lead to a missing ET (MET) signature. We will see that this has
important consequences when using the SMS results. In particular hardly any points can
be excluded from electroweakinos searches as only few can exploit the decay channel into
real gauge/Higgs boson. Furthermore we do not find constraints from decays into leptons
via sleptons since sleptons are rarely light.

6.1.1 Gluino constraints

In figure 10 we show points with a neutralino LSP in the LSP and gluino mass plane for
gluino masses up to 1200 GeV. On the left we show excluded points in red and allowed

20

Figure 7: Relic density of B̃ (green), W̃ (red), H̃ (blue) and S̃ (orange) LSP. The 2�
upper bound from Planck is shown in grey.

Figure 8: B̃0 component in the neutralino LSP as a function of its mass with the S̃
component in the neutralino LSP as colour code.

6 Impact of LHC searches for SUSY particles

After having imposed the basic constraints, flavour constraints and an upper bound on
the relic density ⌦h2 < 0.1208 (corresponding to the 2� upper limit of eq. (4.2)), we
next consider the impact of LHC searches for SUSY particles based on SMS results and
using SModelS. To analyse the impact of the SMS results we group the points into
four categories. Points excluded by SModelS are labeled as excluded, points where the
SMS results apply but the cross section is below the experimental upper limit are labeled
as not excluded. Points where no SMS result applies, as explained in section 4.3, are
labeled as not tested. Finally points with long-lived particles cannot yet be tested in
SModelS. Points that are not excluded are then examined in more details to determine
the signatures that could best be used to further probe them with upcoming data. We
divide the study in three steps. First, we consider scenarios with a neutralino LSP and

19

Higgs resonance Too large relic
Wino/Higgsino LSP 
Long lived particles Singlino LSP  

Too large relic
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UMSSM
G. Bélanger, J. Da Silva, U. Laa, A. Pukhov, JHEP 1509 (2015) 151

• Non-degenerate squark masses as a consequence of additional D-term 
contributions due to new U(1)’ couplings!

• Light squarks evade SMS constraints which assume degenerate squark masses!
• Light gluinos decay via light squarks hence evade SMS constraints

points in blue, moreover we indicate points with long-lived sparticles that cannot be tested
in SModelS v1.0.1 in green and points not tested for the other reasons mentioned before
in grey. The right panel indicates the topology giving the strongest constraint for each
excluded point.

(a) (b)

Figure 10: Exclusion with SModelS v1.0.1 in the LSP - gluino mass plane. (a) shows
whether a point can be tested, and excluded, as well as points which cannot be tested
because of long-lived sparticles or other reasons. (b) shows the most constraining topology
for all excluded points. For the most frequently found topologies we specify the associated
experimental searches : ‡ = [108], † = [109],  = [110], § = [6], ↵ = [111], ⇤ = [106], �
= [112], ¶ = [107] and � = [113].

We find that gluino topologies, basically from gluino decaying into a pair of quarks
and the LSP through virtual squark exchange, can exclude gluino masses up to 1100 GeV
[6,107,109]. The exclusions di↵er from those of a simplified model, since in general there
are many possible decay channels. The decay branching ratios of the gluino depend
strongly on the nature of the LSP. For a higgsino LSP, the decay of the gluino via virtual
stop is dominant because of the stronger coupling which depends on the top mass, the final
state is tt̄�̃0 (when there is enough phase space) and/or tb̄�̃� where the chargino is treated
as an e↵ective LSP. The strongest constraints are found when phase space allows only
the decay into the chargino final state, as there is one dominant decay channel. In other
scenarios (non-higgsino LSP) there is no such strong preference for one decay channel, and
the signal cross section will be split up on several simplified model topologies. Moreover
mixed decays, where each gluino decays into di↵erent quark pairs and the LSP occur
frequently and are not constrained by SMS. Hence the exclusion will be considerably
weaker than for the pure simplified model exclusion. For many configurations gluinos
can decay to heavier gauginos yielding topologies with long cascades not yet included in
SModelS. Moreover each di↵erent topology resulting from such processes is typically
suppressed because of multiple branching fractions. Similarly points with gluino decaying
via an on-shell sbottoms are not yet included in SModelS while those decaying via an
on-shell stops can be tested by SMS. However we found that the cross sections are too
small by two orders of magnitude for these points to be excluded.

21

Our conclusions are presented in section 10.

2 The model

The symmetry group of the model is SU(3)c ⌦ SU(2)L ⌦ U(1)Y ⌦ U(1)0 and we assume
that this model is derived from an underlying E

6

model. In this case the U(1)0 charges of
each field F of the model are parameterized by an angle ✓E6 as

Q0
F = cos ✓E6Q0

� + sin ✓E6Q0
 , (2.1)

where ✓E6 2 [�⇡/2, ⇡/2] and the charges Q0
� and Q0

 are given in Table 1 for all fermionic
fields that we will consider [43, 44]. The dependence on ✓E6 of the U(1)0 charge of some
matter fields is shown in figure 1.

The matter sector of the E
6

model contains, in addition to the chiral supermultiplets of
the SM fermions, three families of new particles, each family containing : a RH neutrino,
two Higgs doublets (Hu, Hd), a singlet, and a colour SU(3)c (anti)triplet. While the
complete matter sector is needed for anomaly cancellations, for simplicity we will assume
that all exotic fields, with the exception of three RH neutrinos, two Higgs doublets and
one singlet, are above a few TeV’s and can be neglected. Similarly in addition to the
MSSM chiral multiplets we will only consider the chiral multiplets corresponding to these
fields, that is the multiplet with a singlet S and the singlino S̃ and another multiplet with
RH neutrinos ⌫iR (i 2 {e, µ, ⌧}) and their supersymmetric partners, the sneutrinos, ⌫̃iR.

Q0
Q Q0

u Q0
d Q0

L Q0
⌫ Q0

e Q0
Hu

Q0
Hd

Q0
Sp

40Q0
� �1 �1 3 3 �5 �1 2 �2 0p

24Q0
 1 1 1 1 1 1 �2 �2 4

Table 1: U(1)0 charges of all matter fields considered.

Figure 1: U(1)0 charges of some matter fields in the UMSSM as a function of ✓E6 .

4
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UMSSM

Neutralino LSPSneutrino LSP(a) (b)

Figure 19: Points tested by searches for long-lived charginos: (a) the chargino pair pro-
duction cross section and the corresponding upper limits from D0 (b) sum of chargino
pair and chargino neutralino production cross sections and the corresponding upper limit
from ATLAS. The colour code indicates the wino fraction in �̃±

1

.

Finally we point out the potential of such a search at 13 TeV. In figure 20, the cross
section for pair production of charginos with decay lengths c⌧ > 10 mm is displayed. Here
all points that have not yet been excluded are shown. We find that about one order of
magnitude improvement over the current limit would allow to probe a large fraction of
the points with a long-lived chargino below the TeV scale. Note that in this figure we
have included long-lived charginos decaying either inside or outside the detectors. Each
category includes a significant number of points. Therefore both types of searches could
be used to test the model further.

7 Summary after LHC constraints

7.1 Exclusion potential of current LHC searches on the UMSSM

To summarize the impact of the LHC constraints on the sfermion spectrum we display in
figure 21 the excluded/non-excluded points in the plane ✓E6 �m

˜f for f̃ 2 {t̃
1

, b̃
1

, d̃R} as

well as f̃ = µ̃L for the sample where the muon anomalous magnetic moment constraint is
imposed. Among the non excluded points those that satisfy all constraints have a di↵erent
colour code than those that are associated with a long-lived NLSP or that are not tested
by SModelS v1.0.1. In all cases the excluded points are scattered and represent only
a fraction of all points. It should be stressed again that many scenarios with squark
masses well below 1 TeV are allowed. When the agreement with �aµ is not required
we found that 45% (41%) of the points that were confronted with the LHC limits had
a long-lived sparticle in the case of a neutralino (RH sneutrino) LSP, 16% (17%) were
tested by SModelS of which 10% (11%) were excluded. The remainder of the points
was not testable by SModelS either because of too low cross sections or lack of SMS

30

Figure 9: Relic density for ⌫̃⌧R LSP with MZ2 as colour code. The 2� upper bound from
Planck is shown in grey.

find that the most stringent constraints on supersymmetric particles are obtained for
light gluino or light squarks [6, 106, 107]. Second, we concentrate on points compatible
with the measurements of the muon anomalous magnetic moment and that still have a
neutralino LSP. This dedicated scan provides a significant number of points with light
sfermions and allows us to ascertain the impact of slepton searches. Finally we investigate
scenarios with a RH sneutrino LSP, among these we do not characterize the ones that
are compatible with the muon (g � 2) because of the small number of points involved.
The possibilities to probe all points with long-lived charginos are considered separately
in section 6.4 regardless of the dark matter candidate. Our results for the constraints on
the SUSY spectra are presented in section 7 where we combine all sets.

6.1 Neutralino LSP

In most points with a neutralino LSP, the LSP is actually either dominantly wino or
higgsino, see figure 7. Points with a wino LSP are however mostly not considered in the
SModelS v1.0.1 analysis because they lead to long-lived charginos. Therefore the most
common configuration for the supersymmetric spectra relevant for SMS results is one with
three dominantly higgsino particles with similar masses : the LSP, the second neutralino
and the lightest chargino. Moreover since the jets/leptons produced in the decay of the
chargino (second neutralino) to the LSP are too soft to be detected the chargino (second
neutralino) will often lead to a missing ET (MET) signature. We will see that this has
important consequences when using the SMS results. In particular hardly any points can
be excluded from electroweakinos searches as only few can exploit the decay channel into
real gauge/Higgs boson. Furthermore we do not find constraints from decays into leptons
via sleptons since sleptons are rarely light.

6.1.1 Gluino constraints

In figure 10 we show points with a neutralino LSP in the LSP and gluino mass plane for
gluino masses up to 1200 GeV. On the left we show excluded points in red and allowed
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Figure 7: Relic density of B̃ (green), W̃ (red), H̃ (blue) and S̃ (orange) LSP. The 2�
upper bound from Planck is shown in grey.

Figure 8: B̃0 component in the neutralino LSP as a function of its mass with the S̃
component in the neutralino LSP as colour code.

6 Impact of LHC searches for SUSY particles

After having imposed the basic constraints, flavour constraints and an upper bound on
the relic density ⌦h2 < 0.1208 (corresponding to the 2� upper limit of eq. (4.2)), we
next consider the impact of LHC searches for SUSY particles based on SMS results and
using SModelS. To analyse the impact of the SMS results we group the points into
four categories. Points excluded by SModelS are labeled as excluded, points where the
SMS results apply but the cross section is below the experimental upper limit are labeled
as not excluded. Points where no SMS result applies, as explained in section 4.3, are
labeled as not tested. Finally points with long-lived particles cannot yet be tested in
SModelS. Points that are not excluded are then examined in more details to determine
the signatures that could best be used to further probe them with upcoming data. We
divide the study in three steps. First, we consider scenarios with a neutralino LSP and
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Figure 19: Points tested by searches for long-lived charginos: (a) the chargino pair pro-
duction cross section and the corresponding upper limits from D0 (b) sum of chargino
pair and chargino neutralino production cross sections and the corresponding upper limit
from ATLAS. The colour code indicates the wino fraction in �̃±

1

.

Finally we point out the potential of such a search at 13 TeV. In figure 20, the cross
section for pair production of charginos with decay lengths c⌧ > 10 mm is displayed. Here
all points that have not yet been excluded are shown. We find that about one order of
magnitude improvement over the current limit would allow to probe a large fraction of
the points with a long-lived chargino below the TeV scale. Note that in this figure we
have included long-lived charginos decaying either inside or outside the detectors. Each
category includes a significant number of points. Therefore both types of searches could
be used to test the model further.

7 Summary after LHC constraints

7.1 Exclusion potential of current LHC searches on the UMSSM

To summarize the impact of the LHC constraints on the sfermion spectrum we display in
figure 21 the excluded/non-excluded points in the plane ✓E6 �m

˜f for f̃ 2 {t̃
1

, b̃
1

, d̃R} as

well as f̃ = µ̃L for the sample where the muon anomalous magnetic moment constraint is
imposed. Among the non excluded points those that satisfy all constraints have a di↵erent
colour code than those that are associated with a long-lived NLSP or that are not tested
by SModelS v1.0.1. In all cases the excluded points are scattered and represent only
a fraction of all points. It should be stressed again that many scenarios with squark
masses well below 1 TeV are allowed. When the agreement with �aµ is not required
we found that 45% (41%) of the points that were confronted with the LHC limits had
a long-lived sparticle in the case of a neutralino (RH sneutrino) LSP, 16% (17%) were
tested by SModelS of which 10% (11%) were excluded. The remainder of the points
was not testable by SModelS either because of too low cross sections or lack of SMS
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Figure 9: Relic density for ⌫̃⌧R LSP with MZ2 as colour code. The 2� upper bound from
Planck is shown in grey.
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with the measurements of the muon anomalous magnetic moment and that still have a
neutralino LSP. This dedicated scan provides a significant number of points with light
sfermions and allows us to ascertain the impact of slepton searches. Finally we investigate
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(a) (b)

Figure 24: For all points satisfying collider and DM relic density constraints are displayed
(a) the signal strengths for h

2

in gluon fusion and VBF modes in the W+W� final state,
with mh2 < 1 TeV as colour code. (b) B(h

2

! tt̄) in the tan � � mA0 plane with
mA0 < 1 TeV.

9 Dark matter probes

The correlation between LHC constraints and DM relic abundance on both the neutralino
and RH sneutrino LSP scenarios is summarized in figure 25. Clearly there is a strong
preference for a RH sneutrino around 60 GeV, see figure 25a. Moreover for the neutralino
LSP case, the wino scenario (the lower branch in figure 25b) is strongly constrained by
searches for long-lived charginos. We now consider the predictions for DM observables.

(a) (b)

Figure 25: Relic density for (a) ⌫̃⌧R or (b) �0

1

LSP with the same colour code as in
figure 21 except for the configurations excuded by searches for long-lived charginos which
are highlighted in pink.

Direct searches for dark matter through their scattering on nuclei in a large detector
provide a complementary method to probe supersymmetric dark matter. When examining
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Long lived gluino

B Lifetimes of long-lived particles

As mentioned in Sec. 3.2, a considerable number of the scan points comprise long-lived spar-
ticles. These occur mostly when enforcing light gluinos or squarks; in this case about 30 % of
the points feature long-lived particles, while the fraction is below 1 % without this constraint.
The long-lived particles are predominantly gluinos (85 %), mostly in the case where it is the
NLSP, and in a few points where �̃0

1

is slightly (up to about 50 GeV) lighter than the gluino.
Apart from that we find points with long-lived stops or staus in case they are the NLSP, as
well as single points with long-lived charginos. Here we will focus on the long-lived gluinos and
stops, long-lived staus have been discussed before in [27].

Figure 14: Lifetimes c⌧ in [m] for long-lived gluinos, the color code indicates the LSP mass
(left) and the sneutrino mixing angle (right).

In the MSSM long-lived gluinos appear when all squarks are extremely heavy, e.g. in split-
SUSY scenarios. In case of the MSSM+RN with a sneutrino LSP additional causes come into
play. If the gluino is the NLSP, its decay will proceed only via virtual squarks and gauginos,
yielding an e↵ective four body decay, g̃ ! qq⌫⌫̃ (virtual q̃ and �̃0) or g̃ ! qq0l⌫̃ (virtual q̃ and
�̃±). The gluino lifetime will therefore depend not only on the squark mass, but also on the
gaugino masses and mixings, as well as the sneutrino mixing angle. Meta-stable gluinos can
thus appear even if the squarks are not completely decoupled. The gluino lifetime as a function
of its mass is shown in Fig. 14. The left plot illustrates the depencence on the sneutrino mass,
the right plot the dependence on the sneutrino mixing. We can distinguish two general regions.
First, we observe an exponential dependence of the lifetime on the gluino mass for decay lengths
of 10 mm up to 104 m. Here the lifetime is largely independent of the sneutrino mass. Moreover
lifetimes at constant gluino masses are longer for heavier squarks and gauginos. In this region
we generally find large mixing angles sin ✓⌫̃ , but heavy gauginos and squarks. Points with very
small mixing angles may also appear in this region, in the case that the mass of the lightest
neutralino is below the gluino mass. The second region, with lifetimes longer than 104 m, and
up to 1017 m, shows a very di↵erent behaviour. We can see a clear correlation between gluino
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• Gluino four body decay (three body decay to LSP no longer possible!
• Meta-stable gluino can occur even if squarks are not completely decoupled
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Cutflow comparison
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Table 2: Comparison of the cut-flows for pp ! ẽẽ ! e+e�e�0

1

e�0

1

and pp ! e�+

1

e��
1

! e+e�⌫̃
1

⌫̃
1

with (m
˜l± , m�̃0

1
) = (270, 100) GeV and (me�±

1
, m⌫̃1) = (270, 100) GeV, respectively.

Cut Slepton production Chargino production

Common preselection

Initial number of events 50000 50000

2 OS leptons 35133 33464

mll > 20 GeV 35038 33337

⌧ veto 35007 33318

ee leptons 35007 33318

jet veto 20176 19942

Z veto 19380 18984

Di↵erent mT2

regions

mT2

> 90 GeV 11346 11594

mT2

> 120 GeV 8520 8828

mT2

> 150 GeV 5723 5926

Table 3: As Table 2 but for (m
˜l± , m�̃0

1
) = (270, 200) GeV and (me�±

1
, m⌫̃1) = (270, 200) GeV.

Cut Slepton production Chargino production

Common preselection

Initial number of events 50000 50000

2 OS leptons 29291 27244

mll > 20 GeV 29082 26964

⌧ veto 29050 26956

ee leptons 29050 26956

jet veto 16834 16114

Z veto 15281 14025

Di↵erent mT2

regions

mT2

> 90 GeV 3028 3198

mT2

> 120 GeV 85 140

mT2

> 150 GeV 0 0
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• Final state with 3 leptons
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9.2.2 Limits on chargino-neutralino production in the WH + Emiss
T final state

To evaluate upper limits for the process of Fig. 2(center), we combine the results of the single-
lepton, SS dilepton, and multilepton searches described in Section 7. Figure 16(right) displays
the observed limits for the combination of these analyses. The multilepton search provides the
best sensitivity at low mec, while the single-lepton search dominates at high mec. The same-sign
dilepton search contributes to the combination at low mec. In Appendix C the observed and
expected results for the WH + Emiss

T final state are presented as a function of mec, for a fixed
mass mec0

1
= 1 GeV, for each of the three search regions and their combination.
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Figure 16: (left) Interpretation of the results of the Z + dijet search, the three-lepton search,
and their combination, in the WZ + Emiss

T model. (right) Interpretation of the combined results
of the single-lepton, same-sign dilepton, and multilepton search regions, in the WH + Emiss

T
model. The shading indicates the 95% CL upper limits on the cross section times branching
fraction, and the contours the excluded regions assuming the NLO+NLL signal cross sections.

9.3 Limits on a Z-boson enriched GMSB model

We also consider a gauge-mediated symmetry breaking (GMSB) Z-boson enriched higgsino
model which predicts an enhanced branching fraction to the ZZ + Emiss

T final state. The LSP in
this model is an almost massless gravitino (eG), the next-to-lightest SUSY particle is a higgsino
ec0

1, and the ec±
1 and ec0

2 particles are nearly mass degenerate with the ec0
1. We set the gaugino

mass parameters to M1 = M2 = 1 TeV and the ratio of Higgs bosons vacuum expectation
values to tan b = 2. The results are presented as a function of the higgsino mass parameter µ,
where mec0

1
⇡ mec0

2
⇡ mec±

1
⇡ µ to within typical mass differences of a few GeV. The branching

fraction to the ZZ + Emiss
T final state varies from 100% at µ = 130 GeV to 85% at µ = 420 GeV.

We use the results of the three-lepton (Section 3), four-lepton (Section 4), and WZ/ZZ + Emiss
T

(Section 6) searches to constrain the GMSB scenario. The results are presented in Fig. 17.

9.4 Limits on chargino and slepton pair production

Figure 18 shows limits on the chargino and slepton pair-production cross section times branch-
ing fraction for the processes of Fig. 3. The limits for chargino pair production are determined
using both the opposite- and same-flavor dilepton search regions discussed in Section 8, while
the limits for slepton pair production are set using only the same-flavor dilepton search region.
The production cross sections for left-handed sleptons are larger than those for right-handed
sleptons, enhancing the sensitivity.

+

SModelS 
EPJC 74:2868 (2014)

 arXiv:1405.7570
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Characterising efficiencies

Testing SUSY spectrum

N th
evts = L⇥ [(A⇥ ✏)1 ⇥ (� ⇥ B)th1 + (A⇥ ✏)2 ⇥ (� ⇥ B)th2 + (A⇥ ✏)3 ⇥ (� ⇥ B)th3 ]
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