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Introduction
• SUSY is one of the most promising candidates of beyond the SM

ameliorating hierarchy problem, dark matter, gauge coupling unification, ...

(weak scale)2 � m2
H(bare) + �m2

H

SM:

SUSY:

�mH � � (� 1019 GeV)

�mH � mSUSY (mt̃, mg̃, · · · )

Hierarchy problem and LHC:

very precise tuning on mH(bare)

no fine tuning if mSUSY ~ mweak

SUSY should be seen at the LHC



Is light SUSY possible?

• Constraint from direct SUSY searches                     : 
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-
ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and
second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of
MSUGRA/CMSSM for tan � = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the
dashed-blue lines the median expected limits, and the dotted blue lines the ±1� variation on the expected
limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on the full dataset (4.7 fb�1) recorded by the ATLAS
experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the
data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-
tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan � = 10,
A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-
low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of
m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks
and gluinos are excluded below 1400 GeV in both scenarios.
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Where is SUSY hidden?
Split generation

Compressed spectrum

RPV

m ��
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Where is SUSY hidden?

• small cross sections of stop and gluino productions
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FIG. 4: Contours of constant cross-section times acceptance for the five signal regions defined in Table I,
in the Mg̃ − MÑ1

vs. Mg̃ plane obtained by varying the gaugino mass compression parameter c between
−0.1 and 0.9. The four panels correspond to the models I (light squarks), II (heavy squarks), III (heavy
winos), and IV (heavy winos and heavy squarks). The dotted lines in the first two cases corresponds to the
mSUGRA-like case c = 0. Increased compression is lower in each plane.
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A B C D E

Leading jet pT [GeV] > 130 > 130 > 130 > 130 > 130

Number of jets n ≥ 2 ≥ 3 ≥ 4 ≥ 4 ≥ 4

pT (jn) [GeV] > 40 > 40 > 40 > 40 > 80

meff [GeV] > 1000 > 1000 > 500 > 1000 > 1100

Emiss
T /meff > 0.3 > 0.25 > 0.25 > 0.25 > 0.2

ATLAS σ ×Acc [fb] < 22 < 25 < 429 < 27 < 17

TABLE I: Summary of cuts for the signals A, B, C, D, E simulated here, following the ATLAS 2011 data
analyses for 1.04 fb−1 [3]. Also shown on the last line are the ATLAS 95% CL bounds on the non-Standard
Model contribution to the cross-section times acceptance in the five signal regions. (In the case of signal
region E only, the meff > 1100 GeV requirement involves a sum over all jets with pT > 40 GeV, but the
meff used in the Emiss

T /meff cut is a sum over only the leading 4 jets.)

by generating each lowest-order process together with the same process with one additional jet at

the matrix-element level, followed by MLM matching with PT -ordered showers with the shower-KT

scheme with Qcut = 100 GeV, as described in [27] and implemented in the MadGraph/MadEvent

package. (It is much more time-consuming to include up to two extra jets at the matrix-element

level. We found with some sample testing that it did not make a significant difference with our

setup even for very compressed superpartner mass spectra.) For the detector simulation, we used

the default ATLAS-like parameter card file provided with the PGS distribution, but with a jet cone

size of ∆R = 0.4. Cross-sections were normalized to the next-to-leading order output of Prospino

2.1 [28].

To define signals, we follow (a slightly simplified version of) the ATLAS cuts for multijets+Emiss
T

from ref. [3]. The signal requirements are summarized in Table I. Events are required to have at

least one jet with pT > 130 GeV. The signal regions A, B, C, and D also require at least 2, 3,

4, and 4 jets with pT > 40 GeV, respectively, while signal region E requires at least 4 jets with

pT > 80 GeV. These jets must have |η| < 2.5. The leading three jets are required to be isolated

from the missing transverse momentum according to ∆φ($p miss
T , j) > 0.4. The effective mass meff

is defined as the scalar sum of the Emiss
T and the pT ’s of: the leading 2 jets for A; the leading 3

jets for B, the leading 4 jets for C, D; and all jets with pT > 40 GeV for E. Then meff is required

to exceed 1000, 1000, 500, 1000, and 1100 GeV respectively for signal regions A, B, C, D, E. In

addition, a cut is imposed on the ratio Emiss
T /meff of 0.3, 0.25, 0.25, 0.25, and 0.2 for A, B, C, D,

E respectively. (For signal region E, only the 4 leading jet pT ’s are summed over in the meff used

in the Emiss
T /meff cut, even though the meff cut uses an inclusive sum over jets.) Note that these

cuts automatically imply a lower limit on Emiss
T of 300, 250, 125, 250 GeV for signals A, B, C, D,

respectively. For signal region E, a cut Emiss
T > 130 GeV is imposed, although on an event-by-

event basis this is usually superseded by the Emiss
T /meff cut. There is a veto of events with leptons

% = (e, µ) with |η| < 2.4 and (2.47) for muons (electrons), and p!T > 20 GeV that are farther than

∆R =
√

(∆η)2 + (∆φ)2 > 0.4 from the nearest jet. Also shown on the last line of Table I are the

ATLAS 95% CL limits on non-Standard-Model contributions to the signal regions after acceptance

and efficiency, as reported in ref. [3]. These will be used below to estimate the reach for compressed

SUSY models. ATLAS also has searches requiring higher jet multiplicities [29], leptons [30], and
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FIG. 2: Acceptances for the four signal regions A, B, D, E defined in Table I, for the class of models I
defined in the text. The lines on each graph correspond to different values of the gluino mass. The dots on
each line correspond to compression factors c = −0.1, 0, 0.1, . . .0.9 from right to left.

A (when Mg̃ −MLSP > 400 GeV) and B (for most of the range of smaller mass differences, except

for the most extremely compressed case).

Signal regions A and B likewise give the best exclusions for models in class III (heavy winos but

light squarks). Because the gluino and squark decays in this class of models do not pass through

the intermediate cascade step of winos, the visible energy per jet tends to be larger, leading to

stronger exclusions as shown. In both of the model classes I and III with squarks slightly lighter

than the gluino, we find that even in the case of extreme compression one can still set a limit of

better than Mg̃ > 600 GeV.

In models with heavy squarks, the limits are much worse, since the main SUSY production is

only gluino pairs. For models of class II with heavy squarks and light winos, the best limit is set

Compressed SUSY vs. multi-jet + ET searces

meg <� 650 GeV for
�m <� 100 GeV

T.J.LeCompte, S.P.Martin Phys.Rev. D85



Leptonic searches

ATLAS multi-lepton searches:

signal region 2OS 2SS 3LEP 4LEP

N(lep)  = 2 (OS)  = 2 (SS)  = 3 >= 4

leading µ (e) pT  (GeV) > 20 (25) > 20 (25) > 20 (25) > 20 (25)

ETmiss (GeV) > 250 > 100 > 50  > 50

dilpton mass (GeV) > 12 > 12 > 20  > 20

luminosity (fb-1) 1.04 1.04 2.06 2.06

arXiv:1110.6189,  arXiv:1204.5638,  ATLAS-CONF-2012-001 

•	
  Large	
  pT	
  and	
  ETmiss	
  cut	
  kill	
  a	
  lot	
  of	
  signal	
  events	
  in	
  compressed	
  SUSY	
  models.

•	
  For	
  leptonic	
  searches,	
  the	
  pT	
  and	
  ETmiss	
  cuts	
  are	
  much	
  milder.

•	
  If	
  squarks	
  and	
  gluino	
  decay	
  into	
  leptons	
  in	
  compressed	
  SUSY	
  models,	
  
leptonic	
  searches	
  can	
  be	
  used	
  to	
  constrain	
  such	
  models.	
  	
  



Simplified model

•  3rd gen. sfermions and higssinos are decoupled.

•  

•  

��0
1 � �B, ��0

2 � �W 0, ��±1 � �W±

mfW =
meg + me�0

1

2
, me� =

mfW + me�0
1

2

meq � meg•  

�q, �g

�B

�W 0, W±

��, ��

mother particle !̃± χ̃0
2 χ̃±

1 q̃R q̃L g̃

decay mode χ̃0
1!

± !̃±!∓ !̃±ν! ν̃!!± χ̃0
1q χ̃0

2q χ̃±
1 q χ̃0

1qq χ̃0
2qq χ̃±

1 qq

BR(%) 100 100 50 50 100 33 67 50.5 16.5 33.0

Table 1. Branching ratios of the relevant SUSY particles in the simplified model.

∆R < 0.2 around the lepton candidate (excluding the lepton candidate itself) to be less

than 1.8 GeV, where∆R ≡
√

(∆η)2 + (∆φ)2. The electron (muon) must have pT > 10 GeV

and |η| < 2.47 (2.4). If a jet and an electron are both identified within ∆R < 0.2 of each

other, the jet is discarded. Furthermore, identified electrons or muons are discarded if the

separation from the closest remaining jet is ∆R < 0.4. Electrons and muons separated by

∆R < 0.1 are both discarded.

In our compressed SUSY scenario, sleptons and electroweak gauginos are as heavy

as gluino and squarks and their production cross section is negligible in our study. We,

therefore, exclusively generate coloured SUSY particles production events. The lepton

sources are then identified as:

q̃L → χ̃0
2q → !̃±!∓q → !±!∓qχ̃0

1 BR = 33% ,

q̃L → χ̃±
1 q → !̃±ν!q (ν̃!!

±q) → !±ν!qχ̃
0
1 BR = 67% ,

g̃ → χ̃0
2qq → !̃±!∓qq → !±!∓qqχ̃0

1 BR # 16% ,

g̃ → χ̃±
1 qq → !̃±ν!qq (ν̃!!

±qq) → !±ν!qqχ̃
0
1 BR # 33% . (2.2)

3 ATLAS multi-lepton searches

In order to constrain the compressed SUSY scenario, in this paper we focus on three ATLAS

analyses using multi-lepton signatures,3 which are categorized by the number of leptons:

two [24], three [25] and four or more leptons [26]. These analyses do not use any high-pT jet

requirements and the cut on the missing transverse energy is relatively low. Data samples

are collected with a single muon or electron trigger: at least one muon with pT > 20 GeV

or electron with pT > 25 GeV is required in the all analyses.

For the di-lepton analysis, we use two signal regions defined in ref. [24]: “same sign

inclusive” (2SS) and “opposite sign inclusive” (2OS) signal regions.4 In both signal regions,

events must have exactly two isolated leptons of invariant mass greater than 12GeV. The

missing transverse energy, Emiss
T , must be greater than 250GeV in 2OS signal region, whilst

Emiss
T > 100GeV in 2SS signal region. These signal regions should be most sensitive to the

3 CMS multi-lepton searches [36] may also be relevant to the compressed SUSY scenario. However,

because of a lower pT thresholds used there (with pT > 10 GeV and pT > 5 GeV for electrons and muons,

respectively) those searches require different implementation of isolation algorithm, and therefore we leave

it for future studies.
4Those signal regions are labelled as “SS-inc” and “OS-inc” in ref. [24]. In what follows we will refer to

them as “2SS” and “2OS”.
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In order to constrain the compressed SUSY scenario, in this paper we focus on three ATLAS

analyses using multi-lepton signatures,3 which are categorized by the number of leptons:

two [24], three [25] and four or more leptons [26]. These analyses do not use any high-pT jet

requirements and the cut on the missing transverse energy is relatively low. Data samples

are collected with a single muon or electron trigger: at least one muon with pT > 20 GeV

or electron with pT > 25 GeV is required in the all analyses.

For the di-lepton analysis, we use two signal regions defined in ref. [24]: “same sign

inclusive” (2SS) and “opposite sign inclusive” (2OS) signal regions.4 In both signal regions,

events must have exactly two isolated leptons of invariant mass greater than 12GeV. The

missing transverse energy, Emiss
T , must be greater than 250GeV in 2OS signal region, whilst

Emiss
T > 100GeV in 2SS signal region. These signal regions should be most sensitive to the

3 CMS multi-lepton searches [36] may also be relevant to the compressed SUSY scenario. However,

because of a lower pT thresholds used there (with pT > 10 GeV and pT > 5 GeV for electrons and muons,

respectively) those searches require different implementation of isolation algorithm, and therefore we leave

it for future studies.
4Those signal regions are labelled as “SS-inc” and “OS-inc” in ref. [24]. In what follows we will refer to

them as “2SS” and “2OS”.
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•  Event generation: Herwig++,  Detector simulation: Delphes
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Figure 3. Efficiency, eq. (5.5), for different signal regions and different gluino masses as a function
of the mass splitting, ∆m, between gluino and the LSP.

5.3 95% exclusion limits

Six plots in figure 4 show the visible cross section in each signal region (4(a) 2OS, 4(b) 2SS,

4(c) 2SS+, 4(d) 3LEP, 4(e) 3LEP+, 4(f) 4LEP) in (mg̃, ∆m) plane. In the same plots, we

superimpose the 95% observed (red solid) and expected (red dashed) exclusion limits with

the corresponding luminosities used in the analyses; see table 2. The green dashed curves

represent the expected 95% exclusion limits with the integrated luminosity of 5.25 fb−1.

The visible cross section is calculated by σ(i)
vis = σtot · A · ε(i), where σtot is the total SUSY

production cross section. For σtot, we use the next-to-leading order cross section calculated

using Prospino 2.1 [39].

As can be seen, the visible cross section strongly depends on both mg̃ and ∆m. This

dependence is approximately factorisable as σvis(mg̃,∆m) = σtot(mg̃) · A · ε(∆m). σtot

is almost exclusively determined by mg̃, because the coloured SUSY particle production

dominate the total SUSY production in the compressed SUSY scenario. On the other
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5.3 95% exclusion limits

Six plots in figure 4 show the visible cross section in each signal region (4(a) 2OS, 4(b) 2SS,

4(c) 2SS+, 4(d) 3LEP, 4(e) 3LEP+, 4(f) 4LEP) in (mg̃, ∆m) plane. In the same plots, we

superimpose the 95% observed (red solid) and expected (red dashed) exclusion limits with

the corresponding luminosities used in the analyses; see table 2. The green dashed curves

represent the expected 95% exclusion limits with the integrated luminosity of 5.25 fb−1.

The visible cross section is calculated by σ(i)
vis = σtot · A · ε(i), where σtot is the total SUSY

production cross section. For σtot, we use the next-to-leading order cross section calculated

using Prospino 2.1 [39].

As can be seen, the visible cross section strongly depends on both mg̃ and ∆m. This

dependence is approximately factorisable as σvis(mg̃,∆m) = σtot(mg̃) · A · ε(∆m). σtot

is almost exclusively determined by mg̃, because the coloured SUSY particle production

dominate the total SUSY production in the compressed SUSY scenario. On the other
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Figure 1. (a) Missing energy and (b) transverse momentum of the leading lepton for different
values of mass gap, ∆m, between gluino and the LSP.

events with χ̃±
1 χ̃±

1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
m2

W̃
−m2

!̃
2mW̃

∼ ∆m
4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,
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values of mass gap, ∆m, between gluino and the LSP.

events with χ̃±
1 χ̃±

1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
m2

W̃
−m2

!̃
2mW̃

∼ ∆m
4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,
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values of mass gap, ∆m, between gluino and the LSP.

events with χ̃±
1 χ̃±

1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
m2

W̃
−m2

!̃
2mW̃

∼ ∆m
4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,
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Figure 1. (a) Missing energy and (b) transverse momentum of the leading lepton for different
values of mass gap, ∆m, between gluino and the LSP.

events with χ̃±
1 χ̃±

1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
m2

W̃
−m2

!̃
2mW̃

∼ ∆m
4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,
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Figure 1. (a) Missing energy and (b) transverse momentum of the leading lepton for different
values of mass gap, ∆m, between gluino and the LSP.

events with χ̃±
1 χ̃±

1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
m2

W̃
−m2

!̃
2mW̃

∼ ∆m
4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,
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Figure 1. (a) Missing energy and (b) transverse momentum of the leading lepton for different
values of mass gap, ∆m, between gluino and the LSP.

events with χ̃±
1 χ̃±

1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
m2

W̃
−m2

!̃
2mW̃

∼ ∆m
4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,
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values of mass gap, ∆m, between gluino and the LSP.

events with χ̃±
1 χ̃±

1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
m2

W̃
−m2

!̃
2mW̃

∼ ∆m
4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,
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Figure 1. (a) Missing energy and (b) transverse momentum of the leading lepton for different
values of mass gap, ∆m, between gluino and the LSP.

events with χ̃±
1 χ̃±

1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
m2

W̃
−m2

!̃
2mW̃

∼ ∆m
4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,
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• If a low pT cut of 40GeV is added in 3LEP, 90% of the BG is removed, but 
reduction on signal is only 50% (Δm ~ 140).
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Figure 5. Exclusion limits (a) observed (Lint = 1–2 fb−1) and (b) expected for Lint = 5.25 fb−1.

hand, A · ε is dependent mostly on ∆m, as we have seen in the previous subsection.

The 95% exclusion limits are calculated using the CLs method described in subsec-

tion 5.1. We simply use the signal systematic error of 20% (σs = 0.2), cf. eq. 5.1, for each

of the signal regions across the parameter space. In calculating the expected limit for an

integrated luminosity Lint = 5.25 fb−1, we conservatively use the same background system-

atic error as the one used in the lower luminosity analyses by ATLAS. If the background

systematic error is improved in the updated analysis with Lint = 5.25 fb−1, the expected

exclusion limits will be slightly improved.

We summarise the observed and expected (with Lint = 5.25 fb−1) exclusion limits

obtained from various signal regions in figures 5(a) and 5(b), respectively. As can be seen,

4LEP signal region provides the most stringent limit among the original analyses, however

the modified 3LEP+ signal region sets even better exclusion limit than the 4LEP signal

region in the (mg̃, ∆m) parameter plane. The exclusion limits turn out to be quite strong:

the gluino and squark masses below 900 GeV are excluded for ∆m > 80 GeV and the

600 GeV gluino/squark mass is excluded for ∆m > 50 GeV. The analyses do not exclude

any gluino/squark masses for ∆m below 40 GeV. This is expected since the kinematical

upper bound on the χ̃0
2-originated SFOS lepton pair and a typical size of lepton pT become

smaller than their cut threshold values, and the analyses lose sensitivity in this region as

discussed in section 4. For the di-lepton analysis, our modified signal region 2SS+ does not

improve the observed exclusion limit with respect to the original 2SS signal region. This

is because of a 2σ excess in the 2SS+ signal region observed by ATLAS; see table 2. From

figure 5(b) we can see that the 2SS+ signal region indeed has a better sensitivity against

the 2SS signal region, where the limit on the coloured SUSY particle mass is extended

by about 100 GeV in ∆m > 70 GeV region. Finally, we have checked that replacing the

sequence of two-body gaugino decays by three-body decays (ie. by making sleptons heavier
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• New 2SS+ does not extend the limit because of an excess in the signal region.
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Figure 5. Exclusion limits (a) observed (Lint = 1–2 fb−1) and (b) expected for Lint = 5.25 fb−1.

hand, A · ε is dependent mostly on ∆m, as we have seen in the previous subsection.

The 95% exclusion limits are calculated using the CLs method described in subsec-

tion 5.1. We simply use the signal systematic error of 20% (σs = 0.2), cf. eq. 5.1, for each

of the signal regions across the parameter space. In calculating the expected limit for an

integrated luminosity Lint = 5.25 fb−1, we conservatively use the same background system-

atic error as the one used in the lower luminosity analyses by ATLAS. If the background

systematic error is improved in the updated analysis with Lint = 5.25 fb−1, the expected

exclusion limits will be slightly improved.

We summarise the observed and expected (with Lint = 5.25 fb−1) exclusion limits

obtained from various signal regions in figures 5(a) and 5(b), respectively. As can be seen,

4LEP signal region provides the most stringent limit among the original analyses, however

the modified 3LEP+ signal region sets even better exclusion limit than the 4LEP signal

region in the (mg̃, ∆m) parameter plane. The exclusion limits turn out to be quite strong:

the gluino and squark masses below 900 GeV are excluded for ∆m > 80 GeV and the

600 GeV gluino/squark mass is excluded for ∆m > 50 GeV. The analyses do not exclude

any gluino/squark masses for ∆m below 40 GeV. This is expected since the kinematical

upper bound on the χ̃0
2-originated SFOS lepton pair and a typical size of lepton pT become

smaller than their cut threshold values, and the analyses lose sensitivity in this region as

discussed in section 4. For the di-lepton analysis, our modified signal region 2SS+ does not

improve the observed exclusion limit with respect to the original 2SS signal region. This

is because of a 2σ excess in the 2SS+ signal region observed by ATLAS; see table 2. From

figure 5(b) we can see that the 2SS+ signal region indeed has a better sensitivity against

the 2SS signal region, where the limit on the coloured SUSY particle mass is extended

by about 100GeV in ∆m > 70 GeV region. Finally, we have checked that replacing the

sequence of two-body gaugino decays by three-body decays (ie. by making sleptons heavier

than gauginos) yields practically the same exclusion limits.
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Summary
• Compressed SUSY models still provide an interesting possibility to 
accommodate naturalness to direct SUSY search constraints. 

• In such a model, if squarks and gluino have sizeable leptonic branching 
ratios, multi-lepton searches can be used to constrain the model.  

• In our simplified model, the bound on the gluino/squark mass is: 

mg/q > 900 (500) GeV for Δm > 100 (50) GeV.



• The estimated mass limits are not applicable to models with different cross 
sections and branching ratios. 

• The visible cross section may be decomposed as:

�ab: cross section of a, b production

Ba�X : branching ratio of a� X .

a, b: SUSY particles

X, Y : decay processes

�(i)a�X,b�Y : e�ciency of signal region (i)

�(i)
vis =

�

a�X,b�Y

�ab · Ba�X · Bb�Y · �(i)a�X,b�Y

• The event simulation and detector simulation are required only to calculate the 
efficiencies. 

Application to the other model



Application to the other model

• The visible cross section may be decomposed as:

�ab: cross section of a, b production

Ba�X : branching ratio of a� X .

a, b: SUSY particles

X, Y : decay processes

�(i)a�X,b�Y : e�ciency of signal region (i)

�(i)
vis =

�

a�X,b�Y

�ab · Ba�X · Bb�Y · �(i)a�X,b�Y

requires MC simulation

• The estimated mass limits are not applicable to models with different cross 
sections and branching ratios. 

• Only efficiencies require the MC simulation to be estimated. 

• Visible cross section can be estimated without doing MC simulation if the 
efficiencies are known.



�q/�g � ��±1 + jets� ����0
1 + jets

��0
2 :

�q/�g � ��0
1 + jets

��±1 :

��0
1 :

• We define three types of decay processes as:
6 Signal decomposition and visible cross section reconstruction

The exclusion limits obtained in the previous section rely on the details of the simplified

model. For the models with different mass spectrum and branching ratios, the limit is not

applicable. Recently, an application of a simplified model limits to constrain other models

has been discussed [40]. If a model contains a specific event topology for which visible cross

section upper bound is known from a simplified model study, we can constrain the model

by imposing that limit on the partial cross section of that topology.

The event topologies of our simplified model can be decomposed into five classes each

of which has different intermediate weakino states:

(i) χ̃±
1 χ̃

±
1 =⇒ 2OS, 2SS;

(ii) χ̃0
2χ̃

0
1 =⇒ 2OS;

(iii) χ̃±
1 χ̃

0
2 =⇒ 3LEP (2OS, 2SS);

(iv) χ̃0
2χ̃

0
2 =⇒ 4LEP (3LEP, 2OS, 2SS);

(v) χ̃0
1χ̃

0
1, χ̃

±
1 χ̃

0
1 =⇒ less than 2 leptons.

The last class does not produce two or more leptons in the final state and is therefore

irrelevant for the multi-lepton searches. The χ̃±
1 χ̃

±
1 and χ̃0

2χ̃
0
1 classes are expected to have

two isolated leptons and the former can have either OS and SS lepton pair while the latter

only has OS lepton pair. The χ̃±
1 χ̃

0
2 state can produce up to three leptons but can also

contribute to 2OS and 2SS signal regions if one of the leptons fails to satisfy reconstruction

requirements. The χ̃0
2χ̃

0
2 class can contribute to all the signal regions once the lepton

acceptance and isolation efficiency are taken into account.

The visible cross section in our simplified model can be decomposed as

σ(i)
vis =

∑

a,b,γ,δ

σab · Ba→γ · Bb→δ ·Bγ ·Bδ · A · ε(i)γδ , (6.1)

where a and b denote the particles produced in pp collision (a, b = g̃, q̃) and γ and δ denote

intermediate weakinos (γ, δ = χ̃±
1 , χ̃

0
2, χ̃

0
1). σab is the cross section of pp → ab production

process and Ba→γ and Bγ are branching ratios of the corresponding decays. Note that Bγ

is Br(χ̃±
1 → &±ν#χ̃0

1) for γ = χ̃±
1 and Br(χ̃0

2 → &±&∓χ̃0
1) for γ = χ̃0

2. The A · ε(i)γδ represents

the efficiency in the signal region i for γδ event class. The efficiencies for different topologies

and signal regions in our simplified model are collected in table 3.

If a model has cascade decay chains as in eq. (2.2), a contribution to the visible cross

section from classes (i)–(iv) can be calculated as:

σ̂(i)
vis =

∑

a,b,γ,δ

σ̂ab · B̂a→γ · B̂b→δ · B̂γ · B̂δ · A · ε(i)γδ , (6.2)

where σ̂ab and B̂(...) represent cross sections and branching ratios calculated in the given

model. If the model features similar kinematics to our simplified model, the relevant

– 13 –

6 Signal decomposition and visible cross section reconstruction

The exclusion limits obtained in the previous section rely on the details of the simplified

model. For the models with different mass spectrum and branching ratios, the limit is not

applicable. Recently, an application of a simplified model limits to constrain other models

has been discussed [40]. If a model contains a specific event topology for which visible cross

section upper bound is known from a simplified model study, we can constrain the model

by imposing that limit on the partial cross section of that topology.

The event topologies of our simplified model can be decomposed into five classes each

of which has different intermediate weakino states:

(i) χ̃±
1 χ̃

±
1 =⇒ 2OS, 2SS;

(ii) χ̃0
2χ̃

0
1 =⇒ 2OS;

(iii) χ̃±
1 χ̃

0
2 =⇒ 3LEP (2OS, 2SS);

(iv) χ̃0
2χ̃

0
2 =⇒ 4LEP (3LEP, 2OS, 2SS);

(v) χ̃0
1χ̃

0
1, χ̃

±
1 χ̃

0
1 =⇒ less than 2 leptons.

The last class does not produce two or more leptons in the final state and is therefore

irrelevant for the multi-lepton searches. The χ̃±
1 χ̃

±
1 and χ̃0

2χ̃
0
1 classes are expected to have

two isolated leptons and the former can have either OS and SS lepton pair while the latter

only has OS lepton pair. The χ̃±
1 χ̃

0
2 state can produce up to three leptons but can also

contribute to 2OS and 2SS signal regions if one of the leptons fails to satisfy reconstruction

requirements. The χ̃0
2χ̃

0
2 class can contribute to all the signal regions once the lepton

acceptance and isolation efficiency are taken into account.

The visible cross section in our simplified model can be decomposed as

σ(i)
vis =

∑

a,b,γ,δ

σab · Ba→γ · Bb→δ ·Bγ ·Bδ · A · ε(i)γδ , (6.1)

where a and b denote the particles produced in pp collision (a, b = g̃, q̃) and γ and δ denote

intermediate weakinos (γ, δ = χ̃±
1 , χ̃

0
2, χ̃

0
1). σab is the cross section of pp → ab production

process and Ba→γ and Bγ are branching ratios of the corresponding decays. Note that Bγ

is Br(χ̃±
1 → &±ν#χ̃0

1) for γ = χ̃±
1 and Br(χ̃0

2 → &±&∓χ̃0
1) for γ = χ̃0

2. The A · ε(i)γδ represents

the efficiency in the signal region i for γδ event class. The efficiencies for different topologies

and signal regions in our simplified model are collected in table 3.

If a model has cascade decay chains as in eq. (2.2), a contribution to the visible cross

section from classes (i)–(iv) can be calculated as:

σ̂(i)
vis =

∑

a,b,γ,δ

σ̂ab · B̂a→γ · B̂b→δ · B̂γ · B̂δ · A · ε(i)γδ , (6.2)

where σ̂ab and B̂(...) represent cross sections and branching ratios calculated in the given

model. If the model features similar kinematics to our simplified model, the relevant

– 13 –

6 Signal decomposition and visible cross section reconstruction

The exclusion limits obtained in the previous section rely on the details of the simplified

model. For the models with different mass spectrum and branching ratios, the limit is not

applicable. Recently, an application of a simplified model limits to constrain other models

has been discussed [40]. If a model contains a specific event topology for which visible cross

section upper bound is known from a simplified model study, we can constrain the model

by imposing that limit on the partial cross section of that topology.

The event topologies of our simplified model can be decomposed into five classes each

of which has different intermediate weakino states:

(i) χ̃±
1 χ̃

±
1 =⇒ 2OS, 2SS;

(ii) χ̃0
2χ̃

0
1 =⇒ 2OS;

(iii) χ̃±
1 χ̃

0
2 =⇒ 3LEP (2OS, 2SS);

(iv) χ̃0
2χ̃

0
2 =⇒ 4LEP (3LEP, 2OS, 2SS);

(v) χ̃0
1χ̃

0
1, χ̃

±
1 χ̃

0
1 =⇒ less than 2 leptons.

The last class does not produce two or more leptons in the final state and is therefore

irrelevant for the multi-lepton searches. The χ̃±
1 χ̃

±
1 and χ̃0

2χ̃
0
1 classes are expected to have

two isolated leptons and the former can have either OS and SS lepton pair while the latter

only has OS lepton pair. The χ̃±
1 χ̃

0
2 state can produce up to three leptons but can also

contribute to 2OS and 2SS signal regions if one of the leptons fails to satisfy reconstruction

requirements. The χ̃0
2χ̃

0
2 class can contribute to all the signal regions once the lepton

acceptance and isolation efficiency are taken into account.

The visible cross section in our simplified model can be decomposed as

σ(i)
vis =

∑

a,b,γ,δ

σab · Ba→γ · Bb→δ ·Bγ ·Bδ · A · ε(i)γδ , (6.1)

where a and b denote the particles produced in pp collision (a, b = g̃, q̃) and γ and δ denote

intermediate weakinos (γ, δ = χ̃±
1 , χ̃

0
2, χ̃

0
1). σab is the cross section of pp → ab production

process and Ba→γ and Bγ are branching ratios of the corresponding decays. Note that Bγ

is Br(χ̃±
1 → &±ν#χ̃0

1) for γ = χ̃±
1 and Br(χ̃0

2 → &±&∓χ̃0
1) for γ = χ̃0

2. The A · ε(i)γδ represents

the efficiency in the signal region i for γδ event class. The efficiencies for different topologies

and signal regions in our simplified model are collected in table 3.

If a model has cascade decay chains as in eq. (2.2), a contribution to the visible cross

section from classes (i)–(iv) can be calculated as:

σ̂(i)
vis =

∑

a,b,γ,δ

σ̂ab · B̂a→γ · B̂b→δ · B̂γ · B̂δ · A · ε(i)γδ , (6.2)

where σ̂ab and B̂(...) represent cross sections and branching ratios calculated in the given

model. If the model features similar kinematics to our simplified model, the relevant

– 13 –

6 Signal decomposition and visible cross section reconstruction

The exclusion limits obtained in the previous section rely on the details of the simplified

model. For the models with different mass spectrum and branching ratios, the limit is not

applicable. Recently, an application of a simplified model limits to constrain other models

has been discussed [40]. If a model contains a specific event topology for which visible cross

section upper bound is known from a simplified model study, we can constrain the model

by imposing that limit on the partial cross section of that topology.

The event topologies of our simplified model can be decomposed into five classes each

of which has different intermediate weakino states:

(i) χ̃±
1 χ̃

±
1 =⇒ 2OS, 2SS;

(ii) χ̃0
2χ̃

0
1 =⇒ 2OS;

(iii) χ̃±
1 χ̃

0
2 =⇒ 3LEP (2OS, 2SS);

(iv) χ̃0
2χ̃

0
2 =⇒ 4LEP (3LEP, 2OS, 2SS);

(v) χ̃0
1χ̃

0
1, χ̃

±
1 χ̃

0
1 =⇒ less than 2 leptons.

The last class does not produce two or more leptons in the final state and is therefore

irrelevant for the multi-lepton searches. The χ̃±
1 χ̃

±
1 and χ̃0

2χ̃
0
1 classes are expected to have

two isolated leptons and the former can have either OS and SS lepton pair while the latter

only has OS lepton pair. The χ̃±
1 χ̃

0
2 state can produce up to three leptons but can also

contribute to 2OS and 2SS signal regions if one of the leptons fails to satisfy reconstruction

requirements. The χ̃0
2χ̃

0
2 class can contribute to all the signal regions once the lepton

acceptance and isolation efficiency are taken into account.

The visible cross section in our simplified model can be decomposed as

σ(i)
vis =

∑

a,b,γ,δ

σab · Ba→γ · Bb→δ ·Bγ ·Bδ · A · ε(i)γδ , (6.1)

where a and b denote the particles produced in pp collision (a, b = g̃, q̃) and γ and δ denote

intermediate weakinos (γ, δ = χ̃±
1 , χ̃

0
2, χ̃

0
1). σab is the cross section of pp → ab production

process and Ba→γ and Bγ are branching ratios of the corresponding decays. Note that Bγ

is Br(χ̃±
1 → &±ν#χ̃0

1) for γ = χ̃±
1 and Br(χ̃0

2 → &±&∓χ̃0
1) for γ = χ̃0

2. The A · ε(i)γδ represents

the efficiency in the signal region i for γδ event class. The efficiencies for different topologies

and signal regions in our simplified model are collected in table 3.

If a model has cascade decay chains as in eq. (2.2), a contribution to the visible cross

section from classes (i)–(iv) can be calculated as:

σ̂(i)
vis =

∑

a,b,γ,δ

σ̂ab · B̂a→γ · B̂b→δ · B̂γ · B̂δ · A · ε(i)γδ , (6.2)

where σ̂ab and B̂(...) represent cross sections and branching ratios calculated in the given

model. If the model features similar kinematics to our simplified model, the relevant

– 13 –

6 Signal decomposition and visible cross section reconstruction

The exclusion limits obtained in the previous section rely on the details of the simplified

model. For the models with different mass spectrum and branching ratios, the limit is not

applicable. Recently, an application of a simplified model limits to constrain other models

has been discussed [40]. If a model contains a specific event topology for which visible cross

section upper bound is known from a simplified model study, we can constrain the model

by imposing that limit on the partial cross section of that topology.

The event topologies of our simplified model can be decomposed into five classes each

of which has different intermediate weakino states:

(i) χ̃±
1 χ̃

±
1 =⇒ 2OS, 2SS;

(ii) χ̃0
2χ̃

0
1 =⇒ 2OS;

(iii) χ̃±
1 χ̃

0
2 =⇒ 3LEP (2OS, 2SS);

(iv) χ̃0
2χ̃

0
2 =⇒ 4LEP (3LEP, 2OS, 2SS);

(v) χ̃0
1χ̃

0
1, χ̃

±
1 χ̃

0
1 =⇒ less than 2 leptons.

The last class does not produce two or more leptons in the final state and is therefore

irrelevant for the multi-lepton searches. The χ̃±
1 χ̃

±
1 and χ̃0

2χ̃
0
1 classes are expected to have

two isolated leptons and the former can have either OS and SS lepton pair while the latter

only has OS lepton pair. The χ̃±
1 χ̃

0
2 state can produce up to three leptons but can also

contribute to 2OS and 2SS signal regions if one of the leptons fails to satisfy reconstruction

requirements. The χ̃0
2χ̃

0
2 class can contribute to all the signal regions once the lepton

acceptance and isolation efficiency are taken into account.

The visible cross section in our simplified model can be decomposed as

σ(i)
vis =

∑

a,b,γ,δ

σab · Ba→γ · Bb→δ ·Bγ ·Bδ · A · ε(i)γδ , (6.1)

where a and b denote the particles produced in pp collision (a, b = g̃, q̃) and γ and δ denote

intermediate weakinos (γ, δ = χ̃±
1 , χ̃

0
2, χ̃

0
1). σab is the cross section of pp → ab production

process and Ba→γ and Bγ are branching ratios of the corresponding decays. Note that Bγ

is Br(χ̃±
1 → &±ν#χ̃0

1) for γ = χ̃±
1 and Br(χ̃0

2 → &±&∓χ̃0
1) for γ = χ̃0

2. The A · ε(i)γδ represents

the efficiency in the signal region i for γδ event class. The efficiencies for different topologies

and signal regions in our simplified model are collected in table 3.

If a model has cascade decay chains as in eq. (2.2), a contribution to the visible cross

section from classes (i)–(iv) can be calculated as:

σ̂(i)
vis =

∑

a,b,γ,δ

σ̂ab · B̂a→γ · B̂b→δ · B̂γ · B̂δ · A · ε(i)γδ , (6.2)

where σ̂ab and B̂(...) represent cross sections and branching ratios calculated in the given

model. If the model features similar kinematics to our simplified model, the relevant

– 13 –

• Considering both decay chains, relevant signal regions are identified for each event 
process, XY:

�q/�g � ��0
2 + jets� �+����0

1 + jets

XY =

(a� X) =



∆m (GeV) 50 60 70 80 100 120 140

χ̃±
1 χ̃

∓
1 0.21 0.53 0.87 1.30 1.9 2.6 3.0

2OS χ̃±
1 χ̃

0
2 0.18 0.41 0.61 0.82 1.07 1.29 1.34

χ̃0
2χ̃

0
2 0.18 0.27 0.37 0.42 0.52 0.53 0.48

χ̃0
2χ̃

0
1 0.26 0.70 1.31 1.85 3.52 4.43 4.33

χ̃±
1 χ̃

±
1 0.79 2.23 4.40 7.00 12.93 18.24 22.34

2SS χ̃±
1 χ̃

0
2 0.38 0.88 1.46 2.00 3.16 4.22 5.25

χ̃0
2χ̃

0
2 0.36 0.70 1.03 1.28 1.28 2.12 2.08

χ̃±
1 χ̃

±
1 0.55 1.54 2.79 4.63 7.76 9.23 11.70

2SS+ χ̃±
1 χ̃

0
2 0.25 0.56 0.89 1.18 1.82 2.11 2.80

χ̃0
2χ̃

0
2 0.25 0.46 0.63 0.78 0.63 1.03 1.00

3LEP χ̃±
1 χ̃

0
2 0.16 0.73 2.16 4.41 10.39 14.75 17.33

χ̃0
2χ̃

0
2 0.43 1.58 4.01 7.70 12.35 15.91 18.03

3LEP+ χ̃±
1 χ̃

0
2 0.15 0.71 2.05 4.07 8.57 10.17 8.83

χ̃0
2χ̃

0
2 0.42 1.55 3.87 7.01 10.18 10.53 8.23

4LEP χ̃0
2χ̃

0
2 0.28 1.24 3.73 8.50 15.76 18.83 23.61

Table 3. Comparison of efficiency in % for different signal regions and intermediate states as a
function of mass difference, ∆m = mg̃ −mLSP. Gluino mass was set to mg̃ = 800 GeV.

efficiency can be found in table 3 and no dedicated MC simulation is required. Therefore

the model is excluded if

σ̂(i)
vis > σ(i):bound

vis , (6.3)

where σ(i):bound
vis is the reported model-independent upper bound shown in table 2.

In the compressed SUSY scenario, A · ε(i)γδ depends mainly on ∆m in the first approx-

imation. Therefore, in table 3 we list the decomposed efficiencies A · ε(i)γδ for each ∆m for

mg̃ = 800 GeV. For different values of mg̃, the efficiencies vary by about factor of 5 in

∆m < 40 GeV and factor of 2 in ∆m > 100 GeV region as can be found in figure 3. The

MC errors are less than 10% for all ∆m. The efficiencies remain valid also for the case of

three-body decays. The method described above allows us to assess the exclusion in a first

approximation for similar SUSY models without carrying out a detailed MC simulation.
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�(i)XY in %

�(i)
vis �

�

a�X,b�Y

�ab · Ba�X · Bb�Y · �(i)a�X,b�Y (�m)

(mq̃/g̃ = 800 GeV)

• Contributions from other processes 
are neglected.  

e.g. g̃ � t̃(�)t(�) � ����bb�0
1

• Efficiencies vary about factor of 2-5 
btw mg/q = 400 to 1200GeV depending 
on Δm.  

• Efficiencies differ if the assumption   

mfW =
meg + me�0

1

2
, me� =

mfW + me�0
1

2

is relaxed.  We have checked the 
efficiencies do not change much in the 
events with wino decaying to leptons 
through three body decays. 

caveats:
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Figure 3. Efficiency, eq. (5.5), for different signal regions and different gluino masses as a function
of the mass splitting, ∆m, between gluino and the LSP.

5.3 95% exclusion limits

Six plots in figure 4 show the visible cross section in each signal region (4(a) 2OS, 4(b) 2SS,

4(c) 2SS+, 4(d) 3LEP, 4(e) 3LEP+, 4(f) 4LEP) in (mg̃, ∆m) plane. In the same plots, we

superimpose the 95% observed (red solid) and expected (red dashed) exclusion limits with

the corresponding luminosities used in the analyses; see table 2. The green dashed curves

represent the expected 95% exclusion limits with the integrated luminosity of 5.25 fb−1.

The visible cross section is calculated by σ(i)
vis = σtot · A · ε(i), where σtot is the total SUSY

production cross section. For σtot, we use the next-to-leading order cross section calculated

using Prospino 2.1 [39].

As can be seen, the visible cross section strongly depends on both mg̃ and ∆m. This

dependence is approximately factorisable as σvis(mg̃,∆m) = σtot(mg̃) · A · ε(∆m). σtot

is almost exclusively determined by mg̃, because the coloured SUSY particle production

dominate the total SUSY production in the compressed SUSY scenario. On the other
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Figure 2. (a) Invariant mass of the SFOS lepton pair and (b) transverse momentum of the leading
jet for different values of the mass gap, ∆m, between gluino and the LSP.

figure 3 in ref. [37], respectively, and the 95% CLs limits on the visible cross sections are

calculated by following a procedure given in the next section.

The dilepton invariant mass cut is as important as the Emiss
T and leading lepton pT

cuts in constraining the compressed SUSY scenario. Figure 2(a) shows the invariant mass

distributions of a SFOS lepton pairs. If more than one SFOS pair is found, only the lowest

invariant mass is plotted. As can be seen, the distributions exhibit the edge structure at

mmax
!! = mχ̃0

2

√

√

√

√

(

1−
m2

!̃

m2
χ̃0
2

)(

1−
m2

χ̃0
1

m2
!̃

)

, (4.1)

which is a maximum for a lepton pair originating from the decay of χ̃0
2. The events above

mmax
!! originate from pairing leptons coming from different decay chains.

This feature brings a limitation for the analyses using 3LEP, 3LEP+ and 4LEP signal

regions, which exclude events with SFOS lepton pair with the invariant mass below 20 GeV.

In our simplified model, these signal regions are only sensitive to the events with SFOS

lepton pairs coming from χ̃0
2 decays. Thus, if ∆m is small and mmax

!! becomes less than

20 GeV, a contribution to these signal regions will vanish in the limit of a perfect detector

resolution. One can, therefore, expect that these signal regions loose the sensitivity if

∆m < 40GeV.

Note that if m!̃ " mχ̃0
1
or m!̃ " mχ̃0

2
then mmax

!! → 0 and pT of one of the leptons

also goes to 0. However, the other lepton would typically be more energetic. In this case

one lose sensitivity in 3LEP and 4LEP signal regions, but an enhanced sensitivity could be

expected in di-lepton search channels. Finally, if sleptons are heavier than gauginos and

only 3-body decays are allowed, both leptons would have similar pT spectrum leading to a

behaviour very similar to our benchmark model.

Finally we show the pT distributions of the leading jet in the signal events in Fig. 2(b).

As can be seen, the distributions peak around ∆m/2 = mg̃ − mW̃ . It suggests that
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mother particle !̃± χ̃0
2 χ̃±

1 q̃R q̃L g̃

decay mode χ̃0
1!

± !̃±!∓ !̃±ν! ν̃!!± χ̃0
1q χ̃0

2q χ̃±
1 q χ̃0

1qq χ̃0
2qq χ̃±

1 qq

BR(%) 100 100 50 50 100 33 67 50.5 16.5 33.0

Table 1. Branching ratios of the relevant SUSY particles in the simplified model.

∆R < 0.2 around the lepton candidate (excluding the lepton candidate itself) to be less

than 1.8 GeV, where∆R ≡
√

(∆η)2 + (∆φ)2. The electron (muon) must have pT > 10 GeV

and |η| < 2.47 (2.4). If a jet and an electron are both identified within ∆R < 0.2 of each

other, the jet is discarded. Furthermore, identified electrons or muons are discarded if the

separation from the closest remaining jet is ∆R < 0.4. Electrons and muons separated by

∆R < 0.1 are both discarded.

In our compressed SUSY scenario, sleptons and electroweak gauginos are as heavy

as gluino and squarks and their production cross section is negligible in our study. We,

therefore, exclusively generate coloured SUSY particles production events. The lepton

sources are then identified as:

q̃L → χ̃0
2q → !̃±!∓q → !±!∓qχ̃0

1 BR = 33% ,

q̃L → χ̃±
1 q → !̃±ν!q (ν̃!!

±q) → !±ν!qχ̃
0
1 BR = 67% ,

g̃ → χ̃0
2qq → !̃±!∓qq → !±!∓qqχ̃0

1 BR # 16% ,

g̃ → χ̃±
1 qq → !̃±ν!qq (ν̃!!

±qq) → !±ν!qqχ̃
0
1 BR # 33% . (2.2)

3 ATLAS multi-lepton searches

In order to constrain the compressed SUSY scenario, in this paper we focus on three ATLAS

analyses using multi-lepton signatures,3 which are categorized by the number of leptons:

two [24], three [25] and four or more leptons [26]. These analyses do not use any high-pT jet

requirements and the cut on the missing transverse energy is relatively low. Data samples

are collected with a single muon or electron trigger: at least one muon with pT > 20 GeV

or electron with pT > 25 GeV is required in the all analyses.

For the di-lepton analysis, we use two signal regions defined in ref. [24]: “same sign

inclusive” (2SS) and “opposite sign inclusive” (2OS) signal regions.4 In both signal regions,

events must have exactly two isolated leptons of invariant mass greater than 12GeV. The

missing transverse energy, Emiss
T , must be greater than 250GeV in 2OS signal region, whilst

Emiss
T > 100GeV in 2SS signal region. These signal regions should be most sensitive to the

3 CMS multi-lepton searches [36] may also be relevant to the compressed SUSY scenario. However,

because of a lower pT thresholds used there (with pT > 10 GeV and pT > 5 GeV for electrons and muons,

respectively) those searches require different implementation of isolation algorithm, and therefore we leave

it for future studies.
4Those signal regions are labelled as “SS-inc” and “OS-inc” in ref. [24]. In what follows we will refer to

them as “2SS” and “2OS”.
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Figure 3. Efficiency, eq. (5.5), for different signal regions and different gluino masses as a function
of the mass splitting, ∆m, between gluino and the LSP.

5.3 95% exclusion limits

Six plots in figure 4 show the visible cross section in each signal region (4(a) 2OS, 4(b) 2SS,

4(c) 2SS+, 4(d) 3LEP, 4(e) 3LEP+, 4(f) 4LEP) in (mg̃, ∆m) plane. In the same plots, we

superimpose the 95% observed (red solid) and expected (red dashed) exclusion limits with

the corresponding luminosities used in the analyses; see table 2. The green dashed curves

represent the expected 95% exclusion limits with the integrated luminosity of 5.25 fb−1.

The visible cross section is calculated by σ(i)
vis = σtot · A · ε(i), where σtot is the total SUSY

production cross section. For σtot, we use the next-to-leading order cross section calculated

using Prospino 2.1 [39].

As can be seen, the visible cross section strongly depends on both mg̃ and ∆m. This

dependence is approximately factorisable as σvis(mg̃,∆m) = σtot(mg̃) · A · ε(∆m). σtot
is almost exclusively determined by mg̃, because the coloured SUSY particle production

dominate the total SUSY production in the compressed SUSY scenario. On the other
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information on the mass difference between the strong and weak sectors can be obtained if

we can measure the shape of the leading jet pT distribution. Feasibility of this measurement

will depend on signal-to-background ratio. A detailed study along this direction is however

beyond the scope of this paper. Here, we simply stress that the information on the two

important mass differences in the compressed SUSY scenario, mg̃ −mW̃ and mW̃ −mB̃, is

potentially accessible through the distributions of leading jet pT and the invariant mass of

SFOS pair.

5 Obtaining exclusion limits

5.1 Statistical method

The ATLAS collaboration reported 95% CL upper limit on the visible cross section in each

signal region [24–26]. One can use those upper limits to assess whether or not a model

is excluded at 95% CL. In our analysis, we cannot use this simple method, since we want

to use new signal regions defined in the previous section. Instead, we calculate p-values

by assuming Poisson probability for the number of observed events, and construct a CLs

variable [38] including systematic errors on the signal.5

Let n(i)
s/b and σ(i)

s/b be the number of expected events and the systematic error for

signal/background in the signal region i, respectively. The number of expected events can

then be written as

λ(i)(δb, δs) = n(i)
b (1 + δbσ

(i)
b ) + n(i)

s (1 + δsσ
(i)
s ) , (5.1)

where δb and δs are nuisance parameters, which parametrise the actual size of the systematic

errors. Assuming that the number of observed events follows Poisson distribution and

systematic errors have Gaussian probability distribution, the probability of observing n

events is given by

P (n, n(i)
b , n(i)

s ) =

∫ ∞

−1/σ
(i)
s

dδs

∫ ∞

−1/σ
(i)
b

dδb
e−λ(i)

(λ(i))n

n!
e−

1
2 (δ

2
s+δ2b ) . (5.2)

Note that the lower limits on the integration ranges are set to assure that the number of

signal and background events are positive. If an experiment observes n(i)
o events, the p-value

for the signal plus background hypothesis and that for the background only hypothesis are

obtained as

ps+b(n
(i)
o ) =

n
(i)
o
∑

n=0

P (n, n(i)
b , n(i)

s ) and pb(n
(i)
o ) =

∞
∑

n=n
(i)
o

P (n, n(i)
b , 0) , (5.3)

respectively. Finally, the CLs variable is defined as

CLs =
ps+b

1− pb
. (5.4)

5 We use the same method to evaluate a CLs variable as in ref. [31].
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Is light SUSY possible?

• Constraint from direct SUSY searches:
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-
ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and
second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of
MSUGRA/CMSSM for tan � = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the
dashed-blue lines the median expected limits, and the dotted blue lines the ±1� variation on the expected
limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on the full dataset (4.7 fb�1) recorded by the ATLAS
experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the
data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-
tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan � = 10,
A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-
low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of
m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks
and gluinos are excluded below 1400 GeV in both scenarios.
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ficiency becomes unreliable due to its strong dependence on the modeling of QCD radiation
when the mass difference m(eg, eq) � m(ec0) is smaller. In this model, the m(eg) values below
1.0 TeV and m(eq) values below 0.76 TeV are excluded for m(ec0) < 200 GeV.

In summary, a search for new physics has been performed in the multijet and large /HT final
state using a data sample corresponding to an integrated luminosity of 4.98 fb�1 collected in
7 TeV pp collisions with the CMS detector at the LHC. The observed numbers of events are
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dashed-blue lines the median expected limits, and the dotted blue lines the ±1� variation on the expected
limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on the full dataset (4.7 fb�1) recorded by the ATLAS
experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the
data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-
tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan � = 10,
A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-
low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of
m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks
and gluinos are excluded below 1400 GeV in both scenarios.
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Figure 3. Efficiency, eq. (5.5), for different signal regions and different gluino masses as a function
of the mass splitting, ∆m, between gluino and the LSP.

5.3 95% exclusion limits

Six plots in figure 4 show the visible cross section in each signal region (4(a) 2OS, 4(b) 2SS,

4(c) 2SS+, 4(d) 3LEP, 4(e) 3LEP+, 4(f) 4LEP) in (mg̃, ∆m) plane. In the same plots, we

superimpose the 95% observed (red solid) and expected (red dashed) exclusion limits with

the corresponding luminosities used in the analyses; see table 2. The green dashed curves

represent the expected 95% exclusion limits with the integrated luminosity of 5.25 fb−1.

The visible cross section is calculated by σ(i)
vis = σtot · A · ε(i), where σtot is the total SUSY

production cross section. For σtot, we use the next-to-leading order cross section calculated

using Prospino 2.1 [39].

As can be seen, the visible cross section strongly depends on both mg̃ and ∆m. This

dependence is approximately factorisable as σvis(mg̃,∆m) = σtot(mg̃) · A · ε(∆m). σtot
is almost exclusively determined by mg̃, because the coloured SUSY particle production

dominate the total SUSY production in the compressed SUSY scenario. On the other
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Figure 3. Efficiency, eq. (5.5), for different signal regions and different gluino masses as a function
of the mass splitting, ∆m, between gluino and the LSP.

5.3 95% exclusion limits

Six plots in figure 4 show the visible cross section in each signal region (4(a) 2OS, 4(b) 2SS,

4(c) 2SS+, 4(d) 3LEP, 4(e) 3LEP+, 4(f) 4LEP) in (mg̃, ∆m) plane. In the same plots, we

superimpose the 95% observed (red solid) and expected (red dashed) exclusion limits with

the corresponding luminosities used in the analyses; see table 2. The green dashed curves

represent the expected 95% exclusion limits with the integrated luminosity of 5.25 fb−1.

The visible cross section is calculated by σ(i)
vis = σtot · A · ε(i), where σtot is the total SUSY

production cross section. For σtot, we use the next-to-leading order cross section calculated

using Prospino 2.1 [39].

As can be seen, the visible cross section strongly depends on both mg̃ and ∆m. This

dependence is approximately factorisable as σvis(mg̃,∆m) = σtot(mg̃) · A · ε(∆m). σtot
is almost exclusively determined by mg̃, because the coloured SUSY particle production

dominate the total SUSY production in the compressed SUSY scenario. On the other
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Figure 3. Efficiency, eq. (5.5), for different signal regions and different gluino masses as a function
of the mass splitting, ∆m, between gluino and the LSP.

5.3 95% exclusion limits

Six plots in figure 4 show the visible cross section in each signal region (4(a) 2OS, 4(b) 2SS,

4(c) 2SS+, 4(d) 3LEP, 4(e) 3LEP+, 4(f) 4LEP) in (mg̃, ∆m) plane. In the same plots, we

superimpose the 95% observed (red solid) and expected (red dashed) exclusion limits with

the corresponding luminosities used in the analyses; see table 2. The green dashed curves

represent the expected 95% exclusion limits with the integrated luminosity of 5.25 fb−1.

The visible cross section is calculated by σ(i)
vis = σtot · A · ε(i), where σtot is the total SUSY

production cross section. For σtot, we use the next-to-leading order cross section calculated

using Prospino 2.1 [39].

As can be seen, the visible cross section strongly depends on both mg̃ and ∆m. This

dependence is approximately factorisable as σvis(mg̃,∆m) = σtot(mg̃) · A · ε(∆m). σtot

is almost exclusively determined by mg̃, because the coloured SUSY particle production

dominate the total SUSY production in the compressed SUSY scenario. On the other
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