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SEARCHING FOR SUSY @ 13 TEV

▸Significant increase in squark & gluino 
production cross-section when increasing 
from 8 to 13 TeV: 

▸Effort at both CMS & ATLAS to exploit 
this early on in Run 2. 

▸Nothing conclusive reported from partial 
dataset available for ICHEP 2016 

▸First results from the full 2015+2016 
dataset available.

2
SUSY is a highly favoured extension of the SM, and predicts supersymmetric partners to existing 
SM particles at high energies, but nothing showed up in the LHC Run 1 dataset. 

FINAL STATE SIGNATURES
▸R-parity violation (RPV) 

▸Little/no MET 

▸Unstable LSP g multiple final state particles 

▸R-parity conservation (RPC) 

▸Missing transverse momentum (MET) 

▸Stable LSP g dark matter candidate? 

http://inspirehep.net/record/1326406

http://inspirehep.net/record/1326406
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SUSY SEARCHES AT ATLAS AND CMS 3
▸Both experiments employ similar analysis techniques when performing searches. 

▸Select “hard” SUSY-like signatures using MET, jet/lepton transverse momentum (p
T
) & multiplicity 

▸Exploit more complicated event-level variables to target specific topologies (e.g. recursive jigsaw 
variables) 
‣Many analyses presented today use Δφ(jets,MET) to reject events with “fake” MET due to jet mis-
measurement. 
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SUSY SEARCHES AT ATLAS AND CMS 4
▸Both experiments employ similar analysis techniques when performing searches. 

▸Select “hard” SUSY-like signatures using MET, jet/lepton transverse momentum (p
T
) & multiplicity 

▸Exploit more complicated event-level variables to target specific topologies (e.g. recursive jigsaw 
variables) 
‣Many analyses presented today use Δφ(jets,MET) to reject events with “fake” MET due to jet mis-
measurement. 
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OVERVIEW

▸ CMS 

▸ 0-lepton + MHT + >=2 jets          — CMS-PAS-SUS-16-033 

▸ 0-lepton + M
T2 

+ >=1 jets            — CMS-PAS-SUS-16-036 

▸ 1-lepton + >=6 jets                       — CMS-PAS-SUS-16-037 

▸ Same-sign 2-lepton                       — CMS-PAS-SUS-16-035 

▸ photon + HT (GMSB)                    — CMS-PAS-SUS-16-047 

▸ photon + MET (GMSB)                 — CMS-PAS-SUS-16-046 

▸ ATLAS 

▸ ≥1-lepton + multijets (RPV)        —  ATLAS-CONF-2017-013 

▸ 0-lepton + 2-6 jets                        —  ATLAS-CONF-2017-022 

▸ 0/1-lepton, ≥3 b-jets                    —  ATLAS-CONF-2017-021   

5
Many analyses updated/in progress with the full (2015+)2016 dataset.

NEW RESULTS FOR TODAY

ATLAS results page:   https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults 

CMS results page:      https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS


ALL HADRONIC SEARCHES
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▸High                                       g high masses 

▸≥2-5 jet regions g direct squark/gluino decays 

▸≥5-6 jet regions g decays via W/Z bosons 

▸≥2 large-R jet regions g decays via boosted 
W/Z bosons

0L, 2-6 JETS [ATLAS] 7
MEFF BASED ANALYSIS

RECURSIVE JIGSAW (RJR) ANALYSIS
▸Use the RJR variables [arxiv:1607.08307] to 

impose specific decay topology assumption 

▸Partition final state jets into two hemispheres 
so grouped to minimise the hemisphere 
masses
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https://arxiv.org/abs/1607.08307
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▸High                                       g high masses 

▸≥2-5 jet regions g direct squark/gluino decays 

▸≥5-6 jet regions g decays via W/Z bosons 

▸≥2 large-R jet regions g decays via boosted 
W/Z bosons

RECURSIVE JIGSAW (RJR) ANALYSIS

0L, 2-6 JETS [ATLAS] 8
MEFF BASED ANALYSIS W+JETS 

TTBAR 

Zgνν 

MULTIJETS 

‣ Control regions with isolated 
leptons. 

‣ Use b-tag/veto to separate 
ttbar/W+jets.

‣ Control sample with isolated 
photons. 

‣ Data driven approach normalised 
in multijet control regions.

▸Use the RJR variables [arxiv:1607.08307] to 
impose specific decay topology assumption 

▸Partition final state jets into two hemispheres 
so grouped to minimise the hemisphere 
masses

https://arxiv.org/abs/1607.08307
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MT2 BASED ANALYSIS

0L+JETS [CMS] 9
HT-MHT BASED ANALYSIS

▸ Many search regions with events classified 
according to Njet , HT and Nbjet and binned in 
MT2 

▸ Cluster final state jets to form two “pseudo-
jets” and calculate MT2 as  

▸ Multijet background confined to low MT2

▸Targets direct stop/sbottom production and 
(in)direct squark/gluino decays. 

▸174 search regions in total: 
‣ 5 exclusive N

jet 
bins,   

‣ 4 exclusive N
bjet

 bins,   
‣ 10 exclusive intervals in H

T
- MHT plane. 
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 (13 TeV)-1    35.9 fbCMS        Simulation Preliminary

▸Targets direct stop/sbottom production and 
(in)direct squark/gluino decays. 

▸174 search regions in total: 
‣ 5 exclusive N

jet 
bins,   

‣ 4 exclusive N
bjet

 bins,   
‣ 10 exclusive intervals in H

T
- MHT plane. 

▸ Many search regions with events classified 
according to Njet , HT and Nbjet and binned in 
MT2 

▸ Cluster final state jets to form two “pseudo-
jets” and calculate MT2 as  

▸ Multijet background confined to low MT2

0L+JETS [CMS] 10
HT-MHT BASED ANALYSIS W+JETS 

TTBAR

‣ Isolated e/μ regions   
        g probability to miss the lepton 
‣ Isolated muon regions  

        g smear to expected τh pT  

                  distribution.
‣ Isolated photon regions / use 

Zgll to emulate Zgνν.
‣ Invert Δφ(jets,MET) cut  

        g extrapolation as a function of   
                HT, MHT and Njet

Background estimates validated using MC-closure tests.

Zgνν 

Multijets 

validation of ttbar/W+jets “lost lepton” background estimate
MT2 BASED ANALYSIS
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0L+JETS [ATLAS/CMS] 11
No significant deviation from the Standard Model expectation is observed.

HT-MHT ANALYSIS MEFF ANALYSIS
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0L+JETS [ATLAS/CMS] 12
No significant deviation from the Standard Model expectation is observed.

“Best expected”  Meff/RJR 
combination for squark/
gluino direct decays. 

Exclude squark masses up 
to ~1.6 TeV, LSP masses up 
to ~850 GeV.

HT-MHT ANALYSIS MEFF ANALYSIS
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0/1L, ≥3 B-JETS [ATLAS] 14

5-7 jets7-8 jets

meff Njet
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▸10 “discovery” SRs make use of (b-)jet multiplicity, 
total jet mass (M

J
), m

eff
, m

T
 and MET 

▸Further “exclusion” SRs binned in m
eff 

and jet 
multiplicity 

▸High MET, m
eff

, M
J 
g large mass splitting/boosted 

decays 

▸Hard leading jet for very small mass splittings 

▸Moderate to high jet multiplicity for Gbb/Gtt 

Analysis targeting gluino mediated stop/sbottom 
production
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▸Dominant background from ttbar 

▸1-lepton control regions used to normalise 
ttbar MC (invert m

T 
cut in 1L SRs) 

▸CRs are orthogonal g simultaneous fit to all 
regions for exclusion

▸10 “discovery” SRs make use of (b-)jet multiplicity, 
total jet mass (M

J
), m

eff
, m

T
 and MET 

▸Further “exclusion” SRs binned in m
eff 

and jet 
multiplicity 

▸High MET, m
eff

, M
J 
g large mass splitting/boosted 

decays 

▸Hard leading jet for very small mass splittings 

▸Moderate to high jet multiplicity for Gbb/Gtt 

Analysis targeting gluino mediated stop/sbottom 
production
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Results consistent with the SM expectation 
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RPV ≥1L+MULTIJETS [ATLAS] 17
R-Parity Violating SUSY search g signatures with little or no MET and many (b-tagged) jets.

RPV model with 
virtual stops g 

sensitivity using b-
tagged jets

Gluino decay via 
light flavour 

quarks g 
sensitivity with 0 

b-tagged jets

▸ Select events with ≥5 jets with pT>[40,60,80] GeV 

▸ Events categorised according to Njet and Nbjet 

▸ Events with [5,6,7] jets and 0 b-tags further categorised: 

▸ ≥2 leptons within 81<mll/GeV<101 

▸ positive charge leading lepton (Z-veto) 

▸ negative charge leading lepton (Z-veto)
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RPV ≥1L+MULTIJETS [ATLAS] 18

▸ Select events with ≥5 jets with pT>[40,60,80] GeV 

▸ Events categorised according to Njet and Nbjet 

▸ Events with [5,6,7] jets and 0 b-tags further categorised: 

▸ ≥2 leptons within 81<mll/GeV<101 

▸ positive charge leading lepton (Z-veto) 

▸ negative charge leading lepton (Z-veto)

W+JETS ▸dominant in low b-jet multiplicity regions. 
▸normalise in each Njet bin using scaling law that 

assumes almost constant probability for a single 
additional jet emission.

TTBAR ▸dominant in high b-jet multiplicity regions 
▸use Nbjet distribution in 5-jet region & 

parameterise evolution in Njet using probability 
to get additional b-tags

R-Parity Violating SUSY search g signatures with little or no MET and many (b-tagged) jets.
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RPV ≥1L+MULTIJETS [ATLAS] 19

Results show good agreement  
with SM expectation. 

Limits set on several simplified models: 

‣ Best sensitivity from pT>80 GeV regions 
for gluino production 

‣ Best sensitivity from pT>60 GeV for top 
squark production (see Andreas’s talk 
this afternoon).

10 jet regions with pT>80 GeV 12 jet regions with pT>40 GeV
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1L, ≥6 JETS [CMS] 20
W+JETS 

TTBAR

‣ Negligible due to MT cuts.

‣ Negligible in the SRsMULTIJETS 

18 SRs orthogonal in Njet, MET, Nbjet, 
MJ and MT 

▸ b-tag selection sensitive to 
gluino mediated stop model 

▸ Recluster R=0.4 jets into 
large R jets to target 
boosted bosons

Demonstrate 
invariance of MJ 
distribution for low 
and high MT

3

algorithm [46] with distance parameter R = 0.4, as implemented in the FASTJET package [47].96

Jets are required to satisfy pT > 30 GeV and |h|  2.4. Additional details and references97

are given in Ref. [12] on the pT- and h-dependent jet-energy calibration, the jet identification98

requirements, and the subtraction of the energy contribution to the jet pT from multiple proton-99

proton interactions from the same or neighboring beam crossings (pileup).100

A subset of the jets are “tagged” as originating from b quarks using the combined secondary101

vertex (CSV) algorithm [48, 49]. For the working point chosen for this analysis, the signal102

efficiency for b jets in the range pT = 30 to 80 GeV is 60–67% (51–57%) in the barrel (endcap),103

increasing with pT. The misidentification probability for c quarks is roughly 13%, while that104

for light flavor quarks or gluinos is 1–2%.105

We cluster the jets with R = 0.4 (small-R jets) and the isolated leptons into R = 1.4 (large-R)106

jets using the anti-kT algorithm. The masses of the large-R jets reflect the pT spectrum and mul-107

tiplicity of the clustered objects, as well as their angular spread. The variable MJ is defined as108

the sum of all large-R jet masses: MJ =ÂJi=large-R jets m(Ji). For tt events with a small contri-109

bution from initial-state radiation (ISR), the MJ distribution has an approximate cutoff at 2mt.110

In contrast, the MJ distribution for signal events extends to larger values. The presence of a111

significant amount of ISR generates a high-MJ tail in the tt background, producing the main112

source of background in the analysis.113

The missing transverse momentum, pmiss
T , is defined as the magnitude of ~pmiss

T , the negative114

vector sum of the transverse momenta of all PF candidates [40, 41]. To separate backgrounds115

characterized by the presence of a single W boson decaying leptonically, but without any other116

source of missing momentum, we use the transverse mass mT =
q

2p`T pmiss
T [1 � cos(Df`,~p miss

T
)],117

where Df`,~p miss
T

is the difference between the azimuthal angles of ~pT
` and ~pmiss

T . The quantity118

HT is defined as the scalar sum of the transverse momenta of all the small-R jets passing the119

selection, while ST = HT + p`T.120

We select events with exactly one isolated charged lepton (an electron or a muon), no veto121

tracks, ST > 500 GeV, pmiss
T > 200 GeV, and at least six small-R jets, at least one of which is122

b tagged. After this set of requirements, referred to in the following as the baseline selection,123

about 80% of the SM background arises from tt production. The contributions from events124

with a single top quark or a W boson in association with jets are each about 6–8%; much of the125

remainder is from events with tt produced in association with a vector boson. The background126

from QCD multijet events after the baseline selection is negligible.127

The analysis is performed by defining four regions in the MJ-mT plane: three control regions128

(CR) and one signal region (SR):129

• region R1 (CR): mT  140 GeV, 250  MJ  400 GeV,130

• region R2 (CR): mT  140 GeV, MJ > 400 GeV,131

• region R3 (CR): mT > 140 GeV, 250  MJ  400 GeV, and132

• region R4 (SR): mT > 140 GeV, MJ > 400 GeV.133

Regions R2 and R4, which have high mT, are subdivided into bins of pmiss
T , the number of134

small-R jets (Njets), and the number of b-tagged jets (Nb) as follows:135

• three pmiss
T bins: 200 GeV < pmiss

T  350 GeV, 350 GeV < pmiss
T  500 GeV, pmiss

T >136

500 GeV,137

• two Njets bins: 6  Njets  8, Njets � 9, and138
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‣ Negligible due to MT cuts.

‣ Negligible in the SRs

‣ Extrapolate MJ distribution from 
low MT to high MT
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algorithm [46] with distance parameter R = 0.4, as implemented in the FASTJET package [47].96

Jets are required to satisfy pT > 30 GeV and |h|  2.4. Additional details and references97

are given in Ref. [12] on the pT- and h-dependent jet-energy calibration, the jet identification98

requirements, and the subtraction of the energy contribution to the jet pT from multiple proton-99

proton interactions from the same or neighboring beam crossings (pileup).100

A subset of the jets are “tagged” as originating from b quarks using the combined secondary101

vertex (CSV) algorithm [48, 49]. For the working point chosen for this analysis, the signal102

efficiency for b jets in the range pT = 30 to 80 GeV is 60–67% (51–57%) in the barrel (endcap),103

increasing with pT. The misidentification probability for c quarks is roughly 13%, while that104

for light flavor quarks or gluinos is 1–2%.105

We cluster the jets with R = 0.4 (small-R jets) and the isolated leptons into R = 1.4 (large-R)106

jets using the anti-kT algorithm. The masses of the large-R jets reflect the pT spectrum and mul-107

tiplicity of the clustered objects, as well as their angular spread. The variable MJ is defined as108

the sum of all large-R jet masses: MJ =ÂJi=large-R jets m(Ji). For tt events with a small contri-109

bution from initial-state radiation (ISR), the MJ distribution has an approximate cutoff at 2mt.110

In contrast, the MJ distribution for signal events extends to larger values. The presence of a111

significant amount of ISR generates a high-MJ tail in the tt background, producing the main112

source of background in the analysis.113

The missing transverse momentum, pmiss
T , is defined as the magnitude of ~pmiss

T , the negative114

vector sum of the transverse momenta of all PF candidates [40, 41]. To separate backgrounds115

characterized by the presence of a single W boson decaying leptonically, but without any other116

source of missing momentum, we use the transverse mass mT =
q

2p`T pmiss
T [1 � cos(Df`,~p miss

T
)],117

where Df`,~p miss
T

is the difference between the azimuthal angles of ~pT
` and ~pmiss

T . The quantity118

HT is defined as the scalar sum of the transverse momenta of all the small-R jets passing the119

selection, while ST = HT + p`T.120

We select events with exactly one isolated charged lepton (an electron or a muon), no veto121

tracks, ST > 500 GeV, pmiss
T > 200 GeV, and at least six small-R jets, at least one of which is122

b tagged. After this set of requirements, referred to in the following as the baseline selection,123

about 80% of the SM background arises from tt production. The contributions from events124

with a single top quark or a W boson in association with jets are each about 6–8%; much of the125

remainder is from events with tt produced in association with a vector boson. The background126

from QCD multijet events after the baseline selection is negligible.127

The analysis is performed by defining four regions in the MJ-mT plane: three control regions128

(CR) and one signal region (SR):129

• region R1 (CR): mT  140 GeV, 250  MJ  400 GeV,130

• region R2 (CR): mT  140 GeV, MJ > 400 GeV,131

• region R3 (CR): mT > 140 GeV, 250  MJ  400 GeV, and132

• region R4 (SR): mT > 140 GeV, MJ > 400 GeV.133

Regions R2 and R4, which have high mT, are subdivided into bins of pmiss
T , the number of134

small-R jets (Njets), and the number of b-tagged jets (Nb) as follows:135

• three pmiss
T bins: 200 GeV < pmiss

T  350 GeV, 350 GeV < pmiss
T  500 GeV, pmiss

T >136

500 GeV,137

• two Njets bins: 6  Njets  8, Njets � 9, and138

W+JETS 

TTBAR

MULTIJETS 

Demonstrate 
invariance of MJ 
distribution for low 
and high MT



Squarks & Gluinos — 20th March 2017

SAME SIGN 2L [CMS] 22
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SUMMARY 25
▸ The LHC was very productive during 2016, providing a large sample of 13 TeV data for the 

experiments. 

▸ First SUSY searches to take advantage of increased dataset size at 13 TeV are those focusing 
on strong production of squarks and gluinos. 

▸ No excesses to get excited about in the newest results so far, pushing the existing limits 
on squarks and gluinos. 

▸ Many more new results from 2016 still to come, and we’re looking forward to taking a much 
larger 13 TeV dataset beginning this year.
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.05525q̃, g̃ 1.85 TeV

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2017-0221.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1)<5 GeV 1604.07773608 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV ATLAS-CONF-2017-0222.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2017-0222.01 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 13.2 m(χ̃
0
1)<400 GeV ATLAS-CONF-2016-0371.7 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1

2 e, µ (SS) 0-3 jets Yes 13.2 m(χ̃
0
1) <500 GeV ATLAS-CONF-2016-0371.6 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.05493g̃ 1.37 TeV

GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃
0
1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290g̃ 900 GeV

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2017-0211.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV ATLAS-CONF-2017-0211.97 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.0600g̃ 1.37 TeV

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 3.2 m(χ̃

0
1)<100 GeV 1606.08772840 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 13.2 m(χ̃

0
1)<150 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV ATLAS-CONF-2016-037325-685 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2017-020t̃1 90-198 GeVt̃1 205-950 GeV

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃

0
1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV 1403.5294ℓ̃ 90-335 GeV

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 13.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2016-096640 GeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→τ̃ν(τν̃) 2 τ - Yes 14.8 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2016-093580 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 13.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2016-0961.0 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1403.5294, 1402.7029χ̃±

1 , χ̃
0

2 425 GeV
χ̃±

1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃
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1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV
χ̃0

2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃
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0
3), m(χ̃
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1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃
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2)+m(χ̃
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1)) 1405.5086χ̃0

2,3 635 GeV
GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV
GGM (bino NLSP) weak prod. 2 γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 590 GeV

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2017-017430 GeVχ̃±

1

Direct χ̃
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χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV
Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃

0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
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1)<3 ns, SPS8 model 1409.5542χ̃0
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g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
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1 1.0 TeV

GGM g̃g̃, χ̃
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1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃
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χ̃+

1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV
g̃g̃, g̃→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃

0
1)=800 GeV ATLAS-CONF-2016-0571.55 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 ATLAS-CONF-2017-0132.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 ATLAS-CONF-2017-0131.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt̃1 450-510 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-015t̃1 0.4-1.0 TeV

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: March 2017

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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DRAFT

of information into aggregate momenta allows for the same event to be interpreted in several independent385

ways such that each H variable encodes unique information.386

In addition to scale-sensitive variables, the power of the RJR technique comes from the ensemble of387

variables that can be constructed and used in concert with the H variables with minimal correlation. It388

is therefore useful to categorize variables into those sensitive to scale (generally having units of energy)389

and those that are unitless and scale-invariant. In the limit that one only places requirements on scale-390

invariant variables, there is no dependence on the sparticle spectrum and the sensitivity to compressed391

spectra is improved. In practice, this can guide the construction of regions targeting compressed spectra392

where stricter requirements on scale-invariant variables can be emphasized.393

Given the plethora of choices the RJR technique provides, the variables that are used to define the signal394

and control regions, described in the document are listed below. The paradigm of the RJR analysis design395

is to use as few requirements with units energy as possible in order to increase the generality of the signal396

regions’ sensitivity while marrying a minimal set of scale variables requirements with selections imposed397

on unitless quantities exploiting common mass-independent features of the signals considered.398

To select signal events in models with squark-pair production, the following variables are used:399

• HPP
1,1 ! scale variable as described above. Similar to Emiss

T .400

• HPP
T 2,1 ! scale variable as described above. Similar to e↵ective mass, me↵ (defined as the scalar401

sum of the transverse momenta of the leading two jets and Emiss
T ) for squark-pair production signals402

with two-jet final states.403

• HPP
1,1/H

PP
2,1 ! provides additional information in testing the balance of the information provided by404

the two scale cuts, where in the denominator the HPP
2,1 is no longer solely transverse. This provides405

an excellent handle against imbalanced events where the large scale is dominated by a particular406

object pT or by high Emiss
T .407

• plab
z /(plab

z + HPP
T 2,1) ! compares the z-momentum of the lab frame to the overall transverse scale408

variable considered. This variable tests for significant boost in the z direction.409

• pPP
Tj2/H

PP
T 2,1 ! represents the fraction of the overall scale variable that is due to the second highest410

pT jet (in the PP frame, pPP
Tj2) in the event.411

For signal topologies with higher jet multiplicities, there is the option to exploit the internal structure412

of the hemispheres by using a decay tree with an additional decay. For gluino-pair production, the tree413

shown in Figure 2(b) can be used and the variables used by this search are:414

• HPP
1,1 ! described above.415

• HPP
T 4,1 ! analogous to the transverse scale variable described above but more appropriate for four-416

jet final states expected from gluino-pair production.417

• HPP
1,1/H

PP
4,1 ! analogous to HPP

1,1/H
PP
2,1 for the squark search.418

• HPP
T 4,1/H

PP
4,1 ! a measure of the fraction of the momentum that lies in the transverse plane.419

• plab
z /(plab

z + HPP
T 4,1)! analogous to plab

z /(plab
z + HPP

T 2,1) above.420
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spectra is improved. In practice, this can guide the construction of regions targeting compressed spectra392

where stricter requirements on scale-invariant variables can be emphasized.393

Given the plethora of choices the RJR technique provides, the variables that are used to define the signal394

and control regions, described in the document are listed below. The paradigm of the RJR analysis design395

is to use as few requirements with units energy as possible in order to increase the generality of the signal396

regions’ sensitivity while marrying a minimal set of scale variables requirements with selections imposed397

on unitless quantities exploiting common mass-independent features of the signals considered.398

To select signal events in models with squark-pair production, the following variables are used:399

• HPP
1,1 ! scale variable as described above. Similar to Emiss

T .400

• HPP
T 2,1 ! scale variable as described above. Similar to e↵ective mass, me↵ (defined as the scalar401

sum of the transverse momenta of the leading two jets and Emiss
T ) for squark-pair production signals402

with two-jet final states.403

• HPP
1,1/H

PP
2,1 ! provides additional information in testing the balance of the information provided by404

the two scale cuts, where in the denominator the HPP
2,1 is no longer solely transverse. This provides405

an excellent handle against imbalanced events where the large scale is dominated by a particular406

object pT or by high Emiss
T .407

• plab
z /(plab

z + HPP
T 2,1) ! compares the z-momentum of the lab frame to the overall transverse scale408

variable considered. This variable tests for significant boost in the z direction.409

• pPP
Tj2/H

PP
T 2,1 ! represents the fraction of the overall scale variable that is due to the second highest410

pT jet (in the PP frame, pPP
Tj2) in the event.411

For signal topologies with higher jet multiplicities, there is the option to exploit the internal structure412

of the hemispheres by using a decay tree with an additional decay. For gluino-pair production, the tree413

shown in Figure 2(b) can be used and the variables used by this search are:414

• HPP
1,1 ! described above.415

• HPP
T 4,1 ! analogous to the transverse scale variable described above but more appropriate for four-416

jet final states expected from gluino-pair production.417

• HPP
1,1/H

PP
4,1 ! analogous to HPP

1,1/H
PP
2,1 for the squark search.418

• HPP
T 4,1/H

PP
4,1 ! a measure of the fraction of the momentum that lies in the transverse plane.419

• plab
z /(plab

z + HPP
T 4,1)! analogous to plab
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T 2,1) above.420
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of information into aggregate momenta allows for the same event to be interpreted in several independent385

ways such that each H variable encodes unique information.386

In addition to scale-sensitive variables, the power of the RJR technique comes from the ensemble of387

variables that can be constructed and used in concert with the H variables with minimal correlation. It388

is therefore useful to categorize variables into those sensitive to scale (generally having units of energy)389

and those that are unitless and scale-invariant. In the limit that one only places requirements on scale-390

invariant variables, there is no dependence on the sparticle spectrum and the sensitivity to compressed391

spectra is improved. In practice, this can guide the construction of regions targeting compressed spectra392

where stricter requirements on scale-invariant variables can be emphasized.393

Given the plethora of choices the RJR technique provides, the variables that are used to define the signal394

and control regions, described in the document are listed below. The paradigm of the RJR analysis design395

is to use as few requirements with units energy as possible in order to increase the generality of the signal396

regions’ sensitivity while marrying a minimal set of scale variables requirements with selections imposed397

on unitless quantities exploiting common mass-independent features of the signals considered.398

To select signal events in models with squark-pair production, the following variables are used:399

• HPP
1,1 ! scale variable as described above. Similar to Emiss

T .400

• HPP
T 2,1 ! scale variable as described above. Similar to e↵ective mass, me↵ (defined as the scalar401

sum of the transverse momenta of the leading two jets and Emiss
T ) for squark-pair production signals402

with two-jet final states.403

• HPP
1,1/H

PP
2,1 ! provides additional information in testing the balance of the information provided by404

the two scale cuts, where in the denominator the HPP
2,1 is no longer solely transverse. This provides405

an excellent handle against imbalanced events where the large scale is dominated by a particular406

object pT or by high Emiss
T .407

• plab
z /(plab

z + HPP
T 2,1) ! compares the z-momentum of the lab frame to the overall transverse scale408

variable considered. This variable tests for significant boost in the z direction.409

• pPP
Tj2/H

PP
T 2,1 ! represents the fraction of the overall scale variable that is due to the second highest410

pT jet (in the PP frame, pPP
Tj2) in the event.411

For signal topologies with higher jet multiplicities, there is the option to exploit the internal structure412

of the hemispheres by using a decay tree with an additional decay. For gluino-pair production, the tree413

shown in Figure 2(b) can be used and the variables used by this search are:414

• HPP
1,1 ! described above.415

• HPP
T 4,1 ! analogous to the transverse scale variable described above but more appropriate for four-416

jet final states expected from gluino-pair production.417

• HPP
1,1/H

PP
4,1 ! analogous to HPP

1,1/H
PP
2,1 for the squark search.418

• HPP
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PP
4,1 ! a measure of the fraction of the momentum that lies in the transverse plane.419
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ways such that each H variable encodes unique information.386

In addition to scale-sensitive variables, the power of the RJR technique comes from the ensemble of387

variables that can be constructed and used in concert with the H variables with minimal correlation. It388

is therefore useful to categorize variables into those sensitive to scale (generally having units of energy)389

and those that are unitless and scale-invariant. In the limit that one only places requirements on scale-390

invariant variables, there is no dependence on the sparticle spectrum and the sensitivity to compressed391

spectra is improved. In practice, this can guide the construction of regions targeting compressed spectra392

where stricter requirements on scale-invariant variables can be emphasized.393

Given the plethora of choices the RJR technique provides, the variables that are used to define the signal394

and control regions, described in the document are listed below. The paradigm of the RJR analysis design395

is to use as few requirements with units energy as possible in order to increase the generality of the signal396

regions’ sensitivity while marrying a minimal set of scale variables requirements with selections imposed397

on unitless quantities exploiting common mass-independent features of the signals considered.398

To select signal events in models with squark-pair production, the following variables are used:399

• HPP
1,1 ! scale variable as described above. Similar to Emiss

T .400

• HPP
T 2,1 ! scale variable as described above. Similar to e↵ective mass, me↵ (defined as the scalar401

sum of the transverse momenta of the leading two jets and Emiss
T ) for squark-pair production signals402

with two-jet final states.403

• HPP
1,1/H

PP
2,1 ! provides additional information in testing the balance of the information provided by404

the two scale cuts, where in the denominator the HPP
2,1 is no longer solely transverse. This provides405

an excellent handle against imbalanced events where the large scale is dominated by a particular406

object pT or by high Emiss
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• plab
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z + HPP
T 2,1) ! compares the z-momentum of the lab frame to the overall transverse scale408

variable considered. This variable tests for significant boost in the z direction.409

• pPP
Tj2/H

PP
T 2,1 ! represents the fraction of the overall scale variable that is due to the second highest410

pT jet (in the PP frame, pPP
Tj2) in the event.411

For signal topologies with higher jet multiplicities, there is the option to exploit the internal structure412

of the hemispheres by using a decay tree with an additional decay. For gluino-pair production, the tree413

shown in Figure 2(b) can be used and the variables used by this search are:414
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1,1 ! described above.415
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T 4,1 ! analogous to the transverse scale variable described above but more appropriate for four-416
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2,1 ! provides additional information in testing the balance of the information provided by404
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object pT or by high Emiss
T .407
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T 2,1 ! represents the fraction of the overall scale variable that is due to the second highest410

pT jet (in the PP frame, pPP
Tj2) in the event.411

For signal topologies with higher jet multiplicities, there is the option to exploit the internal structure412

of the hemispheres by using a decay tree with an additional decay. For gluino-pair production, the tree413

shown in Figure 2(b) can be used and the variables used by this search are:414
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• HPP
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T 2,1 ! represents the fraction of the overall scale variable that is due to the second highest410
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For signal topologies with higher jet multiplicities, there is the option to exploit the internal structure412

of the hemispheres by using a decay tree with an additional decay. For gluino-pair production, the tree413

shown in Figure 2(b) can be used and the variables used by this search are:414
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ways such that each H variable encodes unique information.386

In addition to scale-sensitive variables, the power of the RJR technique comes from the ensemble of387

variables that can be constructed and used in concert with the H variables with minimal correlation. It388

is therefore useful to categorize variables into those sensitive to scale (generally having units of energy)389

and those that are unitless and scale-invariant. In the limit that one only places requirements on scale-390

invariant variables, there is no dependence on the sparticle spectrum and the sensitivity to compressed391

spectra is improved. In practice, this can guide the construction of regions targeting compressed spectra392

where stricter requirements on scale-invariant variables can be emphasized.393

Given the plethora of choices the RJR technique provides, the variables that are used to define the signal394

and control regions, described in the document are listed below. The paradigm of the RJR analysis design395

is to use as few requirements with units energy as possible in order to increase the generality of the signal396

regions’ sensitivity while marrying a minimal set of scale variables requirements with selections imposed397

on unitless quantities exploiting common mass-independent features of the signals considered.398

To select signal events in models with squark-pair production, the following variables are used:399

• HPP
1,1 ! scale variable as described above. Similar to Emiss

T .400

• HPP
T 2,1 ! scale variable as described above. Similar to e↵ective mass, me↵ (defined as the scalar401

sum of the transverse momenta of the leading two jets and Emiss
T ) for squark-pair production signals402

with two-jet final states.403

• HPP
1,1/H

PP
2,1 ! provides additional information in testing the balance of the information provided by404

the two scale cuts, where in the denominator the HPP
2,1 is no longer solely transverse. This provides405

an excellent handle against imbalanced events where the large scale is dominated by a particular406

object pT or by high Emiss
T .407

• plab
z /(plab

z + HPP
T 2,1) ! compares the z-momentum of the lab frame to the overall transverse scale408

variable considered. This variable tests for significant boost in the z direction.409

• pPP
Tj2/H

PP
T 2,1 ! represents the fraction of the overall scale variable that is due to the second highest410

pT jet (in the PP frame, pPP
Tj2) in the event.411

For signal topologies with higher jet multiplicities, there is the option to exploit the internal structure412

of the hemispheres by using a decay tree with an additional decay. For gluino-pair production, the tree413

shown in Figure 2(b) can be used and the variables used by this search are:414

• HPP
1,1 ! described above.415

• HPP
T 4,1 ! analogous to the transverse scale variable described above but more appropriate for four-416

jet final states expected from gluino-pair production.417

• HPP
1,1/H

PP
4,1 ! analogous to HPP

1,1/H
PP
2,1 for the squark search.418

• HPP
T 4,1/H

PP
4,1 ! a measure of the fraction of the momentum that lies in the transverse plane.419

• plab
z /(plab

z + HPP
T 4,1)! analogous to plab

z /(plab
z + HPP

T 2,1) above.420
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T 2,1 ! represents the fraction of the overall scale variable that is due to the second highest410

pT jet (in the PP frame, pPP
Tj2) in the event.411

For signal topologies with higher jet multiplicities, there is the option to exploit the internal structure412

of the hemispheres by using a decay tree with an additional decay. For gluino-pair production, the tree413

shown in Figure 2(b) can be used and the variables used by this search are:414

• HPP
1,1 ! described above.415
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jet final states expected from gluino-pair production.417
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• mini (pPP
Tj2i/H

PP
T 2,1i) ! represents the fraction of a hemisphere’s overall scale due to the second421

highest pT jet (in the PP frame) in each hemisphere. The minimum value between the two hemi-422

spheres is used, corresponding to the index i.423

• maxi (HPi
1,0/H

Pi
2,0)! testing balance of solely the jets momentum in a given hemisphere’s approxim-424

ate sparticle rest frame (Pi, index i indicating each hemisphere) allows an additional handle against425

a small but otherwise signal-like subset of vector boson with associated jets background events.426

In addition to trying to resolve the entirety of the signal event, it can be useful for sparticle spectra with427

smaller mass splittings and lower intrinsic Emiss
T to instead select for a partially-resolved sparticle system428

recoiling o↵ of a high-pT jet from initial state radiation (ISR). To target such topologies, a separate tree429

targeting compressed spectra can be seen in Figure 2(c). This tree is somewhat simpler and attempts to430

identify visible (V) and invisible (I) systems that are the result of an intermediate state corresponding to431

the system of sparticles and their decay products (S ). This signal system is required to recoil o↵ of a432

system of visible momenta associated with the ISR. This tree yields a slightly di↵erent set of variables:433

• |pCM
TS |! the magnitude of the vector-summed transverse momenta of all S -associated jets and Emiss

T434

evaluated in the CM frame.435

• RISR ⌘ ~p CM
I · p̂ CM

TS /p
CM

TS ! serves as a proxy for m�̃/mp̃. This is the fraction of the boost of the436

S system that is carried by its invisible system I. As the |pISR
TS | is increased it becomes increasingly437

hard for backgrounds to possess a large value in this ratio - a feature exhibited by compressed438

signals.439

• MTS ! the transverse mass of the S system.440

• NV
jet ! number of jets assigned to the visible system (V) and not associated with the ISR system.441

• ��ISR,I ! This is the opening angle between the ISR system and the invisible system in the lab442

frame.443

7 Event selection and signal regions definitions444

Following the object reconstruction described in Section 4, in both searches documented here events445

are discarded if a baseline electron or muon with pT > 7 GeV remains, or if they contain a jet failing446

to satisfy quality selection criteria designed to suppress detector noise and non-collision backgrounds447

(described in Section 4). Events are rejected if no jets with pT > 50 GeV are found. The remaining448

events are then analysed in two complementary searches, both of which require the presence of jets and449

significant missing transverse momentum. The selections in the two searches are designed to be generic450

enough to ensure sensitivity in a broad set of models with jets and Emiss
T in the final state.451

In order to maximize the sensitivity in the (mg̃,mq̃) plane, a variety of signal regions are defined. Squarks452

typically generate at least one jet in their decays, for instance through q̃ ! q�̃0
1, while gluinos typically453

generate at least two jets, for instance through g̃! qq̄�̃0
1. Processes contributing to q̃q̃ and g̃g̃ final states454

therefore lead to events containing at least two or four jets, respectively. Decays of heavy SUSY and SM455

particles produced in longer q̃ and g̃ decay cascades (e.g. �̃±1 ! qq0�̃0
1) tend to further increase the jet456

multiplicity in the final state. To target di↵erent scenarios, signal regions with di↵erent jet multiplicity457

requirements (in the case of Me↵-based search) or di↵erent decay trees (in the case of RJR-based search)458

are assumed. The optimized signal regions used by both searches are summarized in the following.459
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represents the fraction of the overall scale variable that is due to the second highest pT jet (in 
the PP frame) in the event.
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final states expected from gluino pair-production.
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a measure of the fraction of momentum that lies in the transverse plain.

represents the fraction of the hemisphere’s overall scale due to the second highest pT jet  (in 
the PP frame) in each hemisphere. The minimum value between the two hemispheres is used, 
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T 2,1i) ! represents the fraction of a hemisphere’s overall scale due to the second421

highest pT jet (in the PP frame) in each hemisphere. The minimum value between the two hemi-422

spheres is used, corresponding to the index i.423
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1,0/H
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2,0)! testing balance of solely the jets momentum in a given hemisphere’s approxim-424

ate sparticle rest frame (Pi, index i indicating each hemisphere) allows an additional handle against425

a small but otherwise signal-like subset of vector boson with associated jets background events.426

In addition to trying to resolve the entirety of the signal event, it can be useful for sparticle spectra with427

smaller mass splittings and lower intrinsic Emiss
T to instead select for a partially-resolved sparticle system428

recoiling o↵ of a high-pT jet from initial state radiation (ISR). To target such topologies, a separate tree429

targeting compressed spectra can be seen in Figure 2(c). This tree is somewhat simpler and attempts to430

identify visible (V) and invisible (I) systems that are the result of an intermediate state corresponding to431

the system of sparticles and their decay products (S ). This signal system is required to recoil o↵ of a432

system of visible momenta associated with the ISR. This tree yields a slightly di↵erent set of variables:433

• |pCM
TS |! the magnitude of the vector-summed transverse momenta of all S -associated jets and Emiss

T434

evaluated in the CM frame.435

• RISR ⌘ ~p CM
I · p̂ CM

TS /p
CM

TS ! serves as a proxy for m�̃/mp̃. This is the fraction of the boost of the436

S system that is carried by its invisible system I. As the |pISR
TS | is increased it becomes increasingly437

hard for backgrounds to possess a large value in this ratio - a feature exhibited by compressed438

signals.439

• MTS ! the transverse mass of the S system.440

• NV
jet ! number of jets assigned to the visible system (V) and not associated with the ISR system.441

• ��ISR,I ! This is the opening angle between the ISR system and the invisible system in the lab442

frame.443

7 Event selection and signal regions definitions444

Following the object reconstruction described in Section 4, in both searches documented here events445

are discarded if a baseline electron or muon with pT > 7 GeV remains, or if they contain a jet failing446

to satisfy quality selection criteria designed to suppress detector noise and non-collision backgrounds447

(described in Section 4). Events are rejected if no jets with pT > 50 GeV are found. The remaining448

events are then analysed in two complementary searches, both of which require the presence of jets and449

significant missing transverse momentum. The selections in the two searches are designed to be generic450

enough to ensure sensitivity in a broad set of models with jets and Emiss
T in the final state.451

In order to maximize the sensitivity in the (mg̃,mq̃) plane, a variety of signal regions are defined. Squarks452

typically generate at least one jet in their decays, for instance through q̃ ! q�̃0
1, while gluinos typically453

generate at least two jets, for instance through g̃! qq̄�̃0
1. Processes contributing to q̃q̃ and g̃g̃ final states454

therefore lead to events containing at least two or four jets, respectively. Decays of heavy SUSY and SM455

particles produced in longer q̃ and g̃ decay cascades (e.g. �̃±1 ! qq0�̃0
1) tend to further increase the jet456

multiplicity in the final state. To target di↵erent scenarios, signal regions with di↵erent jet multiplicity457

requirements (in the case of Me↵-based search) or di↵erent decay trees (in the case of RJR-based search)458

are assumed. The optimized signal regions used by both searches are summarized in the following.459
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highest pT jet (in the PP frame) in each hemisphere. The minimum value between the two hemi-422

spheres is used, corresponding to the index i.423
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2,0)! testing balance of solely the jets momentum in a given hemisphere’s approxim-424

ate sparticle rest frame (Pi, index i indicating each hemisphere) allows an additional handle against425

a small but otherwise signal-like subset of vector boson with associated jets background events.426

In addition to trying to resolve the entirety of the signal event, it can be useful for sparticle spectra with427

smaller mass splittings and lower intrinsic Emiss
T to instead select for a partially-resolved sparticle system428

recoiling o↵ of a high-pT jet from initial state radiation (ISR). To target such topologies, a separate tree429

targeting compressed spectra can be seen in Figure 2(c). This tree is somewhat simpler and attempts to430

identify visible (V) and invisible (I) systems that are the result of an intermediate state corresponding to431

the system of sparticles and their decay products (S ). This signal system is required to recoil o↵ of a432

system of visible momenta associated with the ISR. This tree yields a slightly di↵erent set of variables:433

• |pCM
TS |! the magnitude of the vector-summed transverse momenta of all S -associated jets and Emiss

T434

evaluated in the CM frame.435

• RISR ⌘ ~p CM
I · p̂ CM

TS /p
CM

TS ! serves as a proxy for m�̃/mp̃. This is the fraction of the boost of the436

S system that is carried by its invisible system I. As the |pISR
TS | is increased it becomes increasingly437

hard for backgrounds to possess a large value in this ratio - a feature exhibited by compressed438

signals.439

• MTS ! the transverse mass of the S system.440

• NV
jet ! number of jets assigned to the visible system (V) and not associated with the ISR system.441

• ��ISR,I ! This is the opening angle between the ISR system and the invisible system in the lab442

frame.443

7 Event selection and signal regions definitions444

Following the object reconstruction described in Section 4, in both searches documented here events445

are discarded if a baseline electron or muon with pT > 7 GeV remains, or if they contain a jet failing446

to satisfy quality selection criteria designed to suppress detector noise and non-collision backgrounds447

(described in Section 4). Events are rejected if no jets with pT > 50 GeV are found. The remaining448

events are then analysed in two complementary searches, both of which require the presence of jets and449

significant missing transverse momentum. The selections in the two searches are designed to be generic450

enough to ensure sensitivity in a broad set of models with jets and Emiss
T in the final state.451

In order to maximize the sensitivity in the (mg̃,mq̃) plane, a variety of signal regions are defined. Squarks452

typically generate at least one jet in their decays, for instance through q̃ ! q�̃0
1, while gluinos typically453

generate at least two jets, for instance through g̃! qq̄�̃0
1. Processes contributing to q̃q̃ and g̃g̃ final states454

therefore lead to events containing at least two or four jets, respectively. Decays of heavy SUSY and SM455

particles produced in longer q̃ and g̃ decay cascades (e.g. �̃±1 ! qq0�̃0
1) tend to further increase the jet456

multiplicity in the final state. To target di↵erent scenarios, signal regions with di↵erent jet multiplicity457

requirements (in the case of Me↵-based search) or di↵erent decay trees (in the case of RJR-based search)458

are assumed. The optimized signal regions used by both searches are summarized in the following.459
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T 2,1i) ! represents the fraction of a hemisphere’s overall scale due to the second421

highest pT jet (in the PP frame) in each hemisphere. The minimum value between the two hemi-422

spheres is used, corresponding to the index i.423
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1,0/H

Pi
2,0)! testing balance of solely the jets momentum in a given hemisphere’s approxim-424

ate sparticle rest frame (Pi, index i indicating each hemisphere) allows an additional handle against425

a small but otherwise signal-like subset of vector boson with associated jets background events.426

In addition to trying to resolve the entirety of the signal event, it can be useful for sparticle spectra with427

smaller mass splittings and lower intrinsic Emiss
T to instead select for a partially-resolved sparticle system428

recoiling o↵ of a high-pT jet from initial state radiation (ISR). To target such topologies, a separate tree429

targeting compressed spectra can be seen in Figure 2(c). This tree is somewhat simpler and attempts to430

identify visible (V) and invisible (I) systems that are the result of an intermediate state corresponding to431

the system of sparticles and their decay products (S ). This signal system is required to recoil o↵ of a432

system of visible momenta associated with the ISR. This tree yields a slightly di↵erent set of variables:433

• |pCM
TS |! the magnitude of the vector-summed transverse momenta of all S -associated jets and Emiss

T434

evaluated in the CM frame.435

• RISR ⌘ ~p CM
I · p̂ CM

TS /p
CM

TS ! serves as a proxy for m�̃/mp̃. This is the fraction of the boost of the436

S system that is carried by its invisible system I. As the |pISR
TS | is increased it becomes increasingly437

hard for backgrounds to possess a large value in this ratio - a feature exhibited by compressed438

signals.439

• MTS ! the transverse mass of the S system.440

• NV
jet ! number of jets assigned to the visible system (V) and not associated with the ISR system.441

• ��ISR,I ! This is the opening angle between the ISR system and the invisible system in the lab442

frame.443

7 Event selection and signal regions definitions444

Following the object reconstruction described in Section 4, in both searches documented here events445

are discarded if a baseline electron or muon with pT > 7 GeV remains, or if they contain a jet failing446

to satisfy quality selection criteria designed to suppress detector noise and non-collision backgrounds447

(described in Section 4). Events are rejected if no jets with pT > 50 GeV are found. The remaining448

events are then analysed in two complementary searches, both of which require the presence of jets and449

significant missing transverse momentum. The selections in the two searches are designed to be generic450

enough to ensure sensitivity in a broad set of models with jets and Emiss
T in the final state.451

In order to maximize the sensitivity in the (mg̃,mq̃) plane, a variety of signal regions are defined. Squarks452

typically generate at least one jet in their decays, for instance through q̃ ! q�̃0
1, while gluinos typically453

generate at least two jets, for instance through g̃! qq̄�̃0
1. Processes contributing to q̃q̃ and g̃g̃ final states454

therefore lead to events containing at least two or four jets, respectively. Decays of heavy SUSY and SM455

particles produced in longer q̃ and g̃ decay cascades (e.g. �̃±1 ! qq0�̃0
1) tend to further increase the jet456

multiplicity in the final state. To target di↵erent scenarios, signal regions with di↵erent jet multiplicity457

requirements (in the case of Me↵-based search) or di↵erent decay trees (in the case of RJR-based search)458

are assumed. The optimized signal regions used by both searches are summarized in the following.459
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T 2,1i) ! represents the fraction of a hemisphere’s overall scale due to the second421

highest pT jet (in the PP frame) in each hemisphere. The minimum value between the two hemi-422

spheres is used, corresponding to the index i.423
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1,0/H

Pi
2,0)! testing balance of solely the jets momentum in a given hemisphere’s approxim-424

ate sparticle rest frame (Pi, index i indicating each hemisphere) allows an additional handle against425

a small but otherwise signal-like subset of vector boson with associated jets background events.426

In addition to trying to resolve the entirety of the signal event, it can be useful for sparticle spectra with427

smaller mass splittings and lower intrinsic Emiss
T to instead select for a partially-resolved sparticle system428

recoiling o↵ of a high-pT jet from initial state radiation (ISR). To target such topologies, a separate tree429

targeting compressed spectra can be seen in Figure 2(c). This tree is somewhat simpler and attempts to430

identify visible (V) and invisible (I) systems that are the result of an intermediate state corresponding to431

the system of sparticles and their decay products (S ). This signal system is required to recoil o↵ of a432

system of visible momenta associated with the ISR. This tree yields a slightly di↵erent set of variables:433
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TS ! serves as a proxy for m�̃/mp̃. This is the fraction of the boost of the436

S system that is carried by its invisible system I. As the |pISR
TS | is increased it becomes increasingly437

hard for backgrounds to possess a large value in this ratio - a feature exhibited by compressed438

signals.439

• MTS ! the transverse mass of the S system.440

• NV
jet ! number of jets assigned to the visible system (V) and not associated with the ISR system.441

• ��ISR,I ! This is the opening angle between the ISR system and the invisible system in the lab442

frame.443
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Following the object reconstruction described in Section 4, in both searches documented here events445

are discarded if a baseline electron or muon with pT > 7 GeV remains, or if they contain a jet failing446

to satisfy quality selection criteria designed to suppress detector noise and non-collision backgrounds447

(described in Section 4). Events are rejected if no jets with pT > 50 GeV are found. The remaining448

events are then analysed in two complementary searches, both of which require the presence of jets and449

significant missing transverse momentum. The selections in the two searches are designed to be generic450

enough to ensure sensitivity in a broad set of models with jets and Emiss
T in the final state.451

In order to maximize the sensitivity in the (mg̃,mq̃) plane, a variety of signal regions are defined. Squarks452

typically generate at least one jet in their decays, for instance through q̃ ! q�̃0
1, while gluinos typically453

generate at least two jets, for instance through g̃! qq̄�̃0
1. Processes contributing to q̃q̃ and g̃g̃ final states454

therefore lead to events containing at least two or four jets, respectively. Decays of heavy SUSY and SM455

particles produced in longer q̃ and g̃ decay cascades (e.g. �̃±1 ! qq0�̃0
1) tend to further increase the jet456

multiplicity in the final state. To target di↵erent scenarios, signal regions with di↵erent jet multiplicity457

requirements (in the case of Me↵-based search) or di↵erent decay trees (in the case of RJR-based search)458

are assumed. The optimized signal regions used by both searches are summarized in the following.459
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ate sparticle rest frame (Pi, index i indicating each hemisphere) allows an additional handle against425

a small but otherwise signal-like subset of vector boson with associated jets background events.426

In addition to trying to resolve the entirety of the signal event, it can be useful for sparticle spectra with427

smaller mass splittings and lower intrinsic Emiss
T to instead select for a partially-resolved sparticle system428
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TS ! serves as a proxy for m�̃/mp̃. This is the fraction of the boost of the436

S system that is carried by its invisible system I. As the |pISR
TS | is increased it becomes increasingly437

hard for backgrounds to possess a large value in this ratio - a feature exhibited by compressed438

signals.439

• MTS ! the transverse mass of the S system.440

• NV
jet ! number of jets assigned to the visible system (V) and not associated with the ISR system.441

• ��ISR,I ! This is the opening angle between the ISR system and the invisible system in the lab442

frame.443

7 Event selection and signal regions definitions444

Following the object reconstruction described in Section 4, in both searches documented here events445

are discarded if a baseline electron or muon with pT > 7 GeV remains, or if they contain a jet failing446

to satisfy quality selection criteria designed to suppress detector noise and non-collision backgrounds447

(described in Section 4). Events are rejected if no jets with pT > 50 GeV are found. The remaining448

events are then analysed in two complementary searches, both of which require the presence of jets and449

significant missing transverse momentum. The selections in the two searches are designed to be generic450

enough to ensure sensitivity in a broad set of models with jets and Emiss
T in the final state.451

In order to maximize the sensitivity in the (mg̃,mq̃) plane, a variety of signal regions are defined. Squarks452

typically generate at least one jet in their decays, for instance through q̃ ! q�̃0
1, while gluinos typically453

generate at least two jets, for instance through g̃! qq̄�̃0
1. Processes contributing to q̃q̃ and g̃g̃ final states454

therefore lead to events containing at least two or four jets, respectively. Decays of heavy SUSY and SM455

particles produced in longer q̃ and g̃ decay cascades (e.g. �̃±1 ! qq0�̃0
1) tend to further increase the jet456

multiplicity in the final state. To target di↵erent scenarios, signal regions with di↵erent jet multiplicity457

requirements (in the case of Me↵-based search) or di↵erent decay trees (in the case of RJR-based search)458

are assumed. The optimized signal regions used by both searches are summarized in the following.459
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Variable Signal Control Validation: 1L Validation: 0L

Criteria common
to all regions of the

same type

NSignal Lepton = 0 = 1 = 1 = 0

pT
jet > 30 > 30 > 30 > 30

��4j
min > 0.4 � � > 0.4

mT � < 150 < 150 �

Region A
(Large mass splitting)

mb�jets
T,min > 60 � > 60 �

Nb�tag � 3 � 3 � 3 � 3

N jet � 7 � 6 � 6 � 6

Emiss
T > 350 > 275 > 300 > 250

mincl
e� > 2600 > 1800 > 1800 > 2000

M⌃
J

> 300 > 300 < 300 < 300

Region B
(Moderate mass splitting)

mb�jets
T,min > 120 � > 80 �

Nb�tag � 3 � 3 � 3 � 3

N jet � 7 � 6 � 6 � 6

Emiss
T > 500 > 400 > 450 > 450

mincl
e� > 1800 > 1700 > 1400 > 1400

M⌃
J

> 200 > 200 < 200 < 200

Region C
(Small mass splitting)

mb�jets
T,min > 120 � > 80 �

Nb�tag � 4 � 4 � 4 � 4

N jet � 8 � 7 � 7 � 7

Emiss
T > 250 > 250 > 225 > 250

mincl
e� > 1000 > 1000 > 850 > 1000

M⌃
J

> 100 > 100 < 100 < 100

Table 2: Definitions of the Gtt 0-lepton signal, control and validation regions. The unit of all kinematic variables is
GeVexcept ��4j

min, which is in radians. The jet pT requirement is also applied to b-tagged jets.
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Criteria common to all Gtt 1-lepton regions: � 1 signal lepton, pT
jet > 30 GeV , Nb-jet � 3

Variable Signal region Control region VR-mT VR-mb�jets
T,min

Region A
(Large mass

splitting)

N jet � 5 == 5 � 5 > 5

mT > 150 < 150 > 150 < 150

mb�jets
T,min > 120 � � > 120

Emiss
T > 500 > 300 > 300 > 400

mincl
e� > 2200 > 1700 > 1600 > 1400

M
P
,4

J

> 200 > 150 < 200 > 200

Region B
(Moderate mass

splitting)

N jet � 6 == 6 � 6 > 6

mT > 150 < 150 > 200 < 150

mb�jets
T,min > 160 � � > 140

Emiss
T > 450 > 400 > 250 > 350

mincl
e� > 1800 > 1500 > 1200 > 1200

M
P
,4

J

> 200 > 100 < 100 > 150

Region C
(Small mass

splitting)

N jet � 7 == 7 � 7 > 7

mT > 150 < 150 > 150 < 150

mb�jets
T,min > 160 � < 160 > 160

Emiss
T > 350 > 350 > 300 > 300

mincl
e� > 1000 > 1000 > 1000 > 1000

M
P
,4

J

� < 200 � �

Table 3: Definitions of the Gtt 1-lepton signal, control and validation regions. The unit of all kinematic variables is
GeV. The jet pT requirement is also applied to b-tagged jets.
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▸CRs are orthogonal g simultaneous fit to all 
regions for exclusion
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J
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eff
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multiplicity 
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production
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Model independent upper limits on visible 
cross-section set by considering each SR 
individually.



Squarks & Gluinos — 20th March 2017

 [GeV]g~m
800 1000 1200 1400 1600 1800 2000 2200

 [G
eV

]
10 χ∼

m

0

200

400

600

800

1000

1200

1400

1600

1800

2000

CMS Preliminary

1
0χ∼t t→ g~,  g~g~ →pp Moriond 2017

 (13 TeV)-135.9 fb
Expected
Observed

)miss
TSUS-16-033, 0-lep (H

)T2SUS-16-036, 0-lep (M
)JSUS-16-037, 1-lep (M

2-lep (SS)≥SUS-16-035, 

CMS SUMMARY PLOTS 34

 [GeV]g~m
800 1000 1200 1400 1600 1800 2000 2200

 [G
eV

]
10 χ∼

m

0

200

400

600

800

1000

1200

1400

1600

1800 CMS Preliminary

1
0χ∼b b→ g~,  g~g~ →pp Moriond 2017

 (13 TeV)-135.9 fb
Expected
Observed

)miss
TSUS-16-033 (H

)T2SUS-16-036 (M

 [GeV]g~m
800 1000 1200 1400 1600 1800 2000 2200

 [G
eV

]
10 χ∼

m

0

200

400

600

800

1000

1200

1400

1600 CMS Preliminary

1
0χ∼q q→ g~,  g~g~ →pp Moriond 2017

 (13 TeV)-135.9 fb
Expected
Observed

)miss
TSUS-16-033 (H

)T2SUS-16-036 (M



Squarks & Gluinos — 20th March 2017

DISCRIMINATING VARIABLES 35

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

DRAFT

6. Definition of analysis observables504

The following variables are used in the event selection:505

��4j
min: is defined as the minimum �� between any of the leading four jets and the Emiss

T :506

��4j
min = min(|�1 � �

E

miss
T
|, ..., |�4 � �

E

miss
T
|) (1)

where the index refers to the pT ordered list of the four leading jets.507

me�: The e�ective mass3 is defined as:508

- the sum of the p
T

of all signal leptons and all jets with p
T

> 30 GeV and ⌘ < 2.8 :509

mincl
e� =

X

in
pT

ji +
X

jm
pT

`j + Emiss
T . (2)

mT: is defined as the transverse mass between the Emiss
T and the leading lepton:510

mT =
q

2pTEmiss
T (1 � cos��(Emiss

T , lepton)) (3)

where pT is the leading lepton transverse momentum.511

mb�jets
T,min : is defined as the minimum transverse mass between the Emiss

T and the three leading b-jets:512

mb�jets
T,min = min

i3

q
(Emiss

T + pji

T

)2 � (Emiss
T

x

+ pji
x

)2 � (Emiss
T

y

+ pji
y

)2 (4)

The variable has a kinematic endpoint near the top mass for tt̄ backgrounds. Since the �̃0
1 which513

produces the Emiss
T in SUSY events is largely independent of the b-jet kinematics, the value of514

mb�jets
T,min can be much larger in signal processes.515

M
P
,4

J

: used first in the 2012 ATLAS RPC [63] and RPV [64] SUSY multi-jet searches, the total jet mass516

variable, defined as:517

M
P
,4

J

=
X

i4
m

J,i (5)

where m
J

refers to the mass of large-radius re-clustered jets in the event; the sum is taken on up to the518

4 leading re-clustered jets in the event4. The presence of numerous boosted and semi-boosted top519

quarks in the signal events leads to the formation of high-pT, massive jets at the scale of R 0.8. The520

mJsum variable is sensitive to this large-angle clustering of hard constituents which distinguishes521

the signal from background events.522

3 Formerly, the Gbb regions used a definition of the e�ective mass, m4j
e� , which used only the leading 4-jets. To harmonize the

analyses, this di�erence in variables was removed, at a very minimal loss of sensitivity to the Gbb analysis.
4 In the case of events with < 4 re-clustered jets, all of them are used.
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The variable has a kinematic endpoint near the top mass for tt̄ backgrounds. Since the �̃0
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T in SUSY events is largely independent of the b-jet kinematics, the value of514
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quarks in the signal events leads to the formation of high-pT, massive jets at the scale of R 0.8. The520

mJsum variable is sensitive to this large-angle clustering of hard constituents which distinguishes521

the signal from background events.522

3 Formerly, the Gbb regions used a definition of the e�ective mass, m4j
e� , which used only the leading 4-jets. To harmonize the

analyses, this di�erence in variables was removed, at a very minimal loss of sensitivity to the Gbb analysis.
4 In the case of events with < 4 re-clustered jets, all of them are used.
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variable, defined as:517

M
P
,4

J

=
X

i4
m

J,i (5)

where m
J

refers to the mass of large-radius re-clustered jets in the event; the sum is taken on up to the518

4 leading re-clustered jets in the event4. The presence of numerous boosted and semi-boosted top519

quarks in the signal events leads to the formation of high-pT, massive jets at the scale of R 0.8. The520

mJsum variable is sensitive to this large-angle clustering of hard constituents which distinguishes521

the signal from background events.522

3 Formerly, the Gbb regions used a definition of the e�ective mass, m4j
e� , which used only the leading 4-jets. To harmonize the

analyses, this di�erence in variables was removed, at a very minimal loss of sensitivity to the Gbb analysis.
4 In the case of events with < 4 re-clustered jets, all of them are used.
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Boosted top quarks in signal yield high pT, massive jets (~R=0.8), the MJ 
variable sensitive to this large-angle clustering of constituents.


