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✓ Strong production modes have the 
largest cross-sections 

• often with high boson multiplicity 

from cascading decays

• hadronic activity/many jets


✓ Leptonic final states among the 
cleanest

• clear detector signal

• lower branching ratio compared 

to hadronic analyses, but lower 
SM background (almost no QCD 
multijet)

Why?
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Fully 
hadronic 1 lepton 2 leptons 

(OS)
2 leptons 

(SS) ≥3 leptons

high BR
large SM bkg.

low BR
low SM bkg.

LPCC SUSY Cross Section WG

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections                   arXiv:1407.5066
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⚫ Variety of CMS results for strong SUSY with final states 
containing ≥1 lepton + jets + (maybe) missing energy


⚫ Overview of just a subset of results with gluino production

⚫ Full list of public CMS results here

CMS analyses
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SUS-17-012 1 lep. + photon JHEP 01 (2019) 154

SUS-16-051 top squark, 1 lep. JHEP 10 (2017) 019

SUS-16-042 1 lep., 𝛥𝜙(lep,MET) Phys. Lett. B 780 (2018) 384

SUS-16-037 1 lep., large-R MJ Phys. Rev. Lett. 119 (2017) 151802

SUS-16-040 RPV with 1 lep., large-R MJ Phys. Lett. B 783 (2018) 114

SUS-18-003 top squark, 2 OS lep. (e±𝜇∓) JHEP 03 (2019) 101

SUS-16-034 2 OS same-flavor lep., JHEP 03 (2018) 076

SUS-19-008 2 same-sign lep. or ≥3 lep. PAS
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS/index.html
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Phys. Lett. B 780 (2018) 384
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Randomizes 𝛥𝜙

⚫ Target simplified SUSY models with at least 
5 jets, large missing energy (MET) and one 
lepton 
• events binned in Nb, Njets, HT, LT = MET + 

pT(lep)

• main backgrounds are tt ̅and W+jets


⚫ Angle between lepton and MET vector 
𝛥𝜙 used as the main handle to suppress 
semileptonic tt
̅

⚫ Dileptonic tt ̅background suppressed using 
the MT2 variable with the lepton and a track
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Additional leptons with pT > 10 GeV that satisfy looser selection criteria of Irel < 0.4 are re-
ferred to as “veto” leptons. To reduce the contribution from standard model processes that
produce higher lepton multiplicities, events with one or more veto leptons are rejected.

Jets are required to have pT > 30 GeV and |h| < 2.4 to be considered for the calculation of
higher level quantities such as HT, the number of jets (njet), and the number of b-tagged jets
(nb). A number of exclusive kinematic regions, denoted as “search bins”, are defined according
to njet, nb, HT, and the quantity p

`
T + p

miss
T (LT). All search bins are required to contain at least

five jets with the two highest-pT jets satisfying pT > 80 GeV. Search bins with zero b-tagged
jets, called “0-b”, are mainly sensitive to the T5qqqqWW model, while search bins with at least
one b-tagged jet, called “multi-b”, are mainly sensitive to the T1tttt model. For the latter, the
requirement on the number of jets is increased to six, since the presence of four top quarks
results in an increased jet multiplicity in signal events.

To ensure that the analysis is sensitive both to signals with high p
miss
T as well as with small p

miss
T

but with large lepton pT, no explicit threshold on p
miss
T is imposed. Instead, LT is required to

be >250 GeV. Because of the trigger requirements and the extensive jet activity expected in the
chosen SUSY models, HT is required to be >500 GeV.

An important background arises from tt+jets events in which both W bosons decay leptonically
and one lepton does not fulfill the selection criteria for veto leptons. In an extension of the
previous analysis [13], and to suppress this background, events containing at least one isolated
high-pT charged track are rejected in certain cases. The high-pT track can arise from t !

nt+hadron decays or muon or electron tracks of poor quality. The relative isolation of such
tracks within a cone of R = 0.3 around the track candidate is required to be smaller than 0.1
or 0.2 for hadron or lepton particle-flow candidates, respectively. For events containing such
isolated track candidates, the MT2 variable [61] is used:

MT2(~p
`
T,~pt

T,~pmiss
T ) = min

~p(1)T +~p(2)T =~p miss
T

n
max

h
MT(~p

`
T,~p(1)T ), MT(~p

t

T,~p(2)T )
io

,

where ~pt

T and ~p`T are the transverse momenta of the isolated track and the selected lepton re-
spectively, and MT is the transverse mass. The minimization runs over all possible splittings of
~pmiss

T assuming two lost massless particles, as in dileptonic tt decays that contain two neutrinos.
The isolated track with highest pT and opposite charge relative to the selected lepton is chosen
where ~pt

T is required to be >5 GeV. Events with a hadronic or leptonic isolated track with MT2
below 60 or 80 GeV, respectively, are rejected. This requirement removes approximately 40%
of dilepton tt+jets events, while rejecting only 8–15% of the events in the SUSY benchmark
models.

After these selections, the dominant remaining backgrounds are W+jets events in which the
W boson decays leptonically, and tt+jets events in which one of the W bosons from the top
quarks decays leptonically and the other W boson decays hadronically. Both backgrounds are
suppressed by requiring a large azimuthal angle Df between the lepton and the presumed W
boson. The transverse momentum of the leptonically decaying W boson is estimated as the
sum of ~p`T and ~pmiss

T vectors. In background events from W+jets and tt+jets with a single W-
boson’s leptonic decay, the Df distribution falls sharply and has a maximum value determined
by the mass and pT of the W boson. In the SUSY models investigated here, ~pmiss

T receives a
large contribution from the two neutralino LSPs. As a consequence, large values of Df are
possible and the resulting Df distribution in signal events is roughly uniform. The Df variable
can therefore be used to define the search region (SR) as events with large Df, while events
with small Df constitute the control region (CR), which is used to estimate the SM background

http://dx.doi.org/10.1016/j.physletb.2018.03.028
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Phys. Lett. B 780 (2018) 384

⚫ Use low 𝛥𝜙 (<0.5-1.0) with a transfer factor to estimate background in 
high 𝛥𝜙 signal regions


⚫ No significant excesses

• set upper limits on T5qqqqWW production in gluino-LSP mass plane

• exclude gluino masses up to 1.9TeV for light LSP
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Phys. Rev. Lett. 119 (2017) 151802

⚫ Target models with large top quark 
multiplicity by selecting events with at 
least 6 jets (≥1 b tagged), large MET and 
large ST = HT + pT(lep) 
• events split into bins of Nb, then further 

binned in Njets, HT, ST

• dominant background from tt
̅

⚫ Variable MJ used to separate signal from tt ̅

• recluster anti-kT R=0.4 jets/leptons into 

R=1.4 to form "large-R jets"

• MJ = sum of large-R jet masses

• peaks higher for signal vs tt ̅
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⚫ Define signal region as MJ>400 GeV and transverse 
mass mT>140 GeV, consisting of 18 kinematic bins  


⚫ These variables are nearly uncorrelated, so use an 
"ABCD" extrapolation method to obtain prediction in 
signal region R4 from background-enriched R1,R2,R3 
via ratios of the form N4=N3(N2/N1)


⚫ Exclusions for off- and on-shell squark mediator models 
T1tttt, T5tttt reach 1.9TeV
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A central goal of the physics program of the CMS experiment at the CERN LHC [1] is the search
for new particles and phenomena beyond the standard model (SM), in particular, for super-
symmetry (SUSY) [2–9]. During 2016, CMS recorded a data sample of proton-proton collisions
at a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 35.9 fb�1,
significantly extending the sensitivity to the production of new heavy particles. The search
described here focuses on a generically important experimental signature that is also strongly
motivated by SUSY phenomenology. This signature includes a single lepton (an electron or a
muon); several jets, arising from the hadronization of energetic quarks and gluons; at least one
b-tagged jet, indicative of processes involving third generation quarks; and, finally, ~pmiss

T , the
missing momentum in the direction transverse to the beam. A large value of pmiss

T ⌘ |~pmiss
T |

can arise from the production of high momentum, weakly interacting particles that escape de-
tection. Searches for SUSY in the single-lepton final state have been performed by both ATLAS
and CMS at

p
s = 7 and 8 TeV [10–13] and at

p
s = 13 TeV [14–17]. The present analysis, which

introduces extended binning and other improvements, is based largely on methodologies de-
scribed in detail in Ref. [16], which include the use of large-radius jets and related kinematic
variables.

In models based on SUSY, new particles are introduced such that all fermionic (bosonic) de-
grees of freedom in the SM are paired with corresponding bosonic (fermionic) degrees of free-
dom in the extended theory. The discovery of a Higgs boson with low mass [18–23] provides
a key motivation for SUSY. Stabilizing the Higgs boson mass at a low value, without invoking
extreme fine tuning of parameters, is a major theoretical challenge, referred to as the gauge
hierarchy problem [24–29]. This stabilization can be achieved in so-called natural SUSY mod-
els [30–34], in which several of the SUSY partners are constrained to be light [33]: the top
squarks, etL and etR, which have the same electroweak couplings as the left- (L) and right- (R)
handed top quarks, respectively; the bottom squark with L-handed couplings (ebL); the gluino
(eg); and the higgsinos (eH). This search targets gluino pair production, which has a relatively
large cross section for a given mass, with gluino decay eg ! ttec0

1. This process can arise from
eg ! et1t, where the lighter top squark mass eigenstateet1 is produced either on or off mass shell.
The symbol ec0

1 denotes the lightest neutralino, an electrically neutral mass eigenstate that is
in general a mixture of the higgsinos and electroweak gauginos. In R-parity conserving SUSY
models [35, 36] in which the ec0

1 is the lightest supersymmetric particle (LSP), the ec0
1 is stable and

can, in principle, account for some or all of the astrophysical dark matter [37–39]. The scenario
with off-mass-shell top squarks is denoted as T1tttt [40] in simplified model scenarios [41–43].
In natural SUSY models, the top squark is typically lighter than the gluino, so we also search
for scenarios with on-shell top squarks, denoted as T5tttt.

Simulated event samples for SM background processes are used to determine correction fac-
tors, typically near unity, that are used in conjunction with observed event yields in control
regions to determine the SM background contribution in the signal regions. The production of
tt+jets, W+jets, Z+jets, and quantum chromodynamics (QCD) multijet events is simulated with
the Monte Carlo (MC) generator MADGRAPH5 aMC@NLO 2.2.2 [44], with parton distribution
functions taken from NNPDF 3.0 [45]. Details on the simulated SM background samples, in-
cluding other processes with smaller contributions (single top quark, tt+bosons, diboson, and
tttt production) are given in Ref. [16]. The detector simulation is performed with GEANT4 [46].
Simulated event samples for SUSY signal models, used to determine the selection efficiency for
signal events, are generated with MADGRAPH5 aMC@NLO 2.2.2 with up to two additional par-
tons at leading order accuracy and are normalized to cross sections based on Ref. [47]. Because
of the large number of mass hypotheses examined in this analysis, the detector simulation in
this case is performed with the CMS fast simulation package [48].

off-shell

on-shell𝛥m=175GeV

http://dx.doi.org/10.1103/PhysRevLett.119.151802


1L MJ (RPV)

�8

36fb-1

Phys. Lett. B 783 (2018) 114

T1tbs

⚫ Discriminant MJ used to probe R-parity violating 
models as well with a separate analysis

• large third generation RPV couplings → tbs final 

states

⚫ Fit Nb distribution in bins of Njets and MJ using low 

Njets, low MJ as control regions to constrain 
systematics

• Nb=3,4 bins dominated by gluon splitting (g→bb̅) 

systematic uncertainty

⚫ Gluinos up to 1.6TeV are excluded
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⚫ Analysis probes a wide variety of models in several categories


• on-Z strong production and on-Z electroweak production 
• "edge search" for sleptons in invariant mass distribution


⚫ GMSB model with LSP decaying into gravitino and Z

⚫ Select opposite-sign same-flavor (OSSF) events (e±e∓ or 𝜇±𝜇∓) 

with at least 2 jets and MET > 100 GeV, resulting in 3 main 
backgrounds

• Flavor symmetric — processes producing same-flavor as 

often as opposite-flavor events (tt,̅ W+W-) — estimate with 
e±𝜇∓ data


• DY+jets — mismeasured MET — estimate with data 
photons)


• Z+𝜐 — prompt neutrinos (WZ, ZZ, ttV, …) — MC + CR

⚫ Final signal regions based on Njets, Nb, HT, MT2, and MET

⚫ Gluinos up to 1.8TeV excluded
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PAS

⚫ Baseline selection of 2 SS leptons (or 3+) and at 
least 2 jets


⚫ SS signature virtually eliminates QCD, W, Z, tt ̅
processes


⚫ Main backgrounds then come from

• Fake/non-prompt leptons from tt,̅ W+jets 

(data-driven "tight-to-loose" method)

‣ Also suppress with mTmin variable


• Charge misid. (data-driven)

• Rare SM processes: WZ, ttV, X+𝛾, …


⚫ Then perform a multidimensional binning in 
N(b)jets, MET, HT, mTmin, …

⚫ Preliminary full Run2 analysis based on strategies from two published 2016 analyses

⚫ SUS-16-035/EPJC 77 (2017) 578 

⚫ SUS-16-041/JHEP 02 (2018) 067
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-16-041/index.html
http://dx.doi.org/10.1007/JHEP02(2018)067
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⚫ Group 168 total signal regions into 5 categories (HighHigh, 
HighLow, LowLow, MultiLepton, LowMET) → sensitive to particular 
topologies


⚫ Observe data/MC agreement in combined fit over all signal regions, 
so set upper limits on simplified models
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PAS

⚫ LowLow category for leptons with 10/15<pT<25 GeV 
provides sensitivity to soft leptons from small mass 
splittings


⚫ Exclude gluinos up to 1.25TeV in the T5qqqqVV model
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3. The CMS detector and event reconstruction 3

Finally, Fig. 1g displays a model similar to T6ttWW, but with top squark pair production and
a subsequent et2 ! et1H/Z decay, giving rise to final states with two H bosons, two Z bosons,
or one of each. In this T6ttHZ model, the ec0

1 mass is taken such that m(et2)� m(ec0
1) = 175 GeV.

All the above models assume conservation of R-parity. We also consider two additional cases
where R-parity is not conserved. In T1qqqqL (Fig 2, left), the gluino decays to the lightest
squark (eg ! eqq) which in turn decays to a quark (eq ! q ec0

1), but the ec0
1 is off-shell and decays

(violating R-parity) into two quarks and a charged lepton, giving rise to a prompt 5-body decay
of the gluino. In T1tbs (Fig 2, right) each gluino decays into three different SM quarks (a top, a
bottom, and a strange quark). The production cross sections for SUSY models are calculated at
NLO plus next-to-leading logarithmic (NLL) accuracy [42–47].
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Figure 1: Diagrams illustrating the simplified RPC SUSY models considered in this analysis.
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Figure 2: Diagrams illustrating the two RPV SUSY models considered in this analysis.

3 The CMS detector and event reconstruction
The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
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Finally, Fig. 1g displays a model similar to T6ttWW, but with top squark pair production and
a subsequent et2 ! et1H/Z decay, giving rise to final states with two H bosons, two Z bosons,
or one of each. In this T6ttHZ model, the ec0
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1) = 175 GeV.
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T6ttHZ

2L SS + ≥3L137fb-1

PAS

⚫ MultiLepton category contains both on-Z and off-Z 
requirements


⚫ Exclusions reaching 900GeV for decays of second 
generation stop squarks providing H or Z bosons
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2L SS + ≥3L137fb-1

PAS

⚫ LowMET category — relaxed MET requirements thanks to the 
SS signature 


⚫ Exclusions on RPV models

⚫ T1tbs — 1.7TeV

⚫ T1qqqqL — 2.1TeV
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⚫ Strong SUSY probed by many leptonic analyses in CMS


• so far, no significant excesses, and exclusions pushed toward 
higher masses close to 2TeV


⚫ There is still lots of unexplored territory 

• analyses in progress exploiting full Run2 dataset — almost 4x 
luminosity (wrt 2016 dataset) — with sophisticated 
techniques


• Run3/HLLHC/HELHC and beyond

Summary

�15
Thank you!



Backup

�16



1L 𝛥𝜙

�17

36fb-1

Phys. Lett. B 780 (2018) 384

A01A02 A03A04 A05 A06 A07A08 A09 A10 B01B02 B03 B04 B05B06 B07 B08 B09B10 C01C02 C03C04 C05 C06 C07 D01D02 D03 D04 E01E02 E03 E04 F01 F02 F03 F04

D
at

a/
Pr

ed
.

0
1
2
3
4

A01 A02 A03 A04 A05 A06 A07 A08 A09 A10 B01 B02 B03 B04 B05 B06 B07 B08 B09 B10 C01 C02 C03 C04 C05 C06 C07 D01 D02 D03 D04 E01 E02 E03 E04 F01 F02 F03 F04

Ev
en

ts

2−10

1−10

1

10

210

310

410
 (13 TeV)-135.9 fbCMS

 (2l) + jetstt  (1l) + jetstt
W + jets tt/

Vtt DY + jets
T1tttt (1.9, 0.1) T1tttt (1.4, 1.1)
Pred. Uncertainty Data

Ev
en

ts

1−10

1

10

210

310 T5qqqqWW (1.9, 0.1)
T5qqqqWW (1.5, 1.0)

CMS  (13 TeV)-135.9 fb
Data
Pred. Uncertainty

 + jetstt
W + jets
Other

G01 G02 G03 G04 G05 G06 G07 G08 G09 G10 H01 H02 H03 H04 H05 H06 H07 H08 H09 H10 I01 I02 I03 I04 I05 I06 I07 I08

D
at

a/
Pr

ed
.

0
1
2
3
4

(W,l)ΦΔ
0 0.5 1 1.5 2 2.5 3

< 
Ev

en
ts

 / 
0.

1>

1−10

1

10

210

310

410

510 Data
 l + jetstt
 ll + jetstt

W + jets
QCD

tt/
DY + jets

Vtt
WW/WZ/ZZ

T1tttt (1.4, 1.1) 
T1tttt (1.9, 0.1) 

 9≥jetn
 3≥ bjetn
 250 GeV≥TL
 500 GeV≥TH

 (13 TeV)-135.9 fbCMS

ΔF(W,l)
0 0.5 1 1.5 2 2.5 3

D
at

a/
Pr

ed
. 

0.5

1.0

1.5

(W,l)ΦΔ
0 0.5 1 1.5 2 2.5 3

< 
Ev

en
ts

 / 
0.

1>

1−10

1

10

210

310

410

510

610
Data

 l + jetstt
 ll + jetstt

W + jets
QCD

tt/
DY + jets
WW/WZ/ZZ

Vtt

T5qqqqWW (1.5, 1.0) 
T5qqqqWW (1.9, 0.1)

 5≥ jetn
 650 GeV≥TL
 750 GeV≥ TH

 (13 TeV)-135.9 fbCMS

ΔF(W,l)
0 0.5 1 1.5 2 2.5 3

D
at

a/
Pr

ed
. 

0.5

1.0

1.5

multi-b

0-b

http://dx.doi.org/10.1016/j.physletb.2018.03.028


1L 𝛥𝜙

�18

36fb-1

Phys. Lett. B 780 (2018) 384

p

p g̃

g̃

t

t

χ̃
0
1

χ̃
0
1

t

t

p

p g̃

g̃

χ̃
±
1

χ̃
±
1

q

q

W±

χ̃
0
1

χ̃
0
1

W±

q

q

 [GeV]g~m
600 800 1000 1200 1400 1600 1800 2000 2200

 [G
eV

]
10 χ∼

m

0

200

400

600

800

1000

1200

1400

1600

1800

3−10

2−10

1−10

1

 (13 TeV)-135.9 fbCMS   

   NLO+NLL exclusion1
0χ∼ t t → g~, g~ g~ →pp 

theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

 [GeV]g~m
600 800 1000 1200 1400 1600 1800 2000 2200

 [G
eV

]
0 1χ∼

m

0

200

400

600

800

1000

1200

1400

1600

1800

-310

-210

-110

1
0
χ∼ ±' Wq q → g~, g~ g~ →pp 

theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

)0

1
χ∼

+m
g~

 = 0.5(m±

1
χ∼m

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

CMS                    35.9 fb-1 (13 TeV)
 NLO+NLL exclusion

1

http://dx.doi.org/10.1016/j.physletb.2018.03.028


1L 𝛥𝜙

�19

36fb-1

Phys. Lett. B 780 (2018) 384

Analysis Multi-b analysis 0-b analysis
nb = 0 nb � 1 nb = 0 nb � 1

njet = 3 QCD bkg. fit RCS(W±) det. (µ sample),
njet = 4 (e sample) RCS det. QCD bkg. fit (e sample) RCS(tt+jets) det.
njet = 5 RCS det. search bins RCS(tt+jets) det.
njet � 6 search bins search bins

Source Uncertainty for multi-b [%] Uncertainty for 0-b [%]
Dilepton control sample 0.9–7.0 0.3–18
JES 0.3–18 0.7–26
Tagging of b jets 0.1–0.9 0.1–2.5
Mistagging of light flavor jets 0.1–2.2 0.3–0.8
s(W+jets) 0.3–9.3 0.3–10
s(tt) 0.1–7.5 0.7–13
s(ttV) 0.2–20 0.1–3.8
W polarization 0.1–3.3 0.7–14
ISR reweighting (tt) 0.5–7.0 0.2–11
Pileup 0.4–7.1 0.1–20
Statistical uncertainty in MC events 5–30 5–36

Source Uncertainty [%]
Trigger 2
Pileup 10
Lepton efficiency 2
Isolated track veto 4
Luminosity 2.5
ISR 2–25
Tagging of b jets 1–6
Mistagging of light flavor jets 1–4
JES 3–40
Factorization/renormalization scale 1–3
pmiss

T 2–20

http://dx.doi.org/10.1016/j.physletb.2018.03.028
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njet nb

LT Df HT Bin Signal T1tttt (meg , mec0) [TeV] Predicted Observed

[GeV] [rad] [GeV] name (1.9, 0.1) (1.4, 1.1) background data

[6, 8]

=1

[250, 450] 1.0

[500, 1000] A01 <0.01 3.02 ± 0.24 206 ± 15 194

[1000, 1500] A02 0.03 ± 0.01 0.37 ± 0.08 52.5 ± 8.2 48

�1500 A03 0.07 ± 0.01 0.05 ± 0.03 18.0 ± 4.2 19

[450, 600] 0.75

[500, 1000] A04 0.03 ± 0.01 0.66 ± 0.11 13.1 ± 2.7 10

[1000, 1500] A05 0.05 ± 0.01 0.27 ± 0.07 4.5 ± 1.7 6

�1500 A06 0.09 ± 0.01 0.03 ± 0.02 1.7 ± 1.0 5

[600, 750] 0.5

[500, 1000] A07 0.04 ± 0.01 0.08 ± 0.04 4.0 ± 1.6 4

[1000, 1500] A08 0.08 ± 0.01 0.35 ± 0.08 2.8 ± 1.3 5

�1500 A09 0.17 ± 0.02 0.02 ± 0.02 1.8 ± 1.2 2

�750 0.5 �500 A10 1.01 ± 0.04 0.28 ± 0.07 2.6 ± 1.1 2

=2

[250, 450] 1.0

[500, 1000] B01 0.01 ± 0.01 2.06 ± 0.20 147 ± 11 143

[1000, 1500] B02 0.04 ± 0.01 <0.01 43.5 ± 7.5 37

�1500 B03 0.13 ± 0.01 <0.01 10.9 ± 2.8 12

[450, 600] 0.75

[500, 1000] B04 0.02 ± 0.01 0.54 ± 0.10 9.4 ± 2.2 10

[1000, 1500] B05 0.10 ± 0.01 0.17 ± 0.06 3.4 ± 1.7 9

�1500 B06 0.19 ± 0.02 <0.01 1.39 ± 0.82 2

[600, 750] 0.5

[500, 1000] B07 0.03 ± 0.01 <0.01 2.4 ± 1.3 3

[1000, 1500] B08 0.10 ± 0.01 0.26 ± 0.07 1.16 ± 0.90 1

�1500 B09 0.24 ± 0.02 0.03 ± 0.02 1.05 ± 0.78 0

�750 0.5 �500 B10 1.50 ± 0.05 0.32 ± 0.08 0.42 ± 0.34 3

�3

[250, 450] 1.0

[500, 1000] C01 0.01 ± 0.01 1.03 ± 0.14 32.9 ± 3.3 34

[1000, 1500] C02 0.06 ± 0.01 <0.01 10.6 ± 2.1 5

�1500 C03 0.13 ± 0.01 <0.01 2.93 ± 0.91 3

[450, 600] 0.75

[500, 1000] C04 0.03 ± 0.01 0.29 ± 0.07 1.38 ± 0.50 2

[1000, 1500] C05 0.09 ± 0.01 0.20 ± 0.06 0.72 ± 0.39 1

�1500 C06 0.20 ± 0.02 <0.01 0.66 ± 0.45 0

�600 0.5 �500 C07 1.85 ± 0.05 0.23 ± 0.06 1.66 ± 0.69 2

�9

=1

[250, 450] 1.0
[500, 1500] D01 0.01 ± 0.01 0.90 ± 0.12 7.9 ± 1.1 7

�1500 D02 0.03 ± 0.01 0.02 ± 0.02 2.15 ± 0.67 1

�450 0.75
[500, 1500] D03 0.13 ± 0.01 0.72 ± 0.11 1.08 ± 0.39 0

�1500 D04 0.38 ± 0.02 0.10 ± 0.04 0.50 ± 0.27 1

=2

[250, 450] 1.0
[500, 1500] E01 0.02 ± 0.01 1.15 ± 0.14 7.26 ± 0.97 9

�1500 E02 0.08 ± 0.01 <0.01 2.81 ± 0.89 4

�450 0.75
[500, 1500] E03 0.23 ± 0.02 0.83 ± 0.12 0.71 ± 0.26 2

�1500 E04 0.72 ± 0.03 0.20 ± 0.05 0.59 ± 0.31 1

�3

[250, 450] 1.0
[500, 1500] F01 0.03 ± 0.01 0.79 ± 0.11 3.55 ± 0.72 3

�1500 F02 0.13 ± 0.01 <0.01 0.83 ± 0.35 0

�450 0.75
[500, 1500] F03 0.31 ± 0.02 0.26 ± 0.06 0.33 ± 0.17 0

�1500 F04 1.04 ± 0.04 0.17 ± 0.05 0.05 ± 0.05 0

njet
LT Df HT Bin Signal T5qqqqWW (meg , mec0) [TeV] Predicted Observed

[GeV] [rad] [GeV] name (1.5, 1.0) (1.9, 0.1) background data

5

[250, 350] 1.0 [500, 750] G01 1.82 ± 0.29 <0.01 102 ± 48 111
�750 G02 0.21 ± 0.09 0.01 ± 0.01 77 ± 16 100

[350, 450] 1.0 [500, 750] G03 2.25 ± 0.32 <0.01 24 ± 15 25
�750 G04 0.29 ± 0.11 0.04 ± 0.01 22.8 ± 8.3 22

[450, 650] 0.75
[500, 750] G05 3.02 ± 0.37 <0.01 14.5 ± 6.5 17
[750, 1250] G06 1.40 ± 0.25 0.04 ± 0.02 12.1 ± 4.7 10
�1250 G07 0.08 ± 0.06 0.25 ± 0.04 4.2 ± 1.7 2

�650 0.5
[500, 750] G08 0.74 ± 0.18 0.01 ± 0.01 2.3 ± 1.5 5
[750, 1250] G09 0.49 ± 0.15 0.12 ± 0.03 5.8 ± 2.0 6
�1250 G10 0.14 ± 0.07 1.15 ± 0.08 2.7 ± 1.3 0

[6, 7]

[250, 350] 1.0 [500, 1000] H01 3.02 ± 0.36 <0.01 89 ± 38 85
�1000 H02 0.31 ± 0.10 0.09 ± 0.02 30.9 ± 5.1 33

[350, 450] 1.0 [500, 1000] H03 4.13 ± 0.41 0.01 ± 0.01 19 ± 11 31
�1000 H04 0.52 ± 0.14 0.14 ± 0.03 9.5 ± 2.3 8

[450, 650] 0.75
[500, 750] H05 3.63 ± 0.39 <0.01 5.7 ± 3.3 13
[750, 1250] H06 3.79 ± 0.39 0.03 ± 0.01 8.2 ± 3.2 8
�1250 H07 0.36 ± 0.12 0.47 ± 0.05 3.6 ± 1.8 4

�650 0.5
[500, 750] H08 0.89 ± 0.19 <0.01 0.79 ± 0.53 3
[750, 1250] H09 1.77 ± 0.26 0.15 ± 0.03 3.6 ± 1.4 5
�1250 H10 0.83 ± 0.18 2.83 ± 0.12 1.83 ± 0.86 1

�8

[250, 350] 1.0 [500, 1000] I01 0.88 ± 0.18 <0.01 7.0 ± 2.8 16
�1000 I02 0.26 ± 0.09 0.03 ± 0.01 6.3 ± 1.2 4

[350, 450] 1.0 [500, 1000] I03 0.55 ± 0.14 <0.01 1.67 ± 0.77 3
�1000 I04 0.72 ± 0.15 0.11 ± 0.02 2.65 ± 0.89 4

[450, 650] 0.75 [500, 1250] I05 2.07 ± 0.26 0.01 ± 0.01 0.63 ± 0.32 0
�1250 I06 0.45 ± 0.12 0.3 ± 0.04 0.68 ± 0.35 1

�650 0.5 [500, 1250] I07 0.97 ± 0.18 0.04 ± 0.01 0.27 ± 0.23 1
�1250 I08 1.12 ± 0.18 1.37 ± 0.08 0.38 ± 0.24 1

multi-b

0-b
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4

mT is dominated by dilepton tt events, the shapes of the MJ distributions at low and high mT
become very similar in the presence of multiple ISR jets. We therefore measure this shape at low
mT (R1, R2) and extrapolate it to high mT to obtain the background prediction in R4. The fitted
mean background yields in R1–R4 are thus related by the constraint µ

bkg
R4 = k µ

bkg
R3 µ

bkg
R2 /µ

bkg
R1 .

Here, k is a near-unity correction factor obtained from MC simulation of the total background
that accounts for a residual mT-MJ correlation:

k =
µ

MC bkg
R4 /µ

MC bkg
R2

µ
MC bkg
R3 /µ

MC bkg
R1

. (1)

This constraint is imposed by relating the expected yields in R1–R4 to three parameters: an
overall background normalization l and two ratios R(mT) and R(MJ), where the expected
background yields are given by µ

bkg
R1 = l, µ

bkg
R2 = l R(MJ), µ

bkg
R3 = l R(mT), and µ

bkg
R4 =

k l R(MJ) R(mT). These quantities are defined such that there is one value of R(MJ) and k for
each bin of pmiss

T , Njets, and Nb. Because regions R1 and R3 are integrated in Njets and Nb, the
fit parameters l and R(mT) are defined such that there is only one value of these quantities for
each bin in pmiss

T .

We perform two types of maximum likelihood fits, which are described in detail in Ref. [16].
The predictive fit uses the observed yields in R1–R3, assuming no signal contribution, to prop-
agate the uncertainties to l, R(MJ), and R(mT). The global fit uses the observed yields in all
four regions R1–R4 and allows a signal contribution with a single normalization parameter.
The global fit accounts for signal contamination in R1–R3, which is typically less than 10%, and
is used to compute signal limits and significances. The results from the predictive fit simplify
theoretical reinterpretation in terms of other models by only requiring comparison of observed
and predicted yields in R4 rather than all four regions. In both cases, the likelihood function
is written as a product of Poisson distributions for the relevant contributions in bins of pmiss

T ,
Njets, and Nb within R2 and R4, taking into account the correlated yields between the unbinned
regions R1 and R3.

Systematic uncertainties in the background prediction are incorporated in the uncertainty in the
double ratio correction factor k. Discrepancies between the value of k predicted by simulation
and the true value of k in the data can in principle arise from mismodeling of the background
composition or its properties, including detector effects.

To assess the potential impact of such effects on k, two control samples in data are used: a
5-jet control sample and a dilepton control sample. The 5-jet control sample is completely
dominated by background processes and has an SM composition very similar to that of the
analysis regions. In particular, this sample probes the rate at which pmiss

T is mismeasured in
single-lepton events, which could increase the tail of the mT distribution. Such events account
for about 7% of the background in the signal region at high pmiss

T . This small event category can
have a k value that departs significantly from unity, and it is important to validate the modeling
of such effects. Using the analogous R1–R4 regions in the Njets = 5 control sample, k values are
measured in data and are found to be consistent with those obtained from simulation. Because
of this consistency, the statistical uncertainty obtained from the comparison in the Njets = 5
control sample is assigned as an uncertainty in k for each pmiss

T bin. These uncertainties are
taken to be fully correlated over the Njets and Nb bins.

The dilepton control sample is used to test the degree of similarity between the MJ shapes
of single-lepton and dilepton tt events in the presence of ISR. This sample includes not only
events with two identified isolated leptons, but also events with one lepton and an oppositely

http://dx.doi.org/10.1103/PhysRevLett.119.151802
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Njets Nb NC C k Pred. Obs.

200 < pmiss

T
 350 GeV

6-8 1 0.4 1.9 1.2 ± 0.2 85 ± 14 106

6-8 2 0.6 3.0 1.2 ± 0.2 55.1 ± 9.3 75

6-8 �3 0.6 2.2 1.5 ± 0.2 16.4 ± 3.0 16

�9 1 0.2 1.6 1.0 ± 0.2 6.5 ± 1.5 11

�9 2 0.3 2.1 1.2 ± 0.3 7.6 ± 1.9 11

�9 �3 0.4 3.1 1.4 ± 0.3 2.3 ± 0.7 2

350 < pmiss

T
 500 GeV

6-8 1 0.7 1.1 1.0 ± 0.3 17.4 ± 6.6 25

6-8 2 0.9 1.3 1.1 ± 0.4 13.7 ± 5.3 10

6-8 �3 0.8 0.9 1.3 ± 0.4 3.8 ± 1.6 1

�9 1 0.3 1.0 1.1 ± 0.4 1.3 ± 0.6 2

�9 2 0.5 1.1 0.8 ± 0.3 1.6 ± 0.8 2

�9 �3 0.7 2.1 1.2 ± 0.5 0.6 ± 0.4 0

pmiss

T
> 500 GeV

6-8 1 2.5 0.6 1.0 ± 0.3 1.9 ± 1.5 8

6-8 2 3.6 1.0 1.0 ± 0.4 0.9 ± 0.7 4

6-8 �3 3.2 0.4 1.5 ± 0.6 0.4 ± 0.4 1

�9 1 1.0 0.7 1.0 ± 0.4 0.2 ± 0.2 2

�9 2 1.8 1.2 1.0 ± 0.4 0.1 ± 0.1 0

�9 �3 2.3 1.7 3.1 ± 1.5 0.1 ± 0.1 0

L = 35.9 fb�1 T1tttt T5tttt T1tttt T5tttt
(1800,100) (1800,100) (1400,1000) (1400,1000)

1`, ST > 500 GeV, pmiss
T > 200 GeV 30.9 27.7 92.4 97.7

Track veto 28.4 23.7 80.0 86.5
Njets � 6 25.0 21.0 74.4 80.9
Nb � 1 23.6 19.8 70.6 77.4
MJ > 250 GeV 23.6 19.8 65.9 73.6
mT > 140 GeV 19.2 11.6 39.3 43.1
MJ > 400 GeV 18.9 11.5 25.0 28.1
Nb � 2 14.2 8.9 18.7 21.9
pmiss

T > 350 GeV 12.5 5.8 9.1 11.1
pmiss

T > 500 GeV 9.9 3.1 3.8 5.1
Njets � 9 3.8 1.2 2.6 3.4

pmiss

T
[GeV] Njets Nb NC C k Pred. Obs.

>200 �9 �3 3.4 6.9 1.4 ± 0.3 3.1 ± 0.8 2

>350 �9 �2 5.3 6.2 1.0 ± 0.4 2.7 ± 1.2 2

>500 �6 �3 5.4 2.1 1.7 ± 0.6 0.5 ± 0.4 1

>500 �9 �1 5.1 3.6 1.2 ± 0.4 0.4 ± 0.4 2

18 bins of signal region R4

Cutflow

Four aggregate search bins

http://dx.doi.org/10.1103/PhysRevLett.119.151802


1L MJ (RPV)

�23

36fb-1

Phys. Lett. B 783 (2018) 114

bN

1−10
1

10

210

310

410

510

610  = 1600 GeVg~m
Data
tt

QCD
W+jets
Other
Post-fit uncertainty

 (13 TeV)-135.9 fbCMS

 = 1lepN
 5≤ jet N≤4 

 800 GeV≤ J500 < M

bN
1 2 3  4≥

0.5
1

1.5

Ev
en

ts
 / 

bi
n

D
at

a 
/ f

it

bN

2−10

1−10
1

10

210

310

410

510  = 1600 GeVg~m
Data
tt

QCD
W+jets
Other
Post-fit uncertainty

 (13 TeV)-135.9 fbCMS

 = 1lepN
 5≤ jet N≤4 

 > 800 GeVJM

bN
1 2 3  4≥

0.5
1

1.5

Ev
en

ts
 / 

bi
n

D
at

a 
/ f

it

bN
1

10

210

310

410

510

610
 = 1600 GeVg~m

Data
tt

QCD
W+jets
Other
Post-fit uncertainty

 (13 TeV)-135.9 fbCMS

 = 1lepN
 7≤ jet N≤6 

 800 GeV≤ J500 < M

bN
1 2 3  4≥

0.5
1

1.5

Ev
en

ts
 / 

bi
n

D
at

a 
/ f

it

bN

10

210

310

410

510

610  = 1600 GeVg~m
Data
tt

QCD
W+jets
Other
Post-fit uncertainty

 (13 TeV)-135.9 fbCMS

 = 1lepN
 8≥ jetN

 800 GeV≤ J500 < M

bN
1 2 3  4≥

0.5
1

1.5

Ev
en

ts
 / 

bi
n

D
at

a 
/ f

it

bN

1−10

1

10

210

310

410

510  = 1600 GeVg~m
Data
tt

QCD
W+jets
Other
Post-fit uncertainty

 (13 TeV)-135.9 fbCMS

 = 1lepN
 7≤ jet N≤6 

 1000 GeV≤ J800 < M

bN
1 2 3  4≥

0.5
1

1.5

Ev
en

ts
 / 

bi
n

D
at

a 
/ f

it

bN

1

10

210

310

410

510  = 1600 GeVg~m
Data
tt

QCD
W+jets
Other
Post-fit uncertainty

 (13 TeV)-135.9 fbCMS

 = 1lepN
 8≥ jetN

 1000 GeV≤ J800 < M

bN
1 2 3  4≥

0.5
1

1.5

Ev
en

ts
 / 

bi
n

D
at

a 
/ f

it

bN

1−10

1

10

210

310

410
 = 1600 GeVg~m

Data
tt

QCD
W+jets
Other
Post-fit uncertainty

 (13 TeV)-135.9 fbCMS

 = 1lepN
 7≤ jet N≤6 

 > 1000 GeVJM

bN
1 2 3  4≥

0.5
1

1.5

Ev
en

ts
 / 

bi
n

D
at

a 
/ f

it

bN

1−10

1

10

210

310

410

510  = 1600 GeVg~m
Data
tt

QCD
W+jets
Other
Post-fit uncertainty

 (13 TeV)-135.9 fbCMS

 = 1lepN
 8≥ jetN

 > 1000 GeVJM

bN
1 2 3  4≥

0.5
1

1.5

Ev
en

ts
 / 

bi
n

D
at

a 
/ f

it

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

) [
fb

]
g~ g~  

→
(p

p 
σ

10

210

Observed 95% CL limit
Expected 95% CL limit

 1 s.d.±Expected 
 2 s.d.±Expected 

 tbs)→ g~, g~g~ → (pp NLO+NLLσ

CMS  (13 TeV)-135.9 fb

b-only
postfit

background
dominated

b-only
postfit
signal

dominated

1

1 Introduction
Searches for physics beyond the standard model (SM) are motivated by several considerations,
including theoretical problems associated with explaining the observed mass of the Higgs bo-
son in the presence of quantum corrections (the hierarchy problem) [1], and astrophysical ev-
idence for dark matter [2]. While the SM has been successful in describing a vast range of
phenomena, its inability to address these theoretical and experimental issues makes it an in-
complete description of fundamental particles and their interactions.

Supersymmetry (SUSY), a proposed extension of the SM, provides possible solutions to these
problems [3–12]. The hierarchy problem can be addressed by SUSY models with a sufficiently
low-mass top squark and gluino, and the lightest supersymmetric particle (LSP), if stable, is
a potential dark matter candidate [1, 13–16]. That stability is assured in R-parity conserving
(RPC) SUSY models, where the R-parity of a particle is defined as (�1)2s+3(B�L) with s, B, and
L denoting the spin, baryon number, and lepton number of the particle, respectively [17].

Recent searches at the CERN LHC have set stringent limits on RPC SUSY production, as mass
limits for the models studied are reaching ⇠1 TeV for the top squark [18–20] and ⇠2 TeV [21–26]
for the gluino. Due to these limits, there is mounting tension in the ability of RPC SUSY models
to explain the hierarchy problem with little fine tuning. These RPC SUSY searches, however,
typically require signatures with significant missing transverse momentum (p

miss
T ) resulting

from the undetected LSPs, while in R-parity violating (RPV) SUSY, the LSP is not stable and
decays to SM particles, which removes the large p

miss
T signature. Though this disfavors the LSP

as a dark matter candidate, it allows RPV SUSY models to evade constraints from typical RPC
SUSY searches.

Given that there is no fundamental theoretical reason for R-parity conservation, RPV SUSY
yields an important class of models that can ease the tension between natural solutions to
the hierarchy problem and current experimental limits. In addition, the absence of a p

miss
T

requirement can allow RPV SUSY searches to be sensitive to a parameter space of RPC SUSY
where only a small amount of p

miss
T is expected, such as in models where the mass splitting

between the supersymmetric particles is small. Therefore, RPV SUSY searches help to complete
the coverage of SUSY parameter space.

The additional R-parity violating terms in the superpotential are

W =
1
2

lijk
LiLjek + l

0
ijk

LiQjdk +
1
2

l
00

ijkuidjdk + µ
0
i
Li Hu. (1)

Here Li, Qj, and Hu are SU(2) doublets corresponding to leptons, quarks, and the Higgs boson,
respectively. The fields ek, ui, and dj are the charged lepton, up-type quark, and down-type
quark SU(2) singlets, while the various l and µ factors denote the coupling strengths for their
corresponding interaction. Color indices are suppressed and letters i, j, k denote generation
indices. More details on RPV SUSY can be found in Ref. [27].

This search is motivated by a particular model of R-parity violation, minimal flavor violat-
ing (MFV) SUSY [28], in which the R-parity violating couplings arise from the SM Yukawa
couplings. This makes the third generation RPV couplings large and those of the first two gen-
erations small, which is consistent with the strong experimental constraints from proton decay
searches on baryon and lepton number violation involving the lightest two generations [27].
The coupling l00ijk must be antisymmetric in the last two indices because of gauge invariance,
which requires l00tbb to be 0. Therefore, the largest allowed MFV coupling is l00tbs.

g̃ → t(¯̃t → bs)

http://dx.doi.org/10.1016/j.physletb.2018.06.028
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Nb QCD tt W+jets Other All bkg. Data Expected mg̃ = 1600 GeV

4  Njet  5, 500 < MJ  800 GeV

1 148 340 196 91 775 ± 43 777 0.50 ± 0.13

2 29 175 30 31 264 ± 17 264 0.39 ± 0.11

3 4.3 24.8 2.5 4.4 36 ± 4 34 0.18 ± 0.08

�4 0.0 2.2 0.3 0.2 2.7 ± 0.4 3 0.04 ± 0.04

4  Njet  5, MJ > 800 GeV

1 16.5 26.3 22.5 11.0 76 ± 6 77 0.32 ± 0.11

2 1.1 10.6 3.4 3.8 19 ± 2 18 0.40 ± 0.12

3 0.7 1.3 0.3 0.3 2.7 ± 0.5 3 0.13 ± 0.06

�4 0.00 0.09 0.03 0.01 0.13 ± 0.03 0 0.03 ± 0.03

6  Njet  7, 500 < MJ  800 GeV

1 197 620 169 120 1106 ± 48 1105 2.5 ± 0.3

2 49 440 36 66 591 ± 21 588 3.1 ± 0.3

3 6.4 89.2 4.6 13.4 114 ± 8 112 1.4 ± 0.2

�4 1.9 11.4 0.6 2.1 16 ± 2 21 0.25 ± 0.09

Njet � 8, 500 < MJ  800 GeV

1 130 574 53 68 825 ± 38 821 3.5 ± 0.3

2 45 478 14 49 586 ± 20 603 5.4 ± 0.4

3 6.3 138.1 2.5 16.7 164 ± 9 148 3.0 ± 0.3

�4 2.8 29.8 0.4 4.8 38 ± 4 40 1.4 ± 0.2

6  Njet  7, 800 < MJ  1000 GeV

1 17.3 48.4 19.2 12.3 97 ± 8 105 1.2 ± 0.2

2 6.6 30.1 4.3 7.3 48 ± 4 37 2.0 ± 0.3

3 0.8 6.6 0.5 1.3 9.3 ± 1.0 12 1.0 ± 0.2

�4 0.0 0.9 0.1 0.2 1.1 ± 0.2 2 0.31 ± 0.09

Njet � 8, 800 < MJ  1000 GeV

1 17.0 58.7 10.3 10.2 96 ± 8 90 4.2 ± 0.4

2 5.8 47.5 2.5 6.8 63 ± 5 65 5.3 ± 0.4

3 1.1 15.0 0.4 2.0 19 ± 2 22 2.6 ± 0.3

�4 0.2 3.4 0.1 0.9 4.6 ± 0.6 5 1.3 ± 0.2

6  Njet  7, MJ > 1000 GeV

1 4.4 8.7 6.0 4.1 23 ± 2 21 2.0 ± 0.3

2 0.7 5.0 1.4 1.6 8.8 ± 1.2 11 2.3 ± 0.3

3 0.1 1.2 0.2 0.5 1.9 ± 0.3 2 1.0 ± 0.2

�4 0.00 0.13 0.01 0.05 0.19 ± 0.04 0 0.23 ± 0.08

Njet � 8, MJ > 1000 GeV

1 6.4 16.7 3.5 4.1 31 ± 3 28 5.4 ± 0.4

2 1.6 13.1 1.1 2.1 18 ± 2 21 8.2 ± 0.5

3 0.6 4.2 0.2 1.0 6.0 ± 0.8 5 5.7 ± 0.4

�4 0.0 1.2 0.0 0.2 1.4 ± 0.3 2 3.2 ± 0.3

L = 35.9 fb
�1

QCD tt̄ W+jets Other All bkg. meg = 1600 GeV

HT > 1200 GeV 1.615 ⇥ 10
7

9.76 ⇥ 10
4

2.718 ⇥ 10
5

2.965 ⇥ 10
4 (1.655 ± 0.007)⇥ 10

7
2.8 ⇥ 10

2

Nlep = 1 1.11 ⇥ 10
4

1.292 ⇥ 10
4

2.502 ⇥ 10
4

4.48 ⇥ 10
3 (5.35 ± 0.01)⇥ 10

4
7.9 ⇥ 10

1

Nb � 1 3240 10340 4990 2150 20725±80 74

Njet � 4 2770 9920 3740 1870 18304±70 74

MJ > 500 GeV 810 3658 1120 574 6162±40 67

MJ > 800 GeV 99 360 150 75 685±9 47

Njet � 8 38 200 42 29 309±7 36

MJ > 1000 GeV 11 43.0 11.3 7.9 73±2 22.6

Nb � 3 0.7 6.2 0.5 1.1 8.5±0.6 8.9

QCD tt̄ W+jets Other All bkg. meg = 1600 GeV
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SRA, b veto pmiss
T [GeV] 100–150 150–250 >250

DY+jets 13.6±3.1 2.5±0.9 3.3±2.4
FS 0.4+0.3

�0.2 0.2+0.2
�0.1 0.2+0.2

�0.1
Z+n 0.8±0.3 1.4±0.4 2.4±0.8
Total background 14.8±3.2 4.0±1.0 5.9±2.5
Data 23 5 4

SRA, b tag pmiss
T [GeV] 100–150 150–250 >250

DY+jets 8.2±2.1 1.2±0.5 0.5±0.3
FS 2.3±0.8 1.7+0.7

�0.6 0.1+0.2
�0.1

Z+n 1.9±0.4 2.0±0.5 1.8±0.6
Total background 12.4±2.3 4.9±1.0 2.5±0.7
Data 14 7 1

SRB, b veto pmiss
T [GeV] 100–150 150–250 >250

DY+jets 12.8±2.3 0.9±0.3 0.4±0.2
FS 0.4+0.3

�0.2 0.4+0.3
�0.2 0.1+0.2

�0.1
Z+n 0.3±0.1 0.7±0.2 1.2±0.4
Total background 13.6±2.4 2.0±0.5 1.6±0.4
Data 10 4 0

SRB, b tag pmiss
T [GeV] 100–150 150–250 >250

DY+jets 7.7±3.2 4.0±3.4 0.1±0.1
FS 1.4+0.6

�0.5 1.1+0.5
�0.4 0.2+0.2

�0.1
Z+n 2.0±0.5 2.3±0.6 1.0±0.3
Total background 11.1±3.3 7.4+3.5

�3.4 1.3+0.4
�0.3

Data 10 5 0
SRC, b veto pmiss

T [GeV] 100–150 >150
DY+jets 1.2±0.4 0.1±0.1
FS 0.4+0.3

�0.2 0.1+0.2
�0.1

Z+n 0.1±0.1 0.5±0.2
Total background 1.7±0.5 0.7+0.3

�0.2
Data 4 0

SRC, b tag pmiss
T [GeV] 100–150 >150

DY+jets 0.1±0.4 0.0±0.3
FS 0.0+0.1

�0.0 0.3±0.2
Z+n 0.6±0.2 0.6±0.2
Total background 0.8±0.5 0.9+0.5

�0.4
Data 2 2

Strong-production on-Z (86 < m`` < 96 GeV) signal regions

Region Njets Nb-jets HT [GeV] MT2(``) [GeV] p
miss

T
binning [GeV]

SRA b veto 2–3 =0 >500 >80 100–150, 150–250, >250

SRB b veto 4–5 =0 >500 >80 100–150, 150–250, >250

SRC b veto �6 =0 — >80 100–150, >150

SRA b tag 2–3 �1 >200 >100 100–150, 150–250, >250

SRB b tag 4–5 �1 >200 >100 100–150, 150–250, >250

SRC b tag �6 �1 — >100 100–150, >150

Electroweak-production on-Z (86 < m`` < 96 GeV) signal regions

Region Njets Nb-jets Dijet mass [GeV] MT2 [GeV] p
miss

T
binning [GeV]

VZ �2 =0 mjj < 110 MT2(``) > 80 100–150, 150–250, 250–350, >350

HZ �2 =2 mbb < 150 MT2(`b`b) > 200 100–150, 150–250, >250

Edge signal regions

Region Njets p
miss

T
[GeV] MT2(``) [GeV] tt likelihood m`` binning [GeV]

Edge fit �2 >150 >80 — >20

tt-like �2 >150 >80 <21
20–60, 60–86, 96–150, 150–200,

200–300, 300–400, >400

not-tt-like �2 >150 >80 >21 same as tt-like

on-Z
strong

production
regions

http://dx.doi.org/10.1007/s13130-018-7845-2
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NLO+NLL exclusion

 (13 TeV)-135.9 fbCMS

Source of uncertainty Uncertainty (%)
Integrated luminosity 2.5
Lepton reconstruction and isolation 5
Fast simulation lepton efficiency 4
b tag modeling 0–5
Trigger modeling 3
Jet energy scale 0–5
ISR modeling 0–2.5
Pileup 1–2
Fast simulation pmiss

T modeling 0–4
Renorm./fact. scales 1–3
Statistical uncertainty 1–15
Total uncertainty 9–18

typical signal uncertainties

http://dx.doi.org/10.1007/s13130-018-7845-2
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SRA

Gluino GMSB model, gluino mass: 1400 GeV, c̃0
1 mass: 700 GeV Events in 35.9 fb�1

Expected events 174.14
� 2 Leptons (e± e⌥ or µ±µ⌥) with (sub)leading pT > 25(20) GeV 65.24
Extra lepton vetos 57.81
Dilepton mass 2 Z mass window (86,96) GeV 44.86
2-3 Jets 1.88
DF between MET and two highest pT jets > 0.4 rad 1.54

Btag requirement B Veto � 1 Btag

1.14 0.40
MT2(``) > 80 GeV 100 GeV

0.36 0.34
HT > 500 GeV 200 GeV

0.36 0.34
Emiss

T > 100 GeV 0.36 0.34
Emiss

T > 150 GeV 0.36 0.34
Emiss

T > 250 GeV 0.29 0.29
SRB

Gluino GMSB model, gluino mass: 1400 GeV, c̃0
1 mass: 700 GeV Events in 35.9 fb�1

Expected events 174.14
� 2 Leptons (e± e⌥ or µ±µ⌥) with (sub)leading pT > 25(20) GeV 65.24
Extra lepton vetos 57.81
Dilepton mass 2 Z mass window (86,96) GeV 44.86
4-5 Jets 15.32
DF between MET and two highest pT jets > 0.4 rad 13.02

Btag requirement B Veto � 1 Btag

6.46 6.56
MT2(``) > 80 GeV 100 GeV

5.86 5.66
HT > 500 GeV 200 GeV

5.83 5.66
Emiss

T > 100 GeV 5.69 5.54
Emiss

T > 150 GeV 5.54 5.41
Emiss

T > 250 GeV 5.00 4.89
SRC

Gluino GMSB model, gluino mass: 1400 GeV, c̃0
1 mass: 700 GeV Events in 35.9 fb�1

Expected events 174.14
� 2 Leptons (e± e⌥ or µ±µ⌥) with (sub)leading pT > 25(20) GeV 65.24
Extra lepton vetos 57.81
Dilepton mass 2 Z mass window (86,96) GeV 44.86
� 6 Jets 27.67
DF between MET and two highest pT jets > 0.4 rad 23.24

Btag requirement B Veto � 1 Btag

10.31 12.93
MT2(``) > 80 GeV 100 GeV

11.12 10.60
Emiss

T > 100 GeV 10.87 10.51
Emiss

T > 150 GeV 10.44 10.09

on-Z
strong

production
cutflow

http://dx.doi.org/10.1007/s13130-018-7845-2


2L SS + ≥3L137fb-1

PAS

�28

SS HighHigh, pT>25,25 SS HighLow, pT>25,15/10 SS LowLow, pT>15/10,15/10

MultiLepton LowMET (MET<50)

onZoffZ

https://cds.cern.ch/record/2668107


2L SS + ≥3L137fb-1

PAS

�29
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SRHH/HighHigh, 62 bins

SRHL/HighLow, 43 bins

SRLL/LowLow, 8 bins SRLM/LowMET, 11 bins

SRML/MultiLepton, 44 bins
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Source Typical uncertainty (%) Correlation across years
Integrated luminosity 2.3-2.5 Uncorrelated
Lepton selection 2 � 10 Uncorrelated
Trigger efficiency 2 � 7 Uncorrelated
Pileup 0 � 6 Uncorrelated
Jet energy scale 1 � 15 Uncorrelated
b tagging 1 � 10 Uncorrelated
Simulated sample size 1 � 20 Uncorrelated
Scale and PDF variations 10 � 20 Correlated
Theoretical background cross sections 30 � 50 Correlated
Nonprompt leptons 30 Correlated
Charge misidentification 20 Uncorrelated

HH regions HL regions LL regions ML regions LM regions
Expected SM Observed Expected SM Observed Expected SM Observed Expected SM Observed Expected SM Observed

SR1 1510±310 1609 1300±310 1504 20±6 25 220±40 263 240±50 314
SR2 590±90 647 310±70 319 4.9±1.5 6 2.5±2.5 1 20±5 22
SR3 103±22 132 25±6 32 23±6 29 32±6 34 140±31 159
SR4 38±7 51 32±8 32 4±4 8 0.9±0.5 1 32±7 37
SR5 57±10 49 29±6 32 7.7±2.1 13 22±4 28 54±8 66
SR6 32±9 23 17±6 11 1.5±0.8 0 9.5±1.8 8 22±4 33
SR7 5.5±1.7 7 4.5±2.5 6 2.5±1.2 0 210±40 265 9.7±2.1 23
SR8 25±6 31 1010±250 1223 0.07±0.07 0 36±6 47 1.5±0.5 3
SR9 21±5 20 270±60 307 21.6±3.2 20 1.6±0.4 1
SR10 9.4±1.9 11 7.1±1.7 5 11.6±1.9 16 2.9±2.9 1
SR11 930±230 1068 6.5±1.6 7 84±11 105 1.9±1.4 3
SR12 330±70 370 39±9 42 15.5±2.1 17
SR13 36±7 38 31±8 37 15.7±2.2 21
SR14 25±5 31 23±5 27 5.3±0.8 8
SR15 44±7 63 2.1±1.1 7 10.2±2.1 12
SR16 39±8 38 1.7±0.9 2 27±4 40
SR17 27±5 30 210±40 256 0.8±0.5 2
SR18 14.8±3.2 15 85±14 104 17.8±2.4 24
SR19 11.5±3.0 12 2.5±1.2 4 1.0±0.4 0
SR20 11.8±2.6 14 3.0±1.5 3 17.8±3.0 30
SR21 9.6±2.1 16 18.9±3.5 27 1.26±0.33 2
SR22 10.0±1.6 15 15.9±2.8 18 830±180 955
SR23 270±40 345 3.3±0.6 2 108±22 136
SR24 143±20 169 4.4±1.6 2 117±26 139
SR25 15.2±2.4 11 4.5±1.7 5 11.1±2.3 8
SR26 13.8±3.4 18 8.2±2.2 8 111±24 128
SR27 33±5 43 8.1±2.2 6 21±5 20
SR28 29±4 38 9.7±2.1 12 42±10 45
SR29 11.5±2.5 9 10.8±2.8 7 3.4±0.9 3
SR30 6.7±1.2 5 1.1±0.4 3 320±50 408
SR31 7.5±1.8 6 2.2±0.5 5 47±8 50
SR32 5.9±1.0 14 2.6±0.5 3 51±9 62
SR33 6.5±1.9 7 22±6 23 15.1±2.6 24
SR34 6.7±1.2 11 7.2±1.4 8 131±24 157
SR35 10.3±1.9 17 2.3±0.5 4 20±4 24
SR36 8.6±1.7 11 0.42±0.33 1 27±5 36
SR37 10.6±2.0 6 3.2±1.5 3 7.8±1.5 11
SR38 7.3±1.3 5 1.4±0.6 0 12.9±2.6 18
SR39 9.6±2.2 8 0.41±0.25 0 82±14 117
SR40 9.2±1.9 11 3.1±0.7 7 18±4 26
SR41 1.3±0.6 2 4±4 0 39±8 29
SR42 0.6±0.4 1 4.7±0.9 8 4.9±0.9 7
SR43 0.8±0.4 0 1.71±0.35 6 46±10 44
SR44 0.7±0.4 1 5.7±1.2 11
SR45 0.7±0.5 1
SR46 42±7 59
SR47 18±4 23
SR48 13±9 10
SR49 2.0±0.5 4
SR50 6.3±1.0 13
SR51 3.7±0.7 4
SR52 1.26±0.33 4
SR53 0.4±0.4 2
SR54 10.1±1.5 24
SR55 7.0±1.1 4
SR56 4.3±0.9 5
SR57 5.3±0.8 7
SR58 6±6 6
SR59 2.2±0.4 3
SR60 1.8±0.5 5
SR61 1.9±0.4 4
SR62 1.3±0.9 0

4. Event selection and search strategy 5

by taking advantage of the change of the background composition between SRs, and relying148

on differences between signal and background kinematics.149

The basic kinematic requirements applied to leptons and jets are presented in Table 1. The150

analysis requires a minimum of two jets with pT >40 GeV and two light leptons with pT >151

10/15 GeV depending on their flavor (muon/electron). Specific isolation and identification152

conditions, similar to those described in Ref. [59], are applied on leptons. They aim in particular153

at coping with the high hadronic activity present in most of the considered signal models.154

Table 1: pT and h conditions for leptons and jets. Note that the pT thresholds to count jets and
b-tagged jets are different.

Object pT ( GeV) |h|
Electrons > 15 < 2.5
Muons > 10 < 2.4

Jets > 40 < 2.4
b-tagged jets > 25 < 2.4

In order to reject low mass dilepton pairs arising from the decay of c- and b-hadrons or from155

the Drell-Yan process, a loose lepton selection is used to identify additional leptons, and events156

where a loose lepton forms an opposite-sign (OS) same flavor pair with an invariant mass157

(Mll)< 12 GeV are rejected. Furthermore events containing a dilepton pair with m`` < 8 GeV158

regardless of their charge or flavor are rejected. When several SS pairs are found, muons take159

precedence over electrons. Amongst same flavor pairs, the one with the highest lepton pT sum160

is selected. Events are then labelled according to the pT of the leptons forming the SS pair: high-161

high (HH) if both have pT > 25 GeV, low-low (LL) if both have pT < 25 GeV and high-low (HL)162

(the remaining events).163

Two sets of trigger algorithms are used to select the events: pure dilepton triggers which require164

the presence of two isolated leptons with pT thresholds on the first (second) lepton in the 17-165

23 GeV (8-12 GeV) range, and non isolated dilepton triggers with a pT threshold at 8 GeV166

on both leptons and with an additional condition on the presence of hadronic activity: HT >167

300 � 350 GeV. The former is used to select HH and HL pairs while LL pairs are selected using168

the latter.169

Six exclusive categories are then built:170

• SSHH: exactly two leptons, both with pT > 25 GeV, and E
miss
T > 50 GeV.171

• SSHL: exactly two leptons, one with pT > 25 GeV, one with pT < 25 GeV and E
miss
T >172

50 GeV.173

• SSLL: exactly two leptons, both with pT < 25 GeV and E
miss
T > 50 GeV.174

• ML: � 3 leptons, at least one with pT > 25 GeV, E
miss
T > 50 GeV175

• SSLowMET: events with exactly 2 leptons, both with pT > 25 GeV, and E
miss
T < 50176

GeV.177

Various SRs are constructed, based on the following variables: the (b-tagged) jet multiplicity178

Njets (Nb), HT, E
miss
T . An additional variable, m

min
T , is also used in all categories except SS-179

LowMET. This variable is characterized by a kinematic cutoff for events where E
miss
T only arises180

from the leptonic decay of a single W boson and is therefore very effective at discriminating181

signal and background signatures. It is defined as the minimum transverse mass calculated182

between each of the leptons forming the SS pair and ~pmiss
T , except for the ML regions with a183

Z candidate (22 or larger) where the transverse mass is only computed using the leptons not184
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3. The CMS detector and event reconstruction 3

Finally, Fig. 1g displays a model similar to T6ttWW, but with top squark pair production and
a subsequent et2 ! et1H/Z decay, giving rise to final states with two H bosons, two Z bosons,
or one of each. In this T6ttHZ model, the ec0

1 mass is taken such that m(et2)� m(ec0
1) = 175 GeV.

All the above models assume conservation of R-parity. We also consider two additional cases
where R-parity is not conserved. In T1qqqqL (Fig 2, left), the gluino decays to the lightest
squark (eg ! eqq) which in turn decays to a quark (eq ! q ec0

1), but the ec0
1 is off-shell and decays

(violating R-parity) into two quarks and a charged lepton, giving rise to a prompt 5-body decay
of the gluino. In T1tbs (Fig 2, right) each gluino decays into three different SM quarks (a top, a
bottom, and a strange quark). The production cross sections for SUSY models are calculated at
NLO plus next-to-leading logarithmic (NLL) accuracy [42–47].
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Figure 1: Diagrams illustrating the simplified RPC SUSY models considered in this analysis.
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Figure 2: Diagrams illustrating the two RPV SUSY models considered in this analysis.

3 The CMS detector and event reconstruction
The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
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⚫ Gluino pair production models with four top quark final 
states, T1tttt (left) and T5tttt (center)


⚫ Sbottom squark production model T6ttWW (right)

https://cds.cern.ch/record/2668107


600 800 1000 1200 1400 1600 1800 2000
 (GeV)g~m

0

200

400

600

800

1000

1200

1400

1600

1800

 (G
eV

)
0 1χ∼

m

3−10

2−10

1−10

1

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
(p

b)

0
1χ∼

 = m
g~m

 (13 TeV)-1137 fbCMS Preliminary

exclusion
NNLO+NNLL         

1
0
χ∼'Vq q→g~, g~g~ →pp 

theoryσ 1 ±Observed 

experimentσ 1 and 2 ±Expected 

600 800 1000 1200 1400 1600
 (GeV)g~m

0

200

400

600

800

1000

1200

1400

1600

 (G
eV

)
0 1χ∼

m

3−10

2−10

1−10

1

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
(p

b)

0
1χ∼

 = m
g~m

 (13 TeV)-1137 fbCMS Preliminary

 + 20 GeV
1
0
χ∼

 = m
1
±χ∼

m

exclusion
NNLO+NNLL        

1
0
χ∼'V*q q→g~, g~g~ →pp 

theoryσ 1 ±Observed 

experimentσ 1 and 2 ±Expected 

600 800 1000 1200 1400 1600
 (GeV)g~m

0

200

400

600

800

1000

1200

1400

1600

 (G
eV

)
0 1χ∼

m

3−10

2−10

1−10

1
95

%
 C

L 
up

pe
r l

im
it 

on
 c

ro
ss

 s
ec

tio
n 

(p
b)

0
1χ∼

 = m
g~m

 (13 TeV)-1137 fbCMS Preliminary

 + 20 GeV
1
0
χ∼

 = m
1
±χ∼

m

exclusion
NNLO+NNLL        

1
0
χ∼'W*q q→g~, g~g~ →pp 

theoryσ 1 ±Observed 

experimentσ 1 and 2 ±Expected 

600 800 1000 1200 1400 1600 1800 2000
 (GeV)g~m

0

200

400

600

800

1000

1200

1400

1600

1800

 (G
eV

)
0 1χ∼

m

3−10

2−10

1−10

1

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
(p

b)

0
1χ∼

 = m
g~m

 (13 TeV)-1137 fbCMS Preliminary

exclusion
NNLO+NNLL         

1
0
χ∼'Wq q→g~, g~g~ →pp 

theoryσ 1 ±Observed 

experimentσ 1 and 2 ±Expected 

2L SS + ≥3L137fb-1

PAS

�34

p

p g̃

g̃

χ̃
0
2

χ̃
±
1

q′
q

W±

χ̃
0
1

χ̃
0
1

Z

q

q

p

p g̃

g̃

χ̃
±
1

χ̃
±
1

q′
q

W±

χ̃
0
1

χ̃
0
1

W±

q′
q

𝛥m=20GeV𝛥m=20GeV

⚫ Gluino pair production models T5qqqqVV (left) and T5qqqqWW (right) 
decaying into four light flavor quarks and two bosons

• Two assumptions on chargino mass: halfway in between gluino and 

LSP mass (sub-left), or 20GeV higher than LSP mass (sub-right)
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⚫ Stop squark pair production model T6ttHZ with three 
assumptions on gen-2 squark decay to gen-1 squark 
+ Z/H

• Z (0%), H (100%)

• Z (50%), H (50%)

• Z (100%), H (0%)
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Overview of SUSY results: gluino pair production

July 2018CMS

36 fb�1 (13 TeV)

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities �M and x represent the absolute mass di↵erence between the primary sparticle and the LSP, and the di↵erence between the intermediate
sparticle and the LSP relative to �M , respectively, unless indicated otherwise.
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