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In conventional realizations of SUSY, a special role is played by the 
Higgsinos, stops, and gluinos, as these couple strongest to the Higgs. 

(Dimopoulos & Giudice ’95; Cohen, Kaplan & Nelson ’96 ......) 
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UV scale where the soft 
masses are generated
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★ Final states ~ fully spanning flavor, 
multiplicity, kinematics
✦ tackle by slicing phase space in bins…

★ 0ℓ analyses
✦ maximize covered phase-space

• no leptons/tracks with pT > 5-10 GeV 
• Njets ≥ 2 and Nb ≥ 0
• MT2 or HTmiss (>250-300 GeV)

✦ 4D binning: MT2/HTmiss, HT, Njets, Nb

★ 1ℓ analyses
✦ low multiplicity: 

• using top tagging
• target: stop production

✦ high multiplicity: 
• using sum of large-R jet masses
• target: gluino production

★ SS 2ℓ or ≥ 3ℓ analysis
✦ can trigger on leptons instead of MET

• access compressed spectra and RPV
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Huge landscape of possible final states
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Huge landscape of possible final states
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New for LP 2019, 
focus today!



★ Single lepton
★MET > 200 GeV, ST = HT + pT(ℓ) > 500 GeV

✦ ensures being on trigger plateau
✦ cut bulk of tt background

★Njets ≥ 7 ➞  further reduce tt, enter ISR dominated regime 
★Nb ≥ 1 ➞ significant reduction in non-top backgrounds 
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High multiplicity 1ℓ: Selection
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★MJ grows with correlated 
high pT activity
✦ Individual high pT jets have 

minimal contribution
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★Key observation:
✦ 1ℓ and 2ℓ  have the same MJ shape in high ISR regime!

★ Separate regions enriched in 1ℓ vs 2ℓ  using mT

★ Build an ABCD with MJ and mT plane
✦ use MJ shape low mT (R1-R2)  ➞ predict MJ shape high mT (R3-R4)
✦ normalization from low MJ+high mT region (R3) 

• ➞ prediction @ high MJ+high mT signal region (R4)
★Correction for residual correlation between ABCD variables 

derived from simulation 
✦ modeling of correlation checked in data control samples

★Additional binning in MET, Njets and Nb to enhance sensitivity

tt̄
tt̄
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Background estimate in a nutshell

6

as well as isolated leptons, into large-R (R = 1.4) jets using the anti-kT algorithm. Starting the
clustering from small-R jets takes advantage of the corrections that are applied to these jets.
The masses, m(Ji), of the individual large-R jets reflect the pT spectrum and multiplicity of
the clustered objects, as well as their angular spread. By summing these individual large-R jet
masses we obtain the variable MJ , which is central to the analysis method:

MJ = Â
Ji=large-R jets

m(Ji). (1)

For tt events with a small contribution from initial-state radiation (ISR), the distribution of MJ
has an approximate cutoff at 2mt [16]. Thus, in the absence of ISR, the requirement MJ > 2mt is
expected to remove most of the tt background. The MJ distribution for signal events typically
extends to larger values of MJ because of the presence of multiple top quarks in the decay
chain. However, the presence of a significant amount of ISR in a subset of tt events generates a
tail at large values of MJ , and understanding this effect is critical for understanding the residual
background in the analysis.

The missing transverse momentum, ~pmiss
T , is defined as the negative vector sum of the trans-

verse momenta of all PF candidates and is calibrated taking into account the jet energy corec-
tions. Dedicated event filters designed to reject noise are applied to further improve the corre-
spondence between the reconstructed and the genuine pmiss

T [75, 76].

To suppress backgrounds characterized by the presence of a single W boson decaying lep-
tonically, and without any other significant source of ~pmiss

T apart from the neutrino from this
process, we use the quantity mT, defined as the transverse mass of the system consisting of the
lepton and the missing transverse momentum vector,

mT =
p

2p`T pmiss
T [1 � cos(Df`,~p miss

T
)], (2)

where Df`,~p miss
T

is the difference between the azimuthal angles of p`T and ~pmiss
T . For both tt

events with a single leptonic W decay, and for W+jets events with leptonic W decay, the mT
distribution peaks strongly below the W-mass.

Although the event selection requires only one identified isolated lepton, backgrounds can still
arise from processes in which two leptons are produced but only one is satisfies the identifica-
tion criteria. A critical background in this respect is tt events with two leptonic W decays, and
W decays involving t leptons are an important contribution within this sample. To help sup-
press such dilepton backgrounds, events are vetoed that contain a broader category of candi-
dates for the second lepton, referred to as veto tracks, which do not satisfy the stringent lepton
identification requirements. These include two categories of charged-particle tracks: isolated
leptons satisfying looser identification criteria than lepton candidates, as well as a relaxed mo-
mentum requirement, pT > 10 GeV, and isolated charged-hadron PF candidates, which must
satisfy pT > 15 GeV and |h| < 2.5. For either category, the charge of the veto track must be
opposite to that of the lepton candidate in the event. To maintain a high selection efficiency for
signal events, lepton veto tracks must satisfy a requirement on the quantity mT2 [77, 78],

mT2(`, v,~pmiss
T ) = min

~p1+~p2=~p miss
T

⇥
max {mT(~p`,~p1), mT(~pv,~p2)}

⇤
, (3)

where v refers to the veto track. The minimization is taken over all possible pairs of momenta~p1
and ~p2 that sum to the missing momentum, ~pmiss

T . For the main background, tt , if the lepton,
the veto track, and the missing transverse momentum all result from a pair of leptonically
decaying W bosons, mT2 is bounded above by m(W) = 80 GeV. We improve the signal efficiency
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★ Excellent agreement between low-mT and high-mT MJ shapes 
★Observed yields agree with predictions - largest pull due to apparent downward 

fluctuation in the data
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Comparison of prediction to observed yields
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★Excluding T1tttt for mgluino < 2150 GeV for low m𝟀 

★T5tttt compliments by allowing the possibility of 
intermediate stop, ∆(mstop, m𝟀) is fixed to 175 GeV

★T5tttt kinematics
✦ MET given by kinematics of 2-body instead of 3-body decay
✦ ➞ at low LSP masses boost picked up by top  ➞ MET is 

highly suppressed
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SUSY interpretation
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★ Squark limits at low LSP mass now at ~ 1200-1300 GeV
✦ complex decay chains or mass spectra compression can significantly lower these limits 
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Squarks 
highlights
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★Gluino limits at low LSP mass now at ~ 2000-2250 GeV depending on flavor
✦ Similar to squarks, mass compression can lead to large reduction in mass reach
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MJ variable further info
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Figure 2: Analysis regions defined for each bin in pmiss
T . For the signal models considered here,

the regions R1, R2A, R2B, and R3 are dominated by background, while R4A and R4B would
have have a significant signal contribution. In the combined fit performed to the event yields
observed in these regions, signal contributions are allowed in the background-dominated re-
gions. The R2A, R2B, R4A and R4B regions are further divided into bins of Njets and Nb, as
discussed in the text.

• 350 GeV < pmiss
T  500 GeV: 450 < MJ  650 GeV (low-MJ) and MJ > 650 GeV

(high-MJ)

• pmiss
T > 500 GeV: 500 < MJ  800 GeV (low-MJ) and MJ > 800 GeV (high-MJ).

The use of six regions in the MJ-mT plane (in each bin of pmiss
T ) is an improvement over the

original method used in Refs. [16, 18], where only four regions were used: R1, R2 (combining
R2A and R2B), R3, and R4 (combining R4A and R4B). The larger event yields in the full Run 2
data sample allows for this additional division of the MJ-mT plane. By separating each of the
original “high” MJ regions into two bins, we are able to obtain additional sensitivity to SUSY
models with large mass splittings (non-compressed spectra), which tend to populate the high-
est MJ regions with a significant number of events. In addition, the values of MJ corresponding
to the boundaries between these regions increase with pmiss

T , improving the expected precision
in the background prediction.

Regions R2A, R2B and R4A, R4B are further subdivided into bins of Njets and Nb to increase
sensitivity to the signal:

• two Njets bins: (Njets = 7 for pmiss
T  500 GeV or 6  Njets  7 for pmiss

T > 500 GeV)
and Njets � 8

• three Nb bins: Nb = 1, Nb = 2, and Nb � 3.

The total number of signal regions is therefore 3(pmiss
T )⇥ 2(MJ)⇥ 2(Njets)⇥ 3(Nb) = 36. Given

that the main background processes have two or fewer b quarks, the total SM contribution to
the Nb � 3 bins is very small and is driven by the b-jet mistag rate. Signal events in the T1tttt
model are expected to populate primarily the bins with Nb � 2, while bins with Nb = 1 mainly
serve to test the method in a background dominated region.

Because of the common use of R1 and R3 in the background estimations for R4A and R4B, as
well as the integration over Njets and Nb in the R1 and R3 regions, there are statistical correla-
tions between the background predictions, which are taken into account in the fitting method-
ology (Sec. 6).
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★ 𝛋 is a double-ratio correction factor, thus minimizing sensitivity to systematic mismodeling 
★Correction close to unity consistent with minimal correlation
★Modeling of correlation checked in data control samples to derive systematics

!17

Residual correlation between ABCD variables

μR4A = ( NR2ANR4

NR4A )
data

κA = ( NR4A/NR3

NR2A/NR1 )
MC

μR4A = κA ( NR2ANR4

NR4A )
data

Standard ABCD After taking into account residual correlation

Same goes for 
“B” regions

CMS-SUS-19-007
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★ Background can be understood to comprise of 
two distinct populations!

★ Backgrounds with kappa ~ 1 
✦ primarily 2ℓ tt with “lost” lepton
✦ true multi-ν events

• ➞ mT not constrained
• ➞ no reason for events at low and high mT to have 

different kinematics
• ➞ MJ at high and low mT are the same

★ Backgrounds with kappa > 1
✦ 1ℓ tt with mismeasurement

• fake MET contributes to bring events above mT 
threshold 

• fake MET correlated with hadronic activity
• ➞ high mT events will have harder MJ distribution

✦ 1ℓ tt with additional ν from hadronic decay
• MET from additional ν must be large enough to bring 

event above mT threshold 
• ➞ correlated with presence of high pT jets
• ➞ high mT events will have harder MJ distribution

!18

How does each background category behave?



★ 2ℓ ABCD constructed by replacing high-mT 
1ℓ regions with events with 2ℓ
✦ examined in bins of MET and Njets

★ Events with Nb ≥ 2 excluded due to high 
signal contamination

★Good agreement between data and MC 𝛋’s
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★ 5-6 jet ABCD constructed with same cuts except as main analysis regions except for Njets
✦ background composition similar to signal region ➞ can test mismeasurement modeling
✦ examined in bins of Nb

★Lowest MET bin has the largest contribution from mismeasurement ➞ serves to bound any mismodeling
✦ intermediate MET bin provides additional validation
✦ high MET bin excluded due to signal contamination

★Observed a ~ 3𝜎 deviation in 2b consistent with fluctuation in data based on additional studies
✦ set Nb uncertainty to 10%, 20% and 25% for 1b, 2b and ≥ 3b, respectively 
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★Uncertainties from 2ℓ region and 5-6 jet region combined as uncorrelated sources to 
arrive at total uncertainty

✦ Njets uncertainty from 2ℓ CR ➞ 9%

✦ Nb uncertainty from 5-6j CR ➞ 10%, 20%, and 25% for 1b, 2b, and ≥ 3b, respectively

✦ MET uncertainty from 2ℓ CR
• low-MJ bins ➞ 15% and 21 % for medium and high MET, respectively
• high-MJ bins ➞ 19% and 30 % for medium and high MET, respectively
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Summary of background systematic uncertainties
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Figure 6: Single-lepton 5–6 jet control sample: validation of the k factor values found in simu-
lation vs. data for low-MJ (left column) and high-MJ (right column). The data and simulation
are shown as black and red points, respectively. The expected uncertainty of the data, summed
in quadrature with the statistical uncertainty of the simulated samples, is given by the error
bar on the red points (sst). The red portion of the error bar indicates the contribution from the
simulated samples. The values of Dk are the relative difference between the k values found in
simulation and in data.

Table 1: Systematic uncertainties on the background correction factors k associated with each
signal bin based on the control sample studies described in Sections 7.2 and 7.3 and combined
according to Equation 11.

Bin 200 < pmiss
T  350 GeV 350 < pmiss

T  500 GeV pmiss
T > 500 GeV

1 b 2 b � 3b 1 b 2 b � 3b 1 b 2 b � 3b
low-MJ (R4A) 13% 22% 27% 20% 27% 31% 25% 30% 34%
high-MJ (R4B) 13% 22% 27% 22% 28% 32% 32% 36% 39%

are decoupled, based on the observation that the background contributions for which k > 1
have a pmiss

T dependence that is different at low-MJ and high-MJ . The total uncertainties with
the full Run 2 data set are in the range 13 to 39%, increasing with pmiss

T .

8 Results and interpretation
Figure 7 shows two-dimensional distributions of the data in the MJ-mT plane after the baseline
selection described in Sec. 5, with separate plots for the medium and high pmiss

T bins. Both plots
in the figure are integrated over Njets and Nb � 2 and hence do not represent the full sensitivity
of the analysis. Each event in data is represented by a single filled circle. For comparison, the
plots also show the expected total SM background based on simulation, as well as an illustra-
tive sample of the simulated signal distribution for the T1tttt model with M(eg) = 2100 GeV
and M(ec0

1) = 100 GeV, plotted with one square per event, normalized to same integrated lumi-
nosity as the data. This model has a large mass splitting between the gluino and the neutralino,
and signal events typically have large values of pmiss

T . Qualitatively, the two-dimensional distri-
bution of the data corresponds well to the expected distribution for the SM background events.
The highest-MJ , highest-pmiss

T region shows several simulated signal events for the T1tttt(2100,
100) model. However, only two observed events populate this region in the data.

The basic principle of the analysis is illustrated in Figure 8, which compares, in three separate
pmiss

T regions, the MJ distributions for low-mT and high-mT data. The low-mT data correspond
to regions R1, R2A, and R2B. Here each event in R2A or R2B is weighted with the relevant k

Total uncertainty ranges between 13% and 39%
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★Larger uncertainties for more compressed points since acceptance relies more on tails of distributions 
★ range over high MET bins (large ∆m) & over high Njets bins (small ∆m)
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Signal systematic uncertainties

p
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Table 4: Characteristic range of values for the systematic uncertainties in the signal effi-
ciency and acceptance across sensitive bins, specifically across high pmiss

T signal bins for
T1tttt(2100,100) and high Njets signal bins for T1tttt(1900,1250). Uncertainties due to a par-
ticular source are treated as fully correlated among bins, while uncertainties due to different
sources are treated as uncorrelated.

Source
Relative uncertainty [%]

T1tttt(2100,100) T1tttt(1900,1250)
MC sample statistics 3–8 7–15
Renormalization and factorization scales 1–2 2–4
Fast sim. pmiss

T resolution 1–2 1–5
Lepton efficiency 7–9 4–5
Trigger efficiency 1 1
b tagging efficiency 2–8 2–8
Mistag efficiency 1 1–3
Jet energy corrections 1–5 2–11
Initial-state radiation 1–7 1–10
Jet ID 1 1
Pileup 1–2 1–4
Integrated luminosity 2.5 2.5

varying top-squark masses, we consider the extreme case in which the top squark has ap-
proximately the smallest mass consistent with two-body decay, m(et) ⇡ m(t) + m(ec0

1), for a
range of gluino and neutralino masses. The decay kinematics for such extreme, compressed
mass spectrum models correspond to the lowest signal efficiency for given values of m(eg) and
m(ec0

1), because the top quark and the ec0
1 are produced at rest in the top squark frame. As a

consequence, the excluded signal cross section for fixed values of m(eg) and m(ec0
1) and with

m(eg) > m(et1) � m(et) + m(ec0
1) is minimized around this extreme model point. For physical

consistency, the signal model used in this study should include not only gluino pair produc-
tion, but also direct top-squark pair production,etet , referred to as T2tt. For m(ec0

1) < 33 GeV and
100 < m(ec0

1) < 550 GeV, with m(et)� m(ec0
1) = 175 GeV, the T2tt model is excluded in direct

searches for etet production [84, 85]. For 33 < m(ec0
1) < 100 GeV, the T2tt model is not excluded

due to the difficulty in assessing the rapidly changing acceptance with the finite simulation
statistics available. We have verified that for m(ec0

1) > 550 GeV, where the T2tt model remains
unexcluded, adding the contribution from the T2tt process to our analysis regions does not
have a significant effect on the sensitivity. For simplicity, in Fig. 11, we have based the exclu-
sion curve on T5tttt only, without including the additional T2tt process.

9 Summary
We have performed a search for an excess event yield above that expected for standard model
(SM) processes using a data sample of proton-proton collision events with an integrated lumi-
nosity of 137 fb�1 at

p
s = 13 TeV. The experimental signature is characterized by large missing

transverse momentum, a single isolated lepton, multiple jets, and at least one b-tagged jet. No
significant excesses above the SM backgrounds are observed. The results are interpreted in the
framework of simplified models that describe natural supersymmetry (SUSY) scenarios. For
gluino pair production followed by the three-body decay eg ! tt ec0

1 (T1tttt model), gluinos
with masses below about 2150 GeV are excluded at 95% confidence level for neutralino masses


