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Introduction
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high jet multiplicity
background: tt+jets

• Latest results on gluino pair production in single lepton final states
• For top squark pair production see Tom’s (Tue) and Navid’s (Thu) talks
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PRL 119 (2017) 151802

1 lepton + 1 lepton + 

https://cds.cern.ch/record/2286124
https://cds.cern.ch/record/2264382


Daniel Spitzbart 25th SUSY conference, Mumbai, 2017 

Setting the stage
• Best exclusion limits for gluino pair 

production from Run 1 (8 TeV) 
came from single lepton analysis

• During Run 2 of the LHC (13 TeV) 
several public results with different 
datasets
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Search strategies
• Two separate analysis strategies:

• Angular information of W boson 
candidate and lepton from its decay ΔΦ

• Sum of masses of large-radius jets MJ

• Signals should become visible in the tails of 
the distributions MJ or ΔΦ

• Backgrounds are estimated using control 
regions in data

• Main background from tt+jets events with
• 1 leptonic top decay
• 2 leptonic top decays and one lost lepton: 

additional transverse momentum 
imbalance
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ΔΦ analysis
• ΔΦ distribution steeply falling for SM 

backgrounds : hypothetical signal events 
become visible

• pTmiss direction randomized due to neutralino 
resulting in flat ΔΦ distribution for signals

• Further categorize in LT (lepton pT + pTmiss), 
hadronic activity HT (sum of jet pT), Njet and 
Nb
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Background estimation multi-b
• Measure ratio RCS = N(high ΔΦ)/N(low ΔΦ) in low Njet region, apply RCS 

to corrected count in high Njet, low ΔΦ region
• Separate estimation of residual QCD multijet background
• Residual dependence of RCS on Njet corrected with κ factor from simulation

6

6 6 Systematic uncertainties

and nb � 1. For W+jets events, the transfer factor is measured also in data in events with
njet 2 [3, 4] and nb = 0; the jet multiplicity used for W+jets is lower than in tt+jets to limit
the contamination from tt+jets events. The relative contribution of the tt+jets and W+jets
components in the CR of each search bin is determined by a fit of the nb multiplicity distribution
in the CR of the high-njet regions, using templates of the nb multiplicity distributions for W+jets
and tt+jets that are obtained from simulation. Additional backgrounds are found to be small
and are taken from simulation.

About 10–15% of the SM background events in the electron channel CRs are expected to be
QCD, and arise mainly from jets misidentified as electrons or from photon conversions in the
tracker. In the SRs, however, the QCD background has been found to be negligible. It is esti-
mated from data, using “antiselected” events in which the electrons fail the criteria for selected
electrons but satisfy looser identification and isolation requirements. These events are scaled
by the ratio of jets and photons that pass the tight electron-identification requirements to the
number of antiselected electron candidates in a QCD-enriched sample that consists of no b-
tagged jets and three or four jets. To account for the QCD background in the data, the QCD
background is subtracted from the number of events in the CR in the calculation of the transfer
factor RCS as well as from the number of events in the CR in each search bin. The prediction of
the number of events in the SR of each search bin is then defined as:

Npred(SR) = RCSk
h

Nhigh�njet
data (CR)� Nhigh�njet

QCD pred(CR)
i

.

The various (njet, nb) regions employed in the analysis are described in Table 1.

Table 1: Overview of the definitions of the various regions and samples employed in the anal-
ysis. For the QCD fit the electron (e) sample is used, while for the determination (det.) of
RCS(W±) the muon (µ) sample is used. Regions corresponding to blank cells are not used in
the analysis.

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

6 Systematic uncertainties

The systematic uncertainties are divided into two categories: those that affect the estimate of
the background from SM processes, and those that affect the expected signal yields.

The main systematic uncertainty on the background estimate arises from the uncertainty on the
value of the transfer factor RCS. The latter is measured in low-njet data but is then applied in the
search bins that have higher jet multiplicities. The modeling of jets from initial-state radiation
(ISR) is obtained from a data sample populated mainly by dilepton tt+jets events. This sample
is defined by two opposite-sign leptons (electrons or muons), excluding events with same-
flavor leptons within a window of ±10 GeV around the Z-boson mass, and two b-tagged jets,
such that any other remaining jets are interpreted as ISR. In simulation, all jets that cannot be
matched to daughter particles from the hard interaction are treated as ISR jets. The difference
between the number of ISR jets observed and simulated is then used to reweigh simulated
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Background estimation 0b
• For chargino mediated gluino decay no b-tagged jets expected:

• Background is composition of W+jets and top quark pairs
• Estimate both backgrounds in separate control regions, measuring 

independent RCS values
• Composition of backgrounds measured in low ΔΦ region, using fit of 

simulated b-jet multiplicity templates to data
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Results
• Good agreement between SM prediction and observation in both 

channels: no sign of SUSY
• Profile likelihood method used to set limits on gluino pair production 

at the 95% C.L.
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MJ analysis
• Sum of masses of large-radius jets MJ and mT used to categorize 

events
• Large radius jets are clustered from “standard” small-R jets including 

jets associated to isolated leptons
• from R=0.4 to R=1.4 using anti-kT algorithm 

• Potential signals populate regions with high MJ and mT

9

• For ttbar background MJ has a 
rough endpoint at 2 mt

• ISR contribution enhances MJ 
tail 

• Further categorize in Njet, Nb and 
pTmiss

• Data-driven methods used to 
estimate SM backgrounds
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Background prediction
• tt+jets background split into 1 and 2l component by mT threshold
• Estimate background using control regions R1, R2, R3
• κ (close to unity) corrects for residual mT-MJ correlation

10

We select events with exactly one isolated charged lepton
(an electron or a muon), no veto tracks, ST > 500 GeV,
pmiss
T > 200 GeV, and at least six small-R jets, at least one

of which is b tagged. After this set of requirements, referred
to as the baseline selection, about 80% of the SM back-
ground arises from tt̄ production. The contributions
from events with a single top quark or a W boson in
association with jets are each about 6%–8%; much of the
remainder arises from events with a tt̄ pair produced in
association with a vector boson. After applying the baseline
selection, the background from QCD multijet events is
negligible.
The analysis is performed using four regions in the

MJ-mT plane: three control regions (CR) and one signal
region:
(i) R1 (CR): mT ≤ 140 GeV, 250 ≤ MJ ≤ 400 GeV.
(ii) R2 (CR): mT ≤ 140 GeV, MJ > 400 GeV.
(iii) R3 (CR): mT > 140 GeV, 250 ≤ MJ ≤ 400 GeV.
(iv) R4 (signal region): mT>140GeV, MJ > 400 GeV.
All four regions are divided in bins of pmiss

T , forming
three largely independent MJ-mT planes:
(i) Three pmiss

T bins: 200 < pmiss
T ≤ 350 GeV, 350 <

pmiss
T ≤ 500 GeV, pmiss

T > 500 GeV.
Regions R2 and R4, which have high MJ, are further

divided into bins according to the number of small-R jets
(Njets) and the number of b-tagged jets (Nb) as follows:
(ii) Two Njets bins: 6 ≤ Njets ≤ 8, Njets ≥ 9.
(iii) Three Nb bins: Nb ¼ 1, Nb ¼ 2, Nb ≥ 3, giving a

total of 18 bins each. Backgrounds with a single W boson
decaying leptonically are strongly suppressed by the
requirement mT > 140 GeV, so the background in R3
and R4 is dominated by dilepton tt̄ events. Approxi-
mately half of the dilepton background events in R4 contain
a missed electron or muon, and the other half contain a
hadronically decaying τ lepton. Given that the main back-
ground 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 tag misidentification rate. Signal events in
the T1tttt and T5tttt models populate primarily the bins
with Nb ≥ 2.
The method for predicting the background yields takes

advantage of the near absence of correlation between the
MJ and mT variables in R1–R4, which is a consequence of
the high jet multiplicity, pmiss

T , and ST requirements applied
in the baseline selection [16]. To satisfy these requirements,
background events must typically contain additional jets
from ISR. Even though the background at low mT arises
largely from single-lepton tt̄ events, while the background
at high mT is dominated by dilepton tt̄ 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 μbkgR4 ¼ κμbkgR3 μ

bkg
R2 =μ

bkg
R1 . Here, κ is a near-unity

correction factor obtained from MC simulation of the total
background that accounts for a residualmT-MJ correlation:

κ ¼ μMCbkg
R4 =μMCbkg

R2

μMCbkg
R3 =μMCbkg

R1

: ð1Þ

This constraint is imposed by relating the expected yields in
R1–R4 to three parameters: an overall background nor-
malization λ and two ratios RðmTÞ and RðMJÞ, where the
expected background yields are given by μbkgR1 ¼ λ, μbkgR2 ¼
λRðMJÞ, μbkgR3 ¼ λRðmTÞ, and μbkgR4 ¼ κλRðMJÞRðmTÞ.
These quantities are defined such that there is one value
of RðMJÞ and κ for each bin of pmiss

T ,Njets, andNb. Because
regions R1 and R3 are integrated in Njets and Nb, the fit
parameters λ and RðmTÞ 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 propagate the uncertainties to λ, RðMJÞ,
and RðmTÞ. 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 signifi-
cances. The results from the predictive fit simplify theo-
retical 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 κ. Discrepancies between the value of κ
predicted by simulation and the true value of κ 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 κ, two

control samples in data are used: a five-jet control sample
and a dilepton control sample. The five-jet control sample is
completely dominated by background processes and has a
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 κ 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 ¼ 5 control sample, κ values are
measured in data and are found to be consistent with those
obtained from simulation. Because of this consistency, the
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total of 18 bins each. Backgrounds with a single W boson
decaying leptonically are strongly suppressed by the
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and R4 is dominated by dilepton tt̄ events. Approxi-
mately half of the dilepton background events in R4 contain
a missed electron or muon, and the other half contain a
hadronically decaying τ lepton. Given that the main back-
ground 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 tag misidentification rate. Signal events in
the T1tttt and T5tttt models populate primarily the bins
with Nb ≥ 2.
The method for predicting the background yields takes

advantage of the near absence of correlation between the
MJ and mT variables in R1–R4, which is a consequence of
the high jet multiplicity, pmiss

T , and ST requirements applied
in the baseline selection [16]. To satisfy these requirements,
background events must typically contain additional jets
from ISR. Even though the background at low mT arises
largely from single-lepton tt̄ events, while the background
at high mT is dominated by dilepton tt̄ events, the shapes
of the MJ distributions at low and high mT become very
similar in the presence of multiple ISR jets. We therefore
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fit uses the observed yields in R1–R3, assuming no signal
contribution, to propagate the uncertainties to λ, RðMJÞ,
and RðmTÞ. 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 signifi-
cances. The results from the predictive fit simplify theo-
retical 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
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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 κ. Discrepancies between the value of κ
predicted by simulation and the true value of κ 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 κ, two

control samples in data are used: a five-jet control sample
and a dilepton control sample. The five-jet control sample is
completely dominated by background processes and has a
SM composition very similar to that of the analysis regions.
In particular, this sample probes the rate at which pmiss

T is
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the tail of the mT distribution. Such events account for
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MJ distributions
• Shape comparison of MJ distribution for high/low mT in different pTmiss 

bins
• Good shape agreement, hypothetical signal observable in tails of the 

distribution
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Results
• Good agreement of predicted SM background 

and observation
• Very similar exclusion limits for two and three 

body decay models show independence of top 
squark mass

• For low neutralino masses sensitivity drops for 
on shell top squark production
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Results cont’d
• CMS exploits two separate analysis strategies in single lepton final 

state yielding compatible results: No sign of SUSY
• Outstanding LHC performance so far : Looking forward to results with 

~150/fb at the end of Run 2 that ends in 2018
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BACKUP
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Event selection
• 1 e/μ with pT > 25 GeV
• Events with additional lepton and isolated track vetoed
• Njet ≥ 6/5 (multi-b/0b)
• HT > 500 GeV
• LT > 250 GeV 
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• 1 e/μ with pT > 20 GeV
• Events with additional lepton and isolated track vetoed
• Njet ≥ 6
• Nb ≥ 1
• ST > 500 GeV
• pTmiss > 200 GeV

MJ analysis: CMS-SUS-16-037
PRL 119 (2017) 151802

ΔΦ analysis: CMS-SUS-16-042
submitted to PLB

https://cds.cern.ch/record/2264382
https://cds.cern.ch/record/2286124
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Systematic uncertainties Δφ
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8 6 Systematic uncertainties

For the 0-b analysis, an additional systematic uncertainty is based on linear fits of RCS as a
function of njet, and a 50% cross section uncertainty is used for all backgrounds other than
W+jets, tt+jets, ttV, and QCD.

For the signal, an uncertainty in ISR is applied using the approach described previously for
the reweighting of the distribution of ISR jets in tt+jets. Half of the correction is used as an
estimate of the uncertainty as is propagated to the signal acceptance. To gauge their impact,
the factorization and renormalization scales are changed up and down by a factor of 2.

Finally, the luminosity is measured using the pixel cluster counting method [74], with the ab-
solute luminosity obtained using Van der Meer scans. The resulting uncertainty is estimated to
be 2.5% [75].

The impact of the systematic uncertainties on the estimate of the total background in the multi-
b and 0-b analyses is summarized in Table 2. While systematic uncertainties are determined
for each signal point, typical values for most signals are summarized for illustration in Table 3.

Table 2: Summary of systematic uncertainties in the total background estimates for the multi-b
and for the 0-b analyses.

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

Table 3: Summary of the systematic uncertainties and their average effect on the yields for
the benchmark points defined in the text. The values, which are quite similar for the multi-b
and the 0-b analyses, are usually larger for compressed scenarios, where the mass difference
between the gluino and the lightest neutralino is small.

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
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