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Abstract

A search for supersymmetry is performed in events with a single electron or muon
in proton-proton collisions at a center-of-mass energy of 13 TeV in 2016. The data
were recorded by the CMS experiment at the LHC, and correspond to an integrated
luminosity of 12.9 fb~!. Several exclusive search regions are defined based on the
number of jets and b-tagged jets, the scalar sum of the jet transverse momenta, and
the scalar sum of the missing transverse momentum and the transverse momentum of
the lepton. The observed yields are compatible with predictions from standard model
processes. The results are interpreted in two simplified models of gluino pair produc-
tion. In a model where each gluino decays to top quarks and a neutralino, gluinos
with masses up to 1.65 TeV are excluded for neutralino masses below 600 GeV. In the
other model, each gluino decays to two light quarks and an intermediate chargino,
with the latter decaying to a W boson and a neutralino. Here, gluino masses below
1.6 TeV are excluded for neutralino masses below 500 GeV, assuming a chargino with
mass midway between the gluino and neutralino masses.
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1 Introduction

Supersymmetry (SUSY) [1-8] is a well-motivated theory beyond the standard model (SM)
which provides solutions to several open questions in particle physics, e.g. the cancellation
of quadratically divergent loop corrections to the mass of the Higgs boson. In R-Parity [9]
conserving SUSY, the lightest SUSY particle (LSP) is stable and can be a viable dark matter
candidate.

In this note we present a search for gluino pair production requiring a single lepton and mul-
tiple jets. This analysis is based on 13 TeV data recorded in 2016 by the CMS experiment at
the CERN LHC, corresponding to an integrated luminosity of 12.9fb™'. Exclusive search re-
gions are characterized by the number of jets, the number of b-tagged jets, the scalar sum of the
transverse momenta pr of the jets (Hr), and the scalar sum (Lt) of the lepton momentum p%
and the imbalance in transverse energy of the event(EX*%). The analysis presented here is es-
sentially an application of the analysis described in Ref. [10]. Similar searches were performed
in 7TeV [11-13], 8 TeV [14-16], and 13 TeV [17-19] data by the CMS and ATLAS experiments.

In this analysis, the two main backgrounds are W+jets and top quark antiquark pair (tt) events,
with one W boson decaying leptonically. The azimuthal angle A® (in radians, in the plane
perpendicular to the beam) between the W boson candidate pr and the lepton pr is used to
separate the signal from these backgrounds. The transverse momentum of the W boson candi-
date is reconstructed as py¥ = |p% + pis*|, where pi* is defined as the negative vector sum of
all reconstructed objects. In particular, in W-+jets and semileptonic tt events A® has a maximum
value, that is determined by the mass of the W boson and its momentum. The higher the boost
of the W boson, the smaller the A® angle, which is given by the requirement of large values
of Lt. In SUSY, however, the E%‘iss arises not only from the neutrino via the W boson decay,
but also from the LSP, leading to a nearly uniform distribution in A®. The main backgrounds
can therefore be suppressed by rejecting events with a small A® angle. Other backgrounds,
such as from tt events where both W bosons decay to a lepton and a neutrino, with one lepton
falling out of the experimental acceptance or not reconstructed or identified, also populate the
high A® region. Since many models of gluino pair production lead to final states with a large
number of jets, the signal-to-background ratio is very small in regions with low jet multiplicity.
We therefore restrict the search to regions of large jet multiplicity, and use low jet multiplicity
regions, dominantly populated by the background events, to determine the normalization of
the background. The multijet background is estimated separately.

The results are interpreted in terms of simplified models [20-23] of gluino pair production. For
the first model, called T1tttt in Fig. 1 (left), pair-produced gluinos each decay to a tt pair and
the lightest neutralino x?. In the other model, termed T5qqqqWW in Fig. 1 (right), the pair-
produced gluinos each decay to a quark-antiquark pair of the first or second generation (qq),
and a chargino X; with its mass taken to be Mye = 0.5(mg + mﬁ) ; this chargino then decays

to a W boson and the x?, where the W boson can be virtual, depending on the mass difference
between the chargino and the lightest neutralino. Depending on the signal model, the search
regions vary in sensitivity.

The organization of this paper is as follows. Section 2 describes the CMS detector. The event
reconstruction and selection are discussed in Sections 3 and 4, respectively. The background es-
timations are given in Section 5. An overview of the main systematic uncertainties is presented
in Section 6. The results are discussed and interpreted in Section 7, and a summary is given in
Section 8.
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Figure 1: Graphs showing the simplified models (a) T1tttt and (b) T5qqqqWW. Depending
on the mass difference between the chargino (Qﬁt) and the neutralino ( 7?(1) ), the W boson can be
virtual.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead tungstate
crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter
(HCAL), each composed of a barrel and two endcap sections, reside within the solenoid vol-
ume. Forward calorimeters extend the pseudorapidity (17) [24] coverage provided by the barrel
and endcap detectors. Muons are measured in the range || < 2.4, with detection planes made
using three technologies: drift tubes, cathode strip chambers, and resistive plate chambers.

The silicon tracker measures charged particles within the range || < 2.5. Isolated particles
with transverse momenta pr = 100 GeV, emitted at |;7| < 1.4, have track resolutions of 2.8%
in pr, and 10 (30) ym in the transverse (longitudinal) impact parameter [25]. The ECAL and
HCAL measure energy depositions in the range || < 3, with quartz fibre and steel forward
calorimeters extending the coverage to |r7| < 5. When combining information from the en-
tire detector, the jet energy resolutions are typically 15% at 10GeV, 8% at 100 GeV, and 4%
at 1 TeV [26]. The momentum resolution for electrons with pt ~ 45GeV from Z — ee decays
ranges from 1.7% for electrons that do not shower in the barrel region, to 4.5% for electrons that
shower in the endcaps [27]. Matching muons to tracks measured in the silicon tracker yields
relative transverse momentum resolutions for muons with 20 < pt < 100GeV of 1.3-2.0% in
the barrel, and less than 6% in the endcaps. The pr resolution in the barrel is below 10% for
muons with pt up to 1 TeV [28].

The CMS trigger system consists of two levels, where the first level (L1), composed of custom
hardware processors, uses information from the calorimeters and muon detectors to select the
most interesting events in a fixed time interval of less than 4 us. The high-level trigger (HLT)
processor farm further decreases the event rate from around 100 kHz to less than 1 kHz, before
data storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [24].



3 Event reconstruction and simulation

All objects in the event are reconstructed using the particle-flow event reconstruction algo-
rithm [29, 30], that reconstructs and identifies each individual particle through an optimized
combination of information from the various elements of the CMS detector. The energy of elec-
trons is determined from a combination of the electron momentum at the primary interaction
vertex as determined by the tracker, the energy of the corresponding ECAL cluster, and the
energy sum of all bremsstrahlung photons spatially compatible with originating from the elec-
tron track [27]. Electron candidates are required to satisfy identification criteria designed to
suppress contributions from misidentified jets, photon conversions, and electrons from heavy-
flavor quark decays. Muons are reconstructed using a stand-alone muon track in the muon
system serving as a seed to find a corresponding track in the silicon detector [28]. Additional
criteria include requirements on the track and hit parameters. For both electrons and muons,
the requirements are loosened for the identification of additional (vetoed) leptons with high
efficiency.

An isolation variable is defined as the pr sum of all objects within a cone around the lepton
candidate (excluding the candidate itself), which reflects the activity around the object. An area
correction is applied to remove the contribution from additional proton-proton interactions
within the same or neighboring bunch crossings (pileup). To enhance the acceptance of signal
events that contain a large amount of hadronic energy, we use a pr-dependent cone radius of
R = (0.2, 10GeV/pr[GeV], 0.05) for (pr < 50GeV, 50GeV < pr < 200GeV, pr > 200GeV),
respectively. This isolation variable, divided by the lepton pr is defined as the relative isolation,
and is required to be < 0.4 for vetoed leptons, and less than < 0.2 and < 0.1 for selected muons
or electrons, respectively.

The energy of charged hadrons is determined from a combination of their momentum mea-
sured in the tracker and the matching ECAL and HCAL energy depositions, corrected for zero-
suppression effects in the readout electronics, and for the response function of the calorimeters
to hadronic showers. Finally, the energy of neutral hadrons is obtained from the corresponding
corrected ECAL and HCAL energies.

Jets are clustered with the anti-k; algorithm with a distance parameter of 0.4 [26]. Jet momen-
tum is determined as the vectorial sum of all particle momenta in the jet. An offset correction is
applied to jet energies to take into account the contribution from pileup [31]. Jet energy correc-
tions are obtained from simulation, and are confirmed with in situ measurements of the energy
balance in dijet and photon+jet events [26]. Additional selection criteria are applied to each
event to remove spurious jet-like features originating from isolated noise patterns in certain
HCAL regions.

To discriminate jets originating from b quarks, we use the inclusive combined secondary vertex
tagger [32, 33], which employs both secondary vertex and track-based information. The work-
ing point is chosen to have about 70% b tagging efficiency and a 1.5% light-flavor misidentifi-
cation rate [34]. Double counting of objects is avoided by not considering jets that lie within a
cone of 0.4 around a lepton.

While the main backgrounds are determined from data, as described in Section 5, simulated
events are used to validate the techniques, and to estimate extrapolation factors as needed. In
addition, some smaller backgrounds are estimated entirely from simulation. The leading-order
(LO) MADGRAPHS [35] event generator, using the NNPDF3.0LO [36] parton distribution func-
tions (PDFs) is used to simulate tt, W+jets, Z+jets, and multijet events. Single-top quark events
in the t and tW channels are generated using the next-to-leading order (NLO) POWHEGvV1.0 [37-
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41] program, and in the s channel using NLO MADGRAPH5_aMC@NLO [42], both along with
the NNPDEF3.0NLO [36] PDE. All signal events are generated with MADGRAPHS5, with up to
two partons in addition to the gluino pair. The gluino decays are based on a pure phase-space
matrix element [43], with signal production cross sections [44-48] computed at NLO plus next-
to-leading-logarithm (NLL) accuracy.

Showering and hadronization of all partons uses the LO PYTHIA 8.2 package [43]. Pileup is
generated for some nominal distribution of the number of proton-proton interactions per bunch
crossing, which is weighted to match the corresponding distribution in data. The detector
response for all backgrounds is modelled using the GEANT4 [49] package, while for the signal
the CMS fast simulation program [50] is used to reduce computation time.

4 Trigger and event selection

The events are selected by the HLT requiring an isolated lepton (electron or muon) with pr of
at least 15 GeV, in combination with an online reconstructed Hrt of at least 350 GeV or 400 GeV,
depending on the instantaneous luminosity. The HLT is seeded by the L1 trigger satisfying
HE! > 150 GeV. An efficiency of 96%(92%)+1% is observed for the electron (muon) channel in
the kinematic regime of the analysis, defined by lepton pt > 25GeV and Ht > 500 GeV.

The electron or muon candidate is required to have a minimum pr of 25GeV. Events with
additional electrons or muons with pr > 10GeV, satisfying the criteria for vetoed leptons, are
rejected. Jets are selected with pr > 30GeV and || < 2.4. In all search regions we require at
least five jets, where the two hardest jets have to satisty pr > 80 GeV.

To separate possible new-physics signals from background, we use the Lt variable, which re-
flects the “leptonic” energy scale of the event. A minimum Lt of 250 GeV is required, such that
the analysis is not only sensitive to events with high EsS, but also to signal events with very
small EXsS, but higher lepton pr. An additional kinematic quantity important for the search
is given by the “hadronic” energy scale of the event in the form of the variable Hy. For the
required Ht>500 GeV, the trigger efficiency reaches its maximum.

Several search regions are defined in bins of #je, 1, L1, and Ht, where njt and ny, are the
numbers of jets and b-tagged jets, respectively. Defining search bins in b-jet multiplicity enables
the analysis to target specific event topologies and to separate them from SM backgrounds. The
phase space is separated into exclusive [0, 1, 2, >3] b-tagged jet categories when defining search
bins, with a minimum b-jet pt of 30 GeV.

All search bins with at least one b-tagged jet, called in the following “multi-b”, are sensitive to
the simplified T1tttt model, while the search bins requiring zero b-tagged jets, called “zero-b”,
are sensitive to the simplified T5qqqqWW model. The baseline selection and the background
estimation method differ for these two b-tag categories. For T1tttt, we expect a large number
of jets and find in simulation that the nje; distribution peaks at eight jets for most mass points.
We require at least six jets for the multi-b analysis and define two independent categories with
Njet = 6-8 and njer > 9. For the zero-b analysis, where the T5qqq@qWW model has fewer jets,
we require in the search region 5, 6-7, or >8 jets. Depending on the specific SUSY particle
masses, the hadronic event activity varies. To accommodate this, we define search bins in Hr.
To exploit the strong separation power associated with the Lt variable, we divide the search
region in several bins in Lt as well.

After these selections, the main backgrounds are leptonically decaying W+jets and semi-leptonic
tt events. These backgrounds, both of which contain one lepton and one neutrino (from the W



boson decay) in the final state, are mostly located at small AP values due to the correlation
between the lepton and the neutrino. Therefore, the region with large A® is defined as the
search region, while the events with small A® are used as the control sample. Figure 2 shows
the A® distributions for the zero-b and multi-b search regions. The ratio of search to control
region is determined from the sideband with smaller 7jet, as described in Section 5. Since the
angle between the W boson and the lepton depends on the W momentum, being smaller for
W bosons with higher boost, the A® requirement for the signal region is chosen depending on
L1, which is a measure of the W boson pr. For the zero-b analysis, AP is required to be larger
than 1.0 for most regions except for those with large Lt, where the requirement is relaxed to
0.75, while the multi-b analysis has a relaxed A® requirement of 0.75 and 0.5 for medium- and
high-Lt regions, respectively. In total, we define 30 search bins in the multi-b analysis and 20
search bins in the zero-b analysis, as described in detail in Table 1.

Table 1: Search regions and the corresponding minimum A® requirements.

Miet M Lt [GeV] Hr [GeV] A® [radians]
-3 250, 350] 500, 750], > 750 1.0
6] == [350, 450] 500, 750, > 750 075
‘ P [450, 600] [500, 1250], > 1250 '
= > 600 [500,1250], > 1250 05
=1,=2 [500, 1250],> 1250
- >3 [250, 350] =500 1.0
=7 [=1=2>3 [350, 450] > 500 075
=1,>2 > 450 > 500 '
5 250,350, [350, 450] [500, 750], > 750 1.0
> 450 500, 750], [750, 1000],> 1000 0.75
671 . 250, 350], [350, 450] 500, 750, > 750 1.0
! > 450 [500, 750}, (750, 1000},> 1000 0.75
e 250, 350], [350, 450] 500, 750, > 750 1.0
- > 450 [500,1000], > 1000 0.75

5 Background estimation

The dominant backgrounds in this analysis are tt and W+jets events, with relative yields de-
pending on the multiplicity of b-tagged jets and the kinematic region. To determine these
backgrounds, we define two regions for each bin in Ly, Ht, and ny,: the search region (SR) with
large values of A®, and the control region (CR) with low values of A®, with the explicit sepa-
ration requirement depending on the Lt value, as shown in Table 1. We further divide each of
these bins into low-nje; sideband (SB) and high-7jet main band (MB) regions.

About 10-15% of the SM background events in the SB are expected to be multijet events (de-
noted in the following as QCD), and are predicted as described in Section 5.3. Since the multijet
background is negligible in the MB, it is subtracted from the number of background events in
the SB when calculating the transfer factor R332 to extrapolate from CR (low-A®) to SR (high-
A®). This transfer factor R32 is determined from data in the low-nje; SB regions, separately
for each L1, Hr, and most 1}, search region:
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Figure 2: Comparison of the A® distribution for (a) the multi-b and (b) the zero-b analysis
after the baseline selection. The simulated background contributions are stacked on top of
each other, and several signal points are overlaid for illustration, but without stacking. For
the multi-b analysis, the models T1tttt(1.2,0.8) (T1tttt(1.5,0.1)) correspond to a gluino mass of
1.2 TeV (1.5 TeV) and neutralino mass of 0.8 TeV (0.1 TeV), respectively. For the zero-b analysis,
the models T5qqqqWW(1.2,0.8) (T5qqqqWW(1.6,0.1)) correspond to a gluino mass of 1.2 TeV
(1.6 TeV) and neutralino mass of 0.8 TeV (0.1 TeV), and the intermediate chargino mass is fixed
at 1.0 TeV (0.85TeV), respectively. The DY refers to qq —Zy* — ¢7¢~ events, and QCD refers
to multijet events. The ratio of data to simulation is given below each of the panels. All uncer-
tainties are statistical only.

g;éta — N; ggta (SR)
Nggta (CR) - NSQE&ID pred (CR)

/ M

where N$B_(SR) is the number of events in the low-7je; SB high-A® signal region, N3B_(CR) the
number of events in the low-nje; SB low-A® control region, and NgéD pre 4(CR) the predicted

number of QCD multijet events in the SB CR.

To account for possible differences in this extrapolation from SB to MB as a function of jet
multiplicity, we define multiplicative correction factors x, determined from simulation.

In the regions with one b tag and four or five jets, about 80% tt events and 15-20% W-+jets
and single top quark events are expected, while in all other multi-b regions, tt background is
completely dominant. Having only one SM background that dominates, a single Rcs factor is
defined in the multi-b analysis for each Lt, Ht, and 7}, range. With the requirement of having
no b-tagged jets, both W+jets and tt appear to be of equal importance. Here, an extension of the
multi-b strategy is employed, which takes into account differences in the Rcg values for these
two backgrounds.

An overview of the (njet, 1) regions used in this analysis is given in Table 2.
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Table 2: Overview of the definitions of sideband and mainband regions. For the multijet (QCD)
fit the electron (e) sample is used, while for the determination (det.) of Rcs(W*) the muon ()
sample is used.

Analysis Multi-b analysis Zero-b analysis
n, =20 np > 1 n, =0 n, =1
Njet = 3 Rcs(W™) det. (4 sample),

o — 4 QCD bkg. fit (e sample)
jet —

leet =5
it > 6 MB

QCD bkg. fit (e sample)
MB

Rcs (t%) det.

5.1 The Rcs method for n, > 1

For the multi-b analysis, the SB region, where Rcg is determined, is required to have four or
five jets, while the MB region must satisfy njt € [6 — 8] or Njet > 9. The predicted number

N }Ij\ffd (SR) of background events in each MB SR is then given by:

Npiea(SR) = R - xew - | NYIE (CR) — N prea(CR)] @

with
_ RMS(MB,EW)

~ RMS(SB,EW) ©

KEW

Here R34 is the transfer factor determined from data in the low-tje; SB region, and NP (CR)
is the number of data events in the CR of the MB region. The label EW refers to all back-
grounds other than multijets. The residual difference of the values of Rcs between the SB and
MB regions is evaluated in simulation as the correction factor xgw given by Eq. (3), where
RYS(MB,EW) is the Rcs in a search MB region from simulation and R¥S(SB, EW) is the Rcs

in the corresponding SB region in simulation for the EW background.

The xgw factor is determined separately for each search bin, except that an overall xgy-factor
is applied for the n, > 2 search bins with the same Ht and Ly, since the xgw factors are found
to be nearly independent of n,. Similarly, Rcs at very high Hr is determined jointly across all
three 1y, bins to increase the number of events, as the overall uncertainty of the background
prediction for several of the search bins is dominated by the statistical uncertainty of the yield
in the CR of the main band.

Two aspects play a role when Rcs is compared between SB and MB: the relative fraction of a
certain background, and its corresponding Rcs value. For semileptonic tt and W+jets events,
which contain both one neutrino from the hard interaction, Rcs typically has values of 0.01
to 0.04, depending on the search bin. In events with more than one neutrino, e.g. in tt events
in which both W bosons decay leptonically, Rcs is higher with values of around 0.5. This is
visible in Fig. 2, where at high A® a large fraction of events is due to dileptonic tt background,
while the low-A® region is dominated by events with only one neutrino. A larger Rcs is also
expected for events with three neutrinos, such as ttZ, when the tt system decays semileptoni-
cally and the Z boson decays to two neutrinos. The influence of these latter processes is small,
since their relative contribution to the background is minor. Most of the SRs with six or more
jets are dominated by semileptonic tt events, and therefore this background dominates the to-
tal Rcg value of ~0.05. As the Rcg for dileptonic tt events is an order of magnitude larger
than for semileptonic tt events, a slight change in composition in the CR from low- to high-;e
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multiplicity translates into xpw slightly different from unity. This change in the dileptonic tt
contribution is accounted for by assigning an uncertainty on the ;e extrapolation based on a
dileptonic control sample in data, as discussed in Section 6.

5.2 The Rcs method for n, =0

For search bins where b-tagged jets are vetoed, the background contributions from W+jets and
tt events are estimated by applying the Rcs method separately to each of the two components.
This strategy implies the use of two sidebands enriched in W+jets and tt events, respectively.
For each Lt and Ht bin we denote the et SR by n]self and write the total background in this SR
(with a A® requirement as shown in Table 1) as:

NSR(0b) = N§R(0b)+ NR(0b) + NSRMC) (gp) | (4)

where the number of predicted W+jets and tt events is denoted by NiX and NgR, respec-
tively. Additional backgrounds from rare sources are estimated from simulation and denoted

by NSRMO)

other

The expected number of events for each of the components can be described by:
NR = NR - fi- Rbg , withi = [W, tt], (5)

where NZ&% is the total number of events in the CR of the MB region and f; is the relative
yield of component i. The relative contributions of the two components are determined by a
fit of templates obtained from simulation to the 1, multiplicity distribution in the CR of the
MB region. The contribution of the QCD multijet background in the CR is fixed to the yield
estimated from data as described in Section 5.3. The contribution of other rare background
components is obtained from simulation here as well, as is done in the SR. Uncertainties in these
two components are propagated as systematic uncertainties to the final prediction. Examples
of these fits are shown in Fig. 3.

Two Rcs values for W+jets and tt are measured in two low nje; SB regions. For the tt estimate a
sideband with the requirements 4 < njt < 5 and n, = 1is used. The Rgs is then given by:

R (0, m5K) = w1 1 - R (1b, iy € [4,5]) ©

The correction factor xy, corrects for a potential difference of Rgs between samples with zero or
one b jet and for the small contributions of backgrounds other than tt or QCD multijet events.
The factor x; corrects for a residual dependence of Rgs on 7jet, in analogy to the xgwx factor
defined in Section 5.1. Both values, x}, and «y, are close to unity, and statistical uncertainties
from the simulation are propagated to the predicted yields.

Similarly, the W+jets contribution is estimated using Rcs values from a sideband with 3 <
njet < 4and np, = 0. With respect to the SB used for the estimate of Rgs alower jet multiplicity is
chosen in order to limit the contamination from tt events. Only the muon channel is used since
it has a negligible contamination from QCD multijet events, contrary to the electron channel.
A systematic uncertainty is derived from simulation to cover potential differences between the
y# and the combined e and y samples. The R{Y; is given by:

RE(0b, n3%) = rcw - R ™™ (0b, njet € [3,4]) - @)
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Again, the factor xw corrects for a residual dependence of RY on the jet multiplicity. The raw
value of R332 measured in the SB has to be corrected for the contamination of tt events. The tt
yields are subtracted in the numerator and denominator according to:

NSR _ Rtf,MC 'f’ . NER
Rdata(corr)(Ob’ iet € [3’ 4]) _ _'data CS tt data ) (8)
< * (1~ fe) - Nioa

The event yields N{X and N3R are measured in the SB CRs and SRs. The fraction of tt events
fi is again obtained by a fit to the n, multiplicity in the SB CR. The R¢g value for tt in this SB is

obtained from simulation.

Systematic uncertainties are assigned to «;; and xw according to the difference between the Rcg
values in the sideband and the result of a linear fit over the full range of 7jet.

CMS Preliminary 12.9fb™ (13TeV) CMS Preliminary 12.9fb™ (13TeV)
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Figure 3: Fits to the n, multiplicity for control regions in (a) 3 < njet < 4 (250 <Lt < 350GeV,
Ht > 500GeV, A® < 1, muon channel) and (b) 6 < Mjet < 7 (250 <Lt < 350GeV, Ht >
750GeV, A® < 1) in data. The solid lines represent the templates scaled according to the fit
result (blue for tt, green for W+jets, turquoise for QCD, and red for the remaining backgrounds),
the dashed line shows the sum after fit, and the points with error bars represent data.

5.3 Estimate of multijet background

Multijet events enter this analysis mostly when reconstructed electrons originate from misiden-
tified jets or from photon conversion in the inner detector. This background is estimated from
the yield of ’antiselected” electron candidates in each region, that pass looser identification
and isolation requirements, and fail the tighter criteria for selected electrons. These events
are scaled by the ratio of jets misidentified as electrons that pass the tight electron identifi-
cation requirements to the number of antiselected electron candidates in a multijet-enriched
control sample with no b-tagged jets and three or four other jets. The assumption is that this
sample is devoid of genuine prompt electrons. The estimation method was introduced previ-
ously [11, 51], and relies on the Lp variable:

¢
Lp = p—VTV cos(AD) , )
Pt
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which reflects the effective lepton polarization in the W decay. Its falling distribution between
0 and 1 is well known for SM backgrounds, such as tt and W+jets, while multijet events have a
distribution that peaks near Lp = 1.

The ratio of selected to antiselected electron candidates is obtained from a fit to the Lp distri-
bution in bins of Lt. The shape of the QCD multijet contribution used in the fit is taken from
the antiselected sample, while the shape of all other contributions is taken from simulation, as
the behavior due to W polarization is well understood. The ratios are found to be in the range
0.1-0.2.

In principle, the background estimation with the Rcs method requires knowledge of the mul-
tijet contribution in the SR and CR separately. Since the multijet background estimation is
performed inclusively with respect to A®, an Rcs factor for multijet events is determined as
well. In practice, since the resulting Rcg values are all found to be below 2%, the multijet con-
tamination is negligible for the SR. Therefore, the previously described Rcg method takes into
account only the QCD multijet contribution in the CR, as written in Eq. (1). For the muon chan-
nel, the contribution from QCD multijet background is typically of the order of 1% of the total
background. To estimate this contribution, a procedure similar to the one outlined above is
applied, and assigned a 100% uncertainty.

6 Systematic uncertainties

Systematic uncertainties either influence «, and thereby the predictions for the background, or
modify the expected signal yield.

The main systematic uncertainty in this analysis is due to the extrapolation of Rcs from the low-
njet SB to the MB regions of higher jet multiplicities. The ratio of the semileptonic to dileptonic
tt final states for different numbers of reconstructed jets is of major importance, since the total
Rcs is based on the fraction of the two channels and their corresponding Rcs values, which
differ significantly in tt events. To ensure that the data are described well by simulation, a high-
purity dilepton tt control sample is selected from the data by requiring two leptons of opposite
charge. For same-flavor leptons it is also required that the invariant mass of the lepton pair
be more than 10 GeV away from the Z boson mass peak. To simulate the feed-down of the
dileptonic events into the single-lepton selection, one of the two leptons is removed from the
event. Since these “lost leptons” are principally from T — hadrons + v decays, we replace the
removed lepton by a jet with 2/3 of the original lepton’s pr to accommodate for the missing
energy due to the neutrino from the T decay, and recalculate the L1, A®, and Hr values of the
now “single-lepton” event. In order to maximize the number of events, no A® requirement is
applied, and all events are used twice, with each reconstructed lepton being considered as the
lost lepton. The jet multiplicity distribution after the single-lepton baseline selection (excluding
the SRs) and the dilepton CRs are then compared to the simulation. The ratio between data and
simulation as a function of nje; shows in general the same behavior, with the ratio of these two
ratios of data over simulation being consistent with unity within statistical uncertainty. The
systematic uncertainty in the description of the e distribution in simulation is determined
from this double ratio, and is mainly due to the uncertainty of the data samples, which is with
8-40% larger than the observed slope of the double ratio vs. #jet.

The remaining uncertainties are smaller than the one from the dileptonic tt fraction. In partic-
ular, the jet energy scale (JES) is changed by its uncertainty [26] as a function of jet pr and 7,
and these changes are propagated to EsS. The scale factors applied to the efficiencies for the
identification of b-quark jets and for the misidentification of c-quark, light-quark or gluon jets
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are scaled up and down according to their uncertainties [33]. Uncertainties for the efficiency
of lepton reconstruction and identification are handled in the same way. For pileup, a 5% un-
certainty on the inelastic cross section [52] is used to obtain its impact on the uncertainty in the
pileup. In a few bins with low number of simulated events, the reweighting leads to a large
uncertainty.

All these uncertainties apply to both the background prediction and the signal yield. The lumi-
nosity is measured with the pixel cluster counting method, and the absolute luminosity scale
calibration is derived from an analysis of Van der Meer scans performed in August 2015, re-
sulting in an uncertainty of 6.2% [53].

The W and tt cross sections are changed by 30% to cover possible biases in the estimation
of the background composition in terms of W+jets vs. tt events. These changes have only a
small impact on the zero-b analysis, where the relative fraction of the two processes is deter-
mined from a fit. Also, the following changes in the simulation are performed, with differences
between the values of x in the reweighted and original samples defining the uncertainties.
Motivated by measurements at /s = 8TeV, simulated tt events are reweighted by a factor

E(t) - F(t), with F = min(0.5, exp (0.156 — 0.00137 - p%.)), to improve the modelling of the top
quark pr spectrum [54]. The reweighting preserves the normalization of the sample, and the
difference relative to the results obtained with the unweighted sample is assigned as a system-
atic uncertainty. The polarization of W bosons is changed by reweighting events by the factor
w =1+ a(1 — cos 0*)?, where 6* is the angle between the charged lepton and W boson in the
W boson rest frame. In W+jets events, we take « to be 0.1, guided by the theoretical uncertainty
and measurements found in Refs. [51, 55-57]. For tt events, we take a = 0.05. For W+jets
events, where the initial state can have different polarizations for W+ vs. W™ bosons, we take
as uncertainty the larger change in « resulting from reweighting only the W bosons in the
sample, and from reweighting all W bosons. The ttV cross section is changed by 100%. The
systematic uncertainty on the multijet estimation depends on 7je; and 73, and ranges from 25%
to 100%.

For the zero-b analysis, an additional systematic uncertainty is applied, based on linear fits of
Rcs as a function of njet as described in Section 5.2, and a 50% cross section uncertainty is used
for all backgrounds other than W+jets, tt, ttV, and multijets.

For the signal, a reweighting procedure is applied based on the number of initial-state radiation
(ISR) jets. These weights and the corresponding uncertainties are dervied from tt events, and
then propagated to our signal model. The factorization and renormalization scale are each
changed by a factor of 0.5 and 2. Uncertainties in the signal cross section are also taken into
account.

Additionally, the signal acceptance is corrected for potential resolution effects on the modeling
of EF"*® within the fast simulation software used for the reconstruction of the signal models.
The uncertainties based on this correction are propagated as well.

The impact of the systematic uncertainties on the total background prediction for the multi-b
and zero-b analyses are summarized in Table 3. While the systematic uncertainty is determined
for each signal point, the uncertainties typical for most signals are summarized for illustration
in Table 4.
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Table 3: Summary of systematic uncertainties in the total background prediction for the multi-b
and for the zero-b analysis.

Source Uncertainty for multi-b [%] | Uncertainty for zero-b [%]
Dilepton control sample 3.4-24 7.5-30
JES 0.3-18 0.7-26
Tagging of b-jets 0.1-3.0 0.7-3.0
o (W+jets) 0.3-9.3 <25
W polarization 0.1-3.3 0.7-13.8
o(ttV) 0.14.9 0.1-3.8
Reweighting of top quark pr 0.1-15 0.4-9.3
Pileup 0.4-7.1 0.1-19.6
Res fit - 3.2-33.2
Total 8.0-28 9.7-50.6
Statistical uncertainty in MC events 5-30 5.2-35.9

Table 4: Summary of the systematic uncertainties and their average effect on the yields of the
benchmark signals. The values are very similar for the multi-b and the zero-b analysis, and
are usually larger for compressed scenarios, where the mass difference between gluino and
neutralino is small.

Source Uncertainty [%]
Trigger 1
Pileup 5
Lepton efficiency 5
Luminosity 6.2
ISR 3-20
Tagging of b-jets (heavy flavors) 1-6
Tagging of b-jets (light flavors) 2-3
JES 3-25
Factorization/renormalization scale <3
IEITniss 3-20
Total 8-33

7 Results and interpretation

The result of the background prediction, the observed data, and the expected numbers of back-
ground events from simulation are shown in Fig. 4 and Table 5 for the multi-b, and in Fig. 5 and
Table 6 for the zero-b events. The data agrees with SM expectations and no significant excess is
observed.

To set limits, a likelihood function for the multi-b or zero-b analysis is formed to contain Poisson
probability functions for all four data regions to determine the background in the MB SR. In
addition, the x values from simulation are included to correct any residual differences between
the SB and MB regions, with uncertainties incorporated through log-normal constraints. The
estimated contribution from multijet events in the two CRs is also included. A profile likelihood
ratio in the asymptotic approximation [58] is used as the test statistic. Limits are then calculated
at the 95% confidence level (CL) using the asymptotic CLs criterion [59, 60].

The cross section limits obtained for the T1tttt model using the multi-b analysis, and for the
T5qqqqWW model using the zero-b analysis, are shown in Fig. 6 as a function of m(g) and
m( X?), assuming branching fractions of 100% as shown in Fig. 1. Using the gg pair production
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Figure 4: Multi-b search: observed and predicted event counts in the 30 search regions. The
black points with error bars show the number of events observed in data. The total expected
contribution from standard model background processes is determined from control samples in
the data and is used to set the overall normalization of the stacked background histograms. The
relative fraction of the individual background components is taken from simulation and shown

for illustration only. The uncertainty on the background prediction is shown as

a grey, hatched

region. The expected event yields for two T1tttt benchmark SUSY models are represented
by open histograms. The vertical dashed and dotted lines separate different njt and Lt bins,
respectively. The lower panel shows the ratio of the difference between data and background
to the sum of the uncertainties on data and background prediction. The error bars indicate the

total statistical and systematic uncertainty in the ratio.
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Figure 5: Zero-b search: observed and predicted event counts in the 20 search regions. The
black points with error bars show the number of observed events. The background components
are shown as stacked histograms. The contributions from tt and W+jets are both estimated
from control samples in the data. The uncertainty on the background prediction is shown as a
grey, hatched region. The expected event yields for three T5qqqqWW benchmark SUSY models
are represented by open histograms. The lower panel shows the ratio of data to background
prediction. The grey, hatched area indicates the total statistical and systematic uncertainty on
the prediction, while the black error bars correspond to the uncertainty on data.
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Table 5: Summary of the results in the multi-b search.

6 S njet S 8
Lt Hr My jet binName T1tttt 1.5/0.1 T1tttt 1.2/0.8 Predicted background Observed
[GeV ] [GeV]
[250, 350] [500, 750] = LTI, HTO, NB1 <0.01 2.06 = 0.16 68.73 + 11.65 50
=2 LT1, HTO, NB2 0.03 £ 0.01 312 £0.17 39.13 £5.98 41
>3 LT1, HTO, NB3i 0.03 = 0.01 3.57 £0.17 9.70 £ 1.66 16
> 750 = LT1, HTTi, NBT 022 £0.04 0.62 £0.08 56.19 £ 10.71 56
= LT1, HT1i, NB2 0.33 £ 0.04 148 £0.12 40.82 £ 7.55 35
>3 LT1, HT1i, NB3i 0.40 &= 0.04 1.26 £ 0.10 10.52 +2.13 8
[350, 450] [500, 750] = LT2, HTO0, NB1 0.01 £0.00 0.67 £0.09 20.15 £5.05 14
= LT2, HTO, NB2 0.02 £ 0.01 141 +0.12 13.21 4 3.05 15
>3 LT2, HTO0, NB3i 0.04 £ 0.01 1.07 £ 0.09 2.43 £ 0.86 1
> 750 = LT2, HT1i, NB1 0.31 £ 0.05 0.41 £ 0.06 27.68 £7.40 21
= LT2, HT1i, NB2 0.58 £ 0.06 1.37 £0.11 22.48 £5.38 18
>3 LT2, HT1i, NB3i 0.64 + 0.05 1.10 4 0.09 6.83 +2.11 2
[450, 600] [500, 1250] =1 LT3, HT01, NB1 0.24 £+ 0.04 0.54 £ 0.07 9.33 £3.18 12
>2 LT3, HT01, NB2i 0.84 &= 0.07 2.15£0.13 6.01 £ 2.03 4
> 1250 = LT3, HT2i, NBT 0.49 £0.06 0.17 £0.04 0.57 £ 0.60 5
>2 LT3, HT2i, NB2i 1.73 £0.10 0.24 £+ 0.04 0.32 +£0.33 3
> 600 [500, 1250] =1 LT4i, HT01, NB1 0.77 £ 0.07 0.23 £0.05 331 £ 1.64 7
>2 LT4i, HT01, NB2i 297 £0.13 0.58 + 0.07 1.81 +1.29 3
> 1250 = LT4i, HT2i, NB1 1.35 £ 0.10 0.21 £0.05 0.72 £0.51 3
>2 LT4i, HT2i, NB2i 5.84 £0.17 0.92 £ 0.08 1.37 £ 1.08 1
”jef >9
Lt Hr My jet binName T1tttt 1.5/0.1 T1tttt 1.2/0.8 Predicted background Observed
[GeV ] [GeV]
[250, 350] [500, 1250] =1 LTI, HT01, NBT 0.02 £0.01 0.83 £0.10 3.15 £ 0.90 2
= LT1, HT01, NB2 0.03 £ 0.01 213 £0.14 3.09 +0.87 3
> 500 >3 LT1, HTOi, NB3i 0.44 £ 0.04 3.62 £0.16 1.00 + 0.31 2
> 1250 = LT1, HT2i, NBI 0.08 £0.03 0.08 £0.03 1.69 £0.62 1
= LT1, HT2i, NB2 0.21 £ 0.03 0.20 £ 0.04 0.78 +£0.33 0
[350, 450] > 500 =1 LT2, HT0i, NB1 0.21 £0.04 0.81 £0.10 1.83 £ 0.86 2
= LT2, HT0i, NB2 0.37 £ 0.05 1.824+0.13 1.43 +0.53 0
>3 LT2, HTOi, NB3i 0.66 £ 0.05 2.67 £0.14 0.30 £0.15 0
> 450 > 500 =1 LT3i, HT0i, NBI 1.04 £0.08 0.85£0.09 0.60 £0.27 0
>2 LT3i, HT0i, NB2i 717 £0.18 4.67 £ 0.19 1.23 +0.54 2

cross section calculated at next-to-leading order within next-to-leading-logarithmic accuracy,
exclusion limits are set as a function of the (5, m)a)) mass hypothesis.

8 Summary

A search for supersymmetry has been performed with 12.9 fb™! of proton-proton collision data
recorded by the CMS experiment at /s = 13TeV in 2016. The data are analyzed in several
exclusive categories, differing in the number of jets and b-tagged jets, the scalar sum of all
jet transverse momenta, and the scalar sum of the imbalance in transverse momentum and
the transverse momentum of the lepton. The main background is significantly reduced by
requiring a large azimuthal angle between the directions of the lepton and of the reconstructed
W boson pr. No significant excess is observed, and the results are interpreted in terms of two
simplified models that describe gluino pair production.

For a simplified model in which each gluino decays through an off-shell top squark to a tt pair
and the lightest neutralino, gluino masses up to 1.65TeV are excluded for neutralino masses
below 600 GeV. Neutralino masses below 950 GeV can be excluded for a gluino mass of ap-
proximately 1.5TeV. A second simplified model also describes gluino pair production, with
the gluinos decaying to first or second generation quarks and a chargino, which then decays
to a W boson and the lightest neutralino. The chargino mass in this decay chain is taken to be
Mys = 0.5(mg + mﬁ) In this model, gluino masses below 1.6 TeV are excluded for neutralino
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Figure 6: Cross section limits at a 95% CL for (a) the T1tttt model, and (b) the T5qqqqWW
model. For the T5qqqqWW model, the mass of the chargino is taken to be m+ = 0.5(mg +m 0 )
The solid black (dashed red) lines correspond to the observed (expected) mass limits, with
the thicker lines representing the central values and the thinner lines representing the +1c
uncertainty bands related to the theoretical (experimental) uncertainties.
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Table 6: Background prediction and observation in the 0-tag regions, 12.9fb 1

Lt Hr . Expected signal T5SqqqqWW g /1m0 [TeV] Predicted
et | [Gev) Gev] | Bmmame | 15/05) L4/10) . (6/01) background | OPserved
(250, 350] [500,750] | LT1,HT1 |277 + 058068 =+ 0.22 001 £+ 001 575 £ 829 48
! > 750 LT1,HT23 | 058 + 021|017 =+ 0.09 009 £+ 0053738 =+ 6.07 39
(350, 450] [500,750] | LT2,HT1 |1.87 + 048] 088 =+ 0.24 | <0.01 131 £ 3.0 12
o ! > 750 LT2,HT23 | 096 £ 025|021 =+ 0.14 0.18 £ 0.07 1048 £ 235 13
[500,750] | LT3,HT1 |282 £+ 055|132 =+ 0.28 001 £ 001| 764 £ 285 9
> 450 [750,1000] | LT3,HT2 | 0.84 + 027|036 =+ 0.13 014 £ 005| 635 £ 196 5
> 1000 LT3,HT3 | 061 £ 023|012 + 0.07 197 + 046 | 437 + 146 3
(250, 350] [500,750] | LT1,HT1 |539 + 087|153 =+ 0.31 | <0.01 3145 £+ 7.18 29
! > 750 LT1,HT23 | 1.25 + 035|034 =+ 0.16 027 £+ 0073144 + 646 38
& | [350,450] [500,750] | LT2,HT1 [453 + 081|116 =+ 0.28 | <0.01 6.63 £+ 267 4
S ! > 750 LT2,HT23 | 1.75 + 057 | 08 =+ 0.26 034 £+ 008 | 965 £ 241 8
- [500,750] | LT3,HT1 |[4.13 + 077|124 =+ 0.29 | <0.01 282 + 133 5
> 450 [750,1000] | LT3,HT2 |3.18 £+ 075| 09 =+ 0.28 024 £+ 006 | 359 =+ 124 3
> 1000 LT3,HT3 | 264 + 063|107 =+ 029 433 + 057 | 387 £ 141 4
(250, 350] [500,750] | LT1,HT1 |1.11 + 035|027 =+ 0.15 | <0.01 232 £+ 122 2
! > 750 LT1,HT23 | 1.17 £ 036|048 =+ 0.18 004 £+ 002 | 454 £ 1.69 5
o [500,750] | LT2,HT1 | 0.87 + 028]025 =+ 0.16 | <0.01 068 £ 048 0
Al | 1350,450] > 750 LT2,HT23 | 1.8 + 051|036 =+ 0.15 012 £+ 005 167 £ 07 2
> 450 [500,1000] | LT3,HT1 |1.82 + 053|057 + 021 002 £ 001 057 £ 04 1
- > 1000 LT3,HT23 | 347 + 097|073 £+ 023 219 £+ 055 | 08 =+ 045 1

masses below 500 GeV. Neutralino masses below 850 GeV can be excluded for a gluino mass
of approximately 1.3 TeV. These results extend the limits obtained from the dataset recorded in

2015 by up to 200 GeV.
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