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Abstract

Results are reported from a search for supersymmetric particles in proton-proton col-
lisions in the final state with a single lepton; multiple jets, including at least one b-
tagged jet; and large missing transverse momentum. The search uses a sample of
proton-proton collision data at /s = 13 TeV recorded by the CMS experiment at the
LHC, corresponding to an integrated luminosity of 35.9fb™!. The observed event
yields in the signal regions are consistent with those expected from standard model
backgrounds. The results are interpreted in the context of simplified models of su-
persymmetry involving gluino pair production, with gluino decay into either on- or
off-mass-shell top squarks. Assuming that the top squarks decay into a top quark
plus a stable, weakly interacting neutralino, scenarios with gluino masses up to about
1.9 TeV are excluded at 95% confidence level for neutralino masses up to about 1 TeV.
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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) [249]. 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™",
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, p2sS, the
missing momentum in the direction transverse to the beam. A large value of piss = |pmiss|
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 /s = 7 and 8 TeV [10-13] and at /s = 13 TeV [14H16]. The present analysis, which
introduces extended binning and other improvements, is based largely on methodologies de-
scribed in detail in Ref. [15], 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 [17-22] 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 [23-28]. This stabilization can be achieved in so-called natural SUSY mod-
els [29H33]], in which several of the SUSY partners are constrained to be light [32]: the top
squarks, t; and tg, which have the same electroweak couplings as the left- (L) and right- (R)
handed top quarks, respectively; the bottom squark with L-handed couplings (by); the gluino
(8); and the higgsinos (H). This search targets gluino pair production, which has a relatively
large cross section for a given mass, with gluino decay g — ttx). This process can arise from
g — tt, where the lighter top squark mass eigenstate t; is produced either on or off mass shell.
The symbol XV 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 [34,35] in which the X! is the lightest supersymmetric particle (LSP), the x is stable and
can, in principle, account for some or all of the astrophysical dark matter [36-38]]. The scenario
with off-mass-shell top squarks is denoted as T1tttt [39] in simplified model scenarios [40-42].
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 [43] at leading-order, with par-
ton distribution functions taken from NNPDF 3.0 [44]. Details on the simulated SM background
samples, including other processes with smaller contributions (single top quark, tt+bosons, di-
boson, and tttt production) are given in Ref. [15]. The detector simulation is performed with
GEANT4 [45]. Simulated event samples for SUSY signal models are used to determine the se-
lection efficiency for signal events. 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 [46].

Two T1tttt benchmark models are used to illustrate typical signal behavior. The T1tttt(1800,100)



model, which we refer to as a noncompressed-spectrum model (NC), has m(g) = 1800GeV,
m(x?) = 100GeV, and a cross section of 2.8fb, and corresponds to a scenario with a large
gluino-neutralino mass splitting. The T1tttt(1400,1000) model, with m(g) = 1400 GeV, m(x}) =
1000 GeV, and a cross section of 25 fb, corresponds to a scenario with a small gluino-neutralino
mass splitting and is referred to as a compressed-spectrum model (C).

The data were recorded with the CMS detector [47], which is constructed around a supercon-
ducting solenoid of 6 m diameter, providing a magnetic field of 3.8T. Within the solenoid
volume are the charged particle tracking systems, composed of silicon-pixel and silicon-strip
detectors, and the calorimeter systems, consisting of a lead tungstate crystal electromagnetic
calorimeter (ECAL) and a brass and scintillator hadron calorimeter. Muons are identified and
measured by gas-ionization detectors embedded in the magnetic flux-return yoke outside the
solenoid. Events were selected using several triggers [48] that require either large pTis or a sin-
gle lepton (an electron or a muon), with and without significant hadronic activity. The trigger

efficiency is measured in data for our analysis requirements to be nearly 100%.

Event reconstruction proceeds from particles identified by the particle-flow (PF) algorithm [49),
50], which uses information from the tracker, calorimeters, and muon systems to identify PF
candidates as electrons, muons, charged or neutral hadrons, or photons. Electrons are recon-
structed by associating a charged-particle track with ECAL superclusters [51]. The resulting
candidate electrons are required to have transverse momentum pr > 20GeV and pseudora-
pidity |n| < 2.5, and to satisfy identification criteria designed to reject light-parton jets and
photon conversions. Muons are reconstructed by associating tracks in the muon system with
those found in the silicon tracker [52]. Muon candidates are required to satisfy pr > 20 GeV and
|7 < 2.4. To select leptons from W boson decays, leptons are required to be isolated from other
PF candidates. Isolation is quantified using an optimized version [15] of the mini-isolation
variable originally suggested in Ref. [53], in which the transverse energy of the particles within
a cone around the lepton momentum vector is computed using a cone size that decreases as
1/ pf}, where p% is the transverse momentum of the lepton.

To suppress dilepton backgrounds, we veto events that contain a broader category of candi-
dates for the second lepton, referred to as veto tracks. These include two categories of charged-
particle tracks: isolated leptons satisfying looser identification criteria than lepton candidates,
including a relaxed momentum requirement, pr > 10GeV, and isolated charged-hadron PF
candidates, which must satisfy pr > 15GeV and || < 2.5. In either case, 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 [54, 55] M2 (¢, pf, P™%) < 80GeV and hadronic veto tracks must satisfy
M (P ¢ pr, ﬁ%‘iss) < 60 GeV, where v refers to the veto track.

Charged and neutral PF candidates are clustered into jets using the anti-kt algorithm [56] with
radius parameter R = 0.4, as implemented in the FASTJET package [57]. Jets are required to
satisfy pr > 30GeV and || < 2.4. Additional details and references are given in Ref. [15] on
the pr- and 7-dependent jet energy calibration [58], the jet identification requirements, and the
subtraction of the energy contribution to the jet pr from multiple proton-proton interactions
from the same or neighboring beam crossings (pileup) [59]. A subset of the jets are tagged as
originating from b quarks using the combined secondary vertex algorithm [60, 61].

We further cluster the jets with R = 0.4 (small-R jets), including those associated with isolated
leptons, into R = 1.4 (large-R) jets using the anti-kt algorithm. The masses, m(];), of the large-
R jets reflect the pt spectrum and multiplicity of the clustered objects, as well as their angular
spread. The variable M; is defined as the sum of all large-R jet masses: Mj=Y; _jarge-R jets 7 (Ji)-



For tt events with a small contribution from initial-state radiation (ISR), the M; distribution
has an approximate cutoff at 2m;. In contrast, the M; distribution for signal events extends to
larger values because of the presence of multiple top quarks in the decay chain. The presence of
a significant amount of ISR generates a high-M; tail in the tt background, producing the main
source of background in the analysis.

The missing transverse momentum, 1", is defined as the negative vector sum of the trans-

verse momenta of all PF candidates. To separate backgrounds characterized by the presence
of a single W boson decaying leptonically, but without any other source of pis, we use the

transverse mass mr = V2pLpiss[1 — cos(Ag, pmiss )], where Ady 5mis is the difference between

the azimuthal angles of p{ and piss. The quantity Hr is defined as the scalar sum of the trans-
verse momenta of all the small-R jets passing the selection, while St = Hr + p%.

We select events with exactly one isolated charged lepton (an electron or a muon), no veto
tracks, St > 500GeV, p%‘iss > 200GeV, 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
background arises from tt 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 tt 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 M;-mr plane: three control regions (CR)
and one signal region (SR):

e R1(CR): mr < 140 GeV, 250 < M < 400 GeV,
e R2 (CR): myr < 140 GeV, M; > 400 GeV,
e R3(CR): mr > 140 GeV, 250 < M; < 400 GeV,
e R4 (SR): my > 140 GeV, M; > 400 GeV.

Regions R2 and R4, which have high Mj, are divided into bins of pITniSS, the number of small-R
jets (Njets), and the number of b-tagged jets (Ny,) as follows:

e three piiss bins: 200 < pMiss < 350 GeV, 350 < piiss < 500 GeV, piss > 500 GeV,
e two Z\]jets bins: 6 < I\ljets <38, I\]jets > 9,
e three N, bins: N, =1, N, =2, N, > 3,

giving a total of 18 bins each. Backgrounds with a single W boson decaying leptonically are
strongly suppressed by the requirement mt > 140GeV, so the background in R3 and R4 is
dominated by dilepton tt events. Approximately half of the dilepton background events in
R4 contain a missed electron or muon, and the other half contain a hadronically decaying
lepton. Given that the main background processes have two or fewer b quarks, the total SM
contribution to the N, > 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 N, > 2.

The method for predicting the background yields takes advantage of the near absence of corre-
lation between the M; and mT variables in R1-R4, which is a consequence of the high jet multi-
plicity, prT“iss, and St requirements applied in the baseline selection [15]. To satisfy these require-
ments, background events must typically contain additional jets from ISR. Even though the
background at low mr arises largely from single-lepton tt events, while the background at high
mr is dominated by dilepton tt events, the shapes of the M; distributions at low and high m
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 yglzg =K ,u;lgg y;ﬁg/ ,uzlig.

Here, « is a near-unity correction factor obtained from MC simulation of the total background
that accounts for a residual m1-M; correlation:
MCbkg , MC bkg
K — Hra / Hro (1)
~ MCbkg , MCbkg"
Prs /Hri
This constraint is imposed by relating the expected yields in R1-R4 to three parameters: an

overall background normalization A and two ratios R(mr) and R(M;), where the expected
background yields are given by y%g = A, ‘ug;g = AR(Mj), y?{l;g = AR(mt), and ygig =

KA R(M]) R(WZT)

We perform two types of maximum likelihood fits, which are described in detail in Ref. [15].
The predictive fit uses the observed yields in R1-R3, assuming no signal contribution, to prop-
agate the uncertainties to A, R(Mj), and R(mrt). 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,
Njets, and N, 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 x. Discrepancies between the value of x predicted by simulation
and the true value of x 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 x, 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 p™* 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 pss. This small event category can
have a « 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, x 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 x for each p7"'** bin. These uncertainties are
taken to be fully correlated over the Njes and Ny, bins.

The dilepton control sample is used to test the degree of similarity between the M; 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
charged veto track. The usual R3 and R4 regions are replaced by dilepton events, and the
quantity x is measured in bins of Njets. As in the 5-jets control sample, the values of ¥ measured
in data are found to be consistent with those observed in simulation, and uncertainties are
assigned in a similar way. The uncertainties are treated as independent across Njes bins but
fully correlated across Ny, and pT"*® bins. The uncertainties from the dilepton and 5-jet control
samples are treated as uncorrelated. Studies of a broad range of potential mismodeling effects
in simulation show that all such effects would be evident in these control samples.



Table 1: Observed event yields and mean background yields from the predictive fit in the
18 bins of the signal region R4. Each bin is specified by the values of p%‘iss, Njets, and Ny,
The uncertainties in ¥ include both a statistical component from the size of the MC samples
and a systematic component assessed from the data control samples. The uncertainty in the
predicted event yield includes both of these and the statistical uncertainties associated with the
data control regions. Yields for the two T1tttt benchmark models NC and C are also given.

Niets Ny NC C K Pred. Obs.
200 < p*® < 350 GeV

68 1 04 19 12402 85+14 106
68 2 06 30 12402 551493 75
68 >3 0.6 22 15402 164430 16
>9 1 02 16 10402 65+15 11
>9 2 03 21 12403 76+19 11
>9 >3 04 31 14+03 23+07 2
350 < pT < 500 GeV
68 1 07 11 10+03 174+66 25
68 2 09 13 11404 137453 10
68 >3 08 09 13404 38+16 1
>9 1 03 10 11+04 13+06 2
>9 2 05 11 08+03 16+08 2
>9 >3 07 21 12+05 06+04 0
PSS > 500 GeV
68 1 25 06 10+03 19+15 8
68 2 36 10 10+04 09407 4
68 >3 32 04 15406 04+04 1
>9 1 10 07 10+04 02+02 2
>9 2 18 12 10+04 01+01 0
>9 >3 23 17 31+15 01+01 0

Systematic uncertainties in the expected signal yields account for uncertainties in the trigger,
lepton identification, jet identification, and b tagging efficiencies in simulated data; uncertain-
ties in the distributions of p™i, number of pileup vertices, and ISR jet multiplicity; and uncer-
tainties in the jet energy corrections, QCD scales, and integrated luminosity [62]. The combined
effect of all signal-related uncertainties is typically about 25%.

Table|1}lists the observed event yields in region R4 in data, together with the mean background
yields from the predictive fit and the expected signal yields from two benchmark model points.
The uncertainties in the predicted background yields include the statistical uncertainties on the
event yields in R1-R4 in data, the statistical uncertainties in the x values arising from the finite
size of simulated event samples, and the systematic uncertainties in « as assessed from the data
control samples. The observed yields are consistent with the background predictions in all of
the 18 signal bins within 2 standard deviations (s.d.), with most of the 18 bins consistent within
1 s.d. The R4 bins with pTs5 > 500 GeV show an underprediction of the background with
respect to the observed yields. However, accounting for the correlations arising from the use of
a single, integrated yield in R3 across bins in Njets and Nj,, the significance of the discrepancy
in these six bins in R4 is only 1.9 s.d., mostly due to the bins with N}, = 1.

To simplify the reinterpretation of the results in terms of other theoretical models, we provide
predicted mean background yields for four aggregated search bins, shown in Table 2| The
aggregate bins are defined such that at least one bin will provide sensitivity to most of the



Table 2: Observed event yields and mean background yields from the predictive fit in four ag-
gregate search bins. In all four cases, the predicted yields refer to the signal region R4 with the
standard mt > 140 GeV and M; > 400 GeV requirements applied in addition to the baseline se-
lection. Unlike the finely binned approach, where all 18 background predictions are computed
simultaneously, the four aggregate bin predictions are computed separately. The aggregate
bins overlap, causing their background predictions to be highly correlated. Yields for the two
T1tttt benchmark models NC and C are also given.

pr** [GeV] Nits Ny NC C K Pred. Obs.
>200 >9 >3 34 69 14+£03 31408 2
>350 >9 >2 53 62 10+04 27+£12 2
>500 >6 >3 54 21 17406 05+04 1
>500 >9 >1 51 36 12404 04+£04 2

models for which the finely binned analysis has sensitivity. Since the aggregate bins overlap,
they are intended to be used one at a time, unlike the 18 nonoverlapping signal bins, which
are considered simultaneously in the fit. The choice of the best aggregate bin will depend
on the properties of the model under consideration. Each prediction includes all sources of
uncertainty.

Figure (1| compares the shapes of the M; distributions observed in data in the single-lepton
sample for my < 140GeV and mt > 140GeV. In the absence of signal, the shapes of the
distributions at low and high mt should be consistent, as observed. The lower—p%1iSS region
shows the background behavior with higher statistics, while the higher-pTss region has higher
sensitivity to the signal.

Figure 2| shows an interpretation of the results as exclusion limits at 95% confidence level (CL)
for T1tttt and T5tttt. The limits are obtained using the CLs method with a profile-likelihood
ratio as the test statistic, using asymptotic approximations for the distribution of the test statis-
tic [63-65]. The color map shows the cross section upper limits as a function of m(g) and m(x?)
for T1tttt, assuming a 100% branching fraction for the decay g — ttx!. The T1tttt model points
below the dark solid curve, which extend up to gluino masses of about 1.9 TeV for neutralino
masses up to 1 TeV, have a theoretical cross section above the observed cross section upper limit
and are thus excluded by this analysis.

Model points below the light solid curve are excluded at 95% CL for the T5tttt model, where
it is assumed that the top squark mass is 175 GeV above the neutralino mass, a limiting case in
terms of sensitivity to the decay kinematics. For most of the excluded region, the boundaries
for T1tttt and T5tttt are very similar, indicating only a weak overall sensitivity to the value of
the top squark mass. At low values of m(x?}) in T5tttt, the sensitivity is reduced because the
neutralino carries very little momentum; however, some sensitivity is still provided by dilepton
events that escape the lepton veto [15]. For both the T1tttt and T5tttt models, expected limits
are computed using the background-only hypothesis, with nuisance parameters assuming their
best fit values from the observed data. All limits are computed using results from the global fit.

In 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 luminosity of 35.9 fb ! at /s = 13 TeV. The signature is characterized by large miss-
ing 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 g — ttx" (T1tttt model), gluinos
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Figure 1: Distributions of M; observed in data for 200 < piiss < 350GeV (left) and piss >
350 GeV (right) with the baseline selection and either mt < 140 GeV or mt > 140 GeV. In each
plot, the data at low mt have been normalized to the yield observed at high m. The vertical
dashed lines at M; = 250 GeV and 400 GeV show the boundaries separating the control and
signal regions. The data are integrated over Njets > 6‘and Ny > 2. Two SUSY benchmark
models, whose contributions are small in the lower pf"** region, are shown in the solid and
dashed red histograms. Overflow events are included in the uppermost bins.

with masses below 1.9 TeV are excluded at 95% confidence level for neutralino masses up to
about 1TeV. For the two-body gluino decay g§ — t;t with t; — tx? (T5tttt model), the results
are generally similar, except at low neutralino masses, where the excluded gluino mass is some-
what lower. These results extend previous gluino mass limits by about 300 GeV and are among
the most stringent constraints on these simplified models of SUSY to date.
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