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Abstract

An inclusive search for supersymmetric processes that produce final states with jets
and missing transverse momentum is performed in pp collisions at a centre-of-mass
energy of 13 TeV. A dimensionless kinematic variable, at, is used to discriminate be-
tween events with genuine and misreconstructed missing transverse momentum. A
data sample corresponding to an integrated luminosity of 2.2 fb~!, recorded by the
CMS experiment at the LHC, is analysed. The observed signal candidate event counts
are found to be in agreement with the expected contributions from standard model
processes and the result is interpreted in the mass parameter space of supersymmetric
simplified models.
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1 Introduction

Supersymmetry (SUSY) [1-8] provides a complete, renormalisable extension to the Standard
Model that can provide a solution to the hierarchy problem of the SM Higgs boson [9, 10] pro-
viding SUSY is realised at the TeV scale. Further, the assumption of R-parity conservation [11]
has important consequences for collider phenomenology and cosmology. Supersymmetric par-
ticles (sparticles) such as gluinos and squarks are expected to be produced in pairs at the LHC
and promptly decay to the lightest stable supersymmetric particle (LSP), which is generally
assumed to be a weakly interacting, massive neutralino and a dark matter candidate. The char-
acteristic signature of SUSY production at the LHC is a final state of multijets accompanied by
significant missing transverse momentum, ﬁ%“iss.

The new energy frontier of the LHC during Run 2 provides a unique opportunity to search for
the characteristic signatures of TeV-scale sparticles. This Physics Analysis Summary presents
an inclusive search for the pair production of massive coloured sparticles in hadronic final
states with two or more energetic jets and missing transverse momentum, performed in pp
collisions at a centre-of-mass energy /s = 13TeV. The analysed data sample corresponds to
an integrated luminosity of 2.2 + 0.1 fb~* [12] collected by the Compact Muon Solenoid (CMS)
experiment. Previous iterations of this search have been performed in pp collisions at both
/s =7 [13-15] and 8 TeV [16].

The search strategy is based around two key aspects in order to achieve a robust, inclusive
search capable of exploiting the potential of the new LHC energy frontier under the challeng-
ing conditions of new beam and detector configurations early in Run 2. First, multiple tight
selection criteria are employed to suppress multijet production, a manifestation of quantum
chromodynamics (QCD), to a negligible level relative to all other SM background processes.
Second, the experimental acceptance to a potential signal is maximised through the use of trig-
ger conditions that maintain the same low thresholds employed during Run 1.

The strategy is built around the use of the kinematic variable a1 [13, 17], which provides pow-
erful discrimination against multijet production. The at variable is constructed from jet-based
quantities to provide robust discriminating power between sources of genuine and misrecon-
structed missing transverse momentum, making it suitable for early searches operating at new
energy and luminosity frontiers. The at variable is utilised as part of the trigger conditions,
providing high performance in terms of maintaining low thresholds for a given trigger band-
width. Further variables are also employed to discriminate against multijet production and
suppress this background process to a negligible level. The A¢y ;. [13] variable exploits az-
imuthal angular information and also provides strong rejection power against multijet events,
including rare energetic events in which neutrinos carry a significant fraction of a jet’s energy
due to semileptonic decays of heavy-flavour mesons.

The search is based on an examination of the number of reconstructed jets per event, the
number of these jets identified as originating from bottom quarks, and the scalar and vector
sums of transverse momenta of these jets. These discriminating variables provide sensitivity
to the different production mechanisms of massive coloured sparticles at hadron colliders (i.e.
squark-squark, squark-gluino, and gluino-gluino), third-generation squark signatures, and a
large range of mass splittings between the parent sparticle and the LSP, respectively. Inter-
pretations of the result are provided in the parameter space of simplified models [18-20] that
represent the pair production of gluinos and their subsequent prompt decays to four quarks
and two LSPs via off-shell squarks of light or heavy flavour, as illustrated in Fig. 1.
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Figure 1: Representations of simplified models comprising the pair production of gluinos and
prompt three-body decays to g9 X? (left) and bb )A(? (right) via an off-shell light-flavour or bottom
squark, respectively.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are 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 end-
cap sections. Forward calorimeters extend the pseudorapidity [21] coverage provided by the
barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded in the
steel flux-return yoke outside the solenoid. The missing transverse momentum vector FUss is
defined as the projection on the plane perpendicular to the beams of the negative vector sum
of the momenta of all reconstructed particles in an event. Its magnitude is referred to as EMs.
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. [21].

3 Signal candidate event selection

The event reconstruction and selection criteria described below are explained in more detail
in Ref. [16]. In order to suppress SM processes with genuine EF*S from neutrinos and select
only multijet final states, events containing an isolated electron [22] or muon [23] with pr >
10 GeV or isolated photon [24] with pt > 25GeV are vetoed. Furthermore, events containing an
isolated track with pr > 10 GeV are also vetoed in order to reduce the background contribution
from final states containing hadronically-decaying tau leptons.

Jets are reconstructed using the particle-flow (PF) reconstruction algorithm [25, 26] and clus-
tered by the anti-kt algorithm [27] with a size parameter of 0.4. The jet energies are corrected
to account for the effects of pileup and to establish a uniform relative response in # and a cal-
ibrated absolute response in transverse momentum pr [28]. Jets considered in the analysis are
required to have a transverse energy above 40 GeV and || < 3. The mass scale of the physics
processes being probed is characterised by the scalar sum of the transverse momenta pr of
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these jets, defined as Hr = ), { pr’, where Njet is the number of jets within the experimental
acceptance. The estimator for EJ"* is given by the magnitude of the vector sum of the trans-
. . - Niet —iji . .
verse momenta of these jets, defined by H™ss = |y 5X|. Events are vetoed if rare, spurious
signals are identified in the calorimeters [29, 30] or if any additional jet satisfies pt > 40 GeV

and |57| > 3, in order to maintain the performance of the variable HIU® as an estimator of EsS,

Significant hadronic activity and E’fT’niss in the event is ensured by requiring Hy > 200GeV
and HM > 130 GeV, respectively. The most energetic jet in the event is required to satisfy



pr > 100 GeV. A requirement on the second most energetic jet is used to categorise the events.
If the jet satisfies pt > 100 GeV, then this category of events is labelled “symmetric” and targets
primarily the topology of pair-produced sparticles. If the second most energetic jet satisfies
40 < pr < 100GeV or pr < 40GeV, then these categories are labelled as an “asymmetric” or
“monojet” topology, respectively. The final two topologies target primarily dark matter and
nearly mass-degenerate SUSY models. Events are further categorised according to the number
of jets per event (1) and the number of reconstructed jets identified as originating from a
b-quark (np,).

A number of beam- and detector-related effects can lead to events with large values of E%ﬁss,
such as beam halo, reconstruction failures, spurious detector noise, or event misreconstruc-
tion due to detector inefficiencies. These events, with large, non-physical values of EITI“SS, are
rejected with high efficiency by applying a range of dedicated vetoes [16, 31].

Table 1: Summary of the selection criteria and categorisation used in the definitions of the
signal and control regions.

Baseline selection:

Jets selection Select jets satisfying pr > 40GeV and || < 3

Forward jet veto Veto events containing jet satisfying pr > 40GeV and |y| > 3

Lepton/photon vetoes  pr > 10, 10, 25GeV for leptons, isolated tracks, photons (respectively) and || < 2.5
Lead jet acceptance pr > 100GeV and || < 2.5

Second jet acceptance pT > 100 GeV (symmetric), 40 < pr < 100 GeV (asymmetric), pr < 40 GeV (monojet)

Energy sums Hr > 200 GeV and HISS > 130 GeV

ET"S cleaning Various filters related to beam and instrumental effects

(1jet,nb) categorisation and Hr binning:

Mjet binning 1 (monojet), 2, 3, 4, >5 (both symmetric and asymmetric)

np binning 0,1,2,>3(np < n]-et)

Hrt (GeV) binning 200, 250, 300, 350, 400, 500, 600, >800 GeV (bins can be merged depending on #jet, 11p,)
Signal region:

QCD suppression at > 0.65 to at > 0.52 (Hy-dependent, for the region Ht < 800 GeV)

QCD suppression Ay > 0.5

QCD suppression HY'SS/EFYsS < 1.25

For events satisfying the baseline selection criteria described above, summarised in Table 1, the
multijet background dominates over all other SM backgrounds. The a1 kinematic variable, first
introduced in Refs. [13, 17], is used to efficiently reject multijet events with transverse energy
mismeasurements while retaining sensitivity to new physics with genuine ETS signatures.
The variable at depends solely on the measurements of the transverse energies and azimuthal
angles of jets and it is intrinsically robust against the presence of jet energy mismeasurements
in multijet systems. For dijet events, the a1 variable is defined as aT = ETjZ / Mt where ETjZ is
the transverse energy of the less-energetic jet, and Mr is the transverse mass of the dijet system.
For a perfectly measured dijet event with Ep)t = Ep)? and jets back-to-back in ¢, and in the limit
in which the momentum of each jet is large compared with its mass, the value of at is 0.5. For
the case of an imbalance in the measured transverse energies of back-to-back jets, at is reduced
to a value smaller than 0.5, which gives the variable its intrinsic robustness. Values significantly
greater than 0.5 are observed when the two jets are not back to back and are recoiling against
significant, genuine EMS. The definition of the at variable can be generalised for events with
two or more jets, as described in Ref. [16].

Multijet events typically populate the region ar < 0.5 and the at distribution is characterised
by a sharp edge at 0.5, beyond which the multijet event yield falls by several orders of magni-
tude. Multijet events with extremely rare but large stochastic fluctuations in the calorimetric
measurements of jet energies can lead to values of at slightly above 0.5. The edge at 0.5 sharp-
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ens with increasing Ht for multijet events, primarily due to a corresponding increase in the
average jet energy and thus an improvement in the jet energy resolution, but also because the
threshold effect of jets below the py threshold contributing significantly to HsS decreases with
increasing Ht. This motivates a Hr-dependent at requirement that varies in the range 0.52-0.65
for the region Ht > 800 GeV.

The A¢},,, variable considers the minimum azimuthal angular separation of a jet and the HMsS
vector derived from all other jets in the event. The A¢. . variable provides powerful dis-
criminating power between final states with genuine EM** and mismeasured QCD multijet
events. The variable is also highly efficient at suppressing any potential contribution from
rare energetic multijet events that yield high jet multiplicities and significant EX* due to high-
multiplicity neutrino production in semileptonic heavy-flavour decays. The neutrinos are typ-
ically collinear with respect to the axis of a jet and carry a significant fraction of the energy. The
requirement A¢; . > 0.5 is sufficient to suppress effectively the multijet background.

For the region Hy < 800 GeV, the requirements on both the a1 and A¢;.. variables are utilised,
whereas for the region Hr > 800 GeV, the necessary control of the QCD multijet background
is achieved solely with the A¢; . requirement. Figure 2 shows the at and A¢y, ;. distributions
observed in data for events that satisfy all other signal region selection criteria plus Hr >
300GeV and Hr > 800GeV, respectively. In the case of the at distribution, the events that
satisfy at < 0.55 must only fulfill the baseline selection criteria defined in Table 1, no HITniSS
requirement is made, and the events are recorded with an unbiased set of trigger Hr conditions.
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Figure 2: (Left) The at distribution observed in data for events that are recorded with unbiased
trigger conditions and satisfy the baseline (full signal region) selection criteria for the region
at < 0.55 (at > 0.55). (Right) The A¢;: . | distribution observed in data for events that satisfy the
full signal region selection criteria and Hr > 800 GeV. The distributions for the QCD multijet
backgrounds are determined from simulation while all other SM backgrounds are estimated
using a y + jets data control sample.

A final dedicated veto is employed to deal with the rare circumstance in which several jets
with transverse energies below the Er thresholds and collinear in ¢ can result in significant
HT"S relative to ET"*%, the latter of which is less sensitive to jet thresholds. This type of back-
ground, typical of multijet events, is suppressed while maintaining high efficiency for SM or
new physics processes with genuine, significant missing transverse momentum by requiring
HmiSS/Emiss <125

T T a9

The aforementioned requirements complete the definition of the signal region. Signal candidate
events are recorded with multiple jet-based trigger conditions that require both Hr and at



to satisfy predetermined thresholds. In addition, a trigger condition based solely on Hr is
used to record candidate events for the region Hy > 800GeV. A dedicated trigger condition
comprising the presence of a jet and significant HT® and ETS is used to record monojet events.
The trigger-level jet energies are corrected to account for energy scale and pileup effects. The
trigger strategy provides efficiencies at or near 100% for all bins of the signal region.

Finally, the search exploits the use of the HI®® variable as a discriminant between the dominant
SM backgrounds and new physics signatures. The Hf"*® templates are derived from simula-
tion that are extensively validated in multiple data control regions and from which systematic
uncertainties are established.

4 Background estimation for QCD multijet production

The signal region is defined such that the expected contribution from multijet events is sup-
pressed to the percent level with respect to the total expected background counts from other
SM processes for all event categories and Hr bins. This is achieved through very tight require-
ments on the variables at, A¢; . , and H%‘iss / E’Tmss, as described above.

Potential contamination from multijet events in the signal region is estimated by exploiting
the ratio of multijet events that satisfy or fail the requirement HXS/EMisS < 1.25. This ra-
tio is determined from simulated events categorised according to nje and Ht and validated
in a multijet-enriched data sideband defined by A¢; . < 0.5. Estimates of the QCD multijet
background counts, binned according to njet and Hr, are determined in a further data side-
band, defined by the requirement H"®/Ef"® > 1.25, by correcting the observed counts in
data to account for contamination from vector boson and tt production (plus residual contri-
butions from other SM processes). The product of the corrected counts and ratios provide an
independent estimate of the QCD multijet contamination as a function of 1t and Hr, with an
assumed systematic uncertainty of 100% based on the validation in the multijet-enriched data
sidebands. The estimates are found to negligible, typically at the percent level, relative to the
sum of all other SM backgrounds in each bin across the full signal region phase space. The
distribution of any residual contamination as a function of 1, and H is determined from
simulation. Finally, data control variables are inspected to provide confidence that any multijet
contamination due to instrumental effects is negligible.

5 Background estimation for SM processes with genuine ETss

In the absence of multijet events, the background counts in the signal region arise from SM
processes with significant ETS in the final state. In events with low counts of jets and b-
quark jets, the largest backgrounds with genuine EXS are from the associated production of
W or Z bosons with jets, followed by either the weak decays Z — vv or W — tv, where
the T decays hadronically and is identified as a jet; or by leptonic decays that are not rejected
by the dedicated electron or muon vetoes. The veto of events containing isolated tracks is
efficient at further suppressing these backgrounds as well as the single-prong hadronic decay
of the tau lepton. At higher jet and b-quark jet multiplicities, top quark production followed
by semileptonic weak top quark decay becomes important.

The production of W and Z bosons in association with jets, tt and y + jets processes are simu-
lated with the MADGRAPH V5 [32] event generator. The production of single-top quark events
is generated with POWHEG [33], and diboson events are produced with PYTHIA 8.1 [34]. For
all simulated samples, PYTHIA 8.1 is used to describe parton showering and hadronisation.
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All samples are generated using the CTEQ6L1 [35] parton distribution functions (PDF). The
description of the detector response is implemented using the GEANT4 [36] package. The
simulated samples are normalised using the most accurate cross section calculations currently
available, usually with next-to-next-to-leading-order (NNLO) accuracy. To model the effects of
pileup, the simulated events are generated with a nominal distribution of pp interactions per
bunch crossing and then reweighted to match the pileup distribution as measured in data.

The method to estimate the non-multijet backgrounds in the signal region relies on the use of
transfer factors, which are constructed per bin (in terms of net, 7,, and Ht) per data control
sample. The transfer factors are determined from the simulated event samples and are ratios of
expected yields in the corresponding bins of the signal region and control samples. The transfer
factors are used to extrapolate from the event yields measured in data control samples to an
expectation for the total background event yields in the signal region.

Three disjoint data control regions, binned identically to the signal region, are used to estimate
the contributions from the various remaining SM background processes. The control regions
are defined by a selection of y + jets, upu + jets, and v + jets events. The selection criteria
are chosen such that the SM processes and their kinematic properties resemble as closely as
possible the SM background behaviour in the signal region once the muon, dimuon system,
or photon are ignored when computing quantities such as Hy, H™ and ay. The baseline
selection criteria and binning definition described in Table 1 are applied to all control samples,
except for the lepton and photon vetoes, which are inverted and tightened to improve purity.
The event selection criteria are defined to also ensure that any potential contamination from
multijet events or a wide variety of SUSY models (i.e. signal contamination) is negligible.

The u + jets sample is recorded using a trigger condition that requires an isolated muon and
the event selection criteria are chosen in order to ensure high trigger efficiency. Furthermore,
the muon is required to be well separated from the jets in the event and the transverse mass
(M) of the muon and ETUS [25, 26] system must satisfy 30 < My < 125GeV to ensure a sample
rich in W bosons (produced promptly or from the decay of top quarks). The yu + jets sample
uses similar selection criteria as the y + jets sample and the same trigger condition. Exactly two
oppositely-charged, isolated muons are required, the muons must be distanced from the jets in
the event, and the invariant mass of the dimuon system must be within a window of £25GeV
around the mass of the Z boson. For both the muon and dimuon samples, no requirement is
made on the variable at in order to increase the statistical precision of the predictions derived
from these samples, in constrast to the identical at requirements made for the signal region and
photon control sample. The <y + jets sample is recorded using a single photon trigger condition.
The event selection criteria comprise an isolated photon with Et > 200 GeV and Ht > 400 GeV.

Three independent estimates of the irreducible background of Z — vv + jets events are deter-
mined from the y + jets, yu + jets, amd u + jets data control samples. The v +jetsand Z — upu
+ jets processes have similar kinematic properties when the photon or muons are ignored [37],
albeit different acceptances. In addition, the y + jets process has a larger production cross sec-
tion than Z — vV + jets events. The u + jets data sample is used to provide an estimate for the
Z — vV + jets contribution as well as the other dominant SM processes, tt and W boson produc-
tion. Residual contributions from processes such as single-top-quark, diboson, and Drell-Yan
production are also included.

The uncertainty in the transfer factors derived from simulation is probed through closure tests
based on data control samples [16]. Each closure test inspects the compatibility of yields in
two disjoint data control samples and a corresponding transfer factor derived from simulation.
A large ensemble of tests are performed to probe the simulation modelling of a range of key



Table 2: Systematic uncertainties (percent) in the estimates of the normalisation of the SM back-
ground components as a function of 7;et, as determined from ensembles of closure tests based
on multiple data control samples. The quoted ranges correspond to the variations determined
across the 7, and Hr bins of a given nje; category. The additional contributions listed at the
foot of the table are added in quadrature to the nj-dependent contributions for each SM back-
ground component.

Mjet Uncertainty (%) in background component
tt, W+jets, residual SM Z — vV +jets

“Monojet”:

1 9-36 9-36

“Asymmetric”:

2 11-105 9-46

3 12-86 12-78

4 16-52 1343

>5 19-47 27-73

“Symmetric”:

2 7-34 11-30

3 9-31 13-44

4 13-36 8-34

>5 15-22 17-28

Additional contributions:

ar (Hp < 800GeV) 10-27 10-27

A¢y .. (Hr > 800GeV) 22 22

b-quark identification <5 <5

physics effects that may lead to potential biases in the transfer factors [16]. For the analysed
data sample, the closure tests reveal no significant biases or dependencies on njet or Ht for
all individual tests. Systematic uncertainties in the transfer factors are typically determined
from ensembles of closure tests, which can be considered as “normalisation” uncertainties for
a given component of background events categorised according to Mjet, My, and Ht. Table 2
summarises typical values for the systematic uncertainties in experimental acceptance effects
for the dominant SM background components. These uncertainties are assumed to be fully
uncorrelated for events catogorised differently in njet, 11, and Ht. The uncertainties associated
with extrapolations in the a1 and A¢;, variables, and the simulation modelling of the effi-
ciency and mistag rates for identifying jets originating from b quarks or light-flavour partons
are also listed, which are assumed to be fully correlated across the 1, dimension only.

Templates derived from simulation are used to predict the background counts in the HMsS
dimension. Multiple data control regions are used to evaluate the degree to which the simu-
lation describes the HITmiSS distributions observed in data, and to assign appropriate systematic
uncertainties that can be in excess of > 100% in the most sensitive H™S bins. Independent
systematic uncertainties in the templates for the Z — vV + jets background and the W + jets
and tt backgrounds are treated as fully uncorrelated across ne; and 1, categories and Hr bins,
and with respect to the “normalisation” systematic uncertainties summarised in Table 2.
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6 Resulis

A likelihood model of the observations in all data samples is used to obtain a consistent pre-
diction of the SM backgrounds and to test for the presence of a variety of signal models. In
each bin of Hr for events in the same category of et and 1y, the observation is modelled as
a Poisson-distributed variable around the sum of the SM expectation and a potential signal
contribution (assumed to be zero in the following discussion). The SM expectation is related
to the expected yields in the p + jets, uu + jets, and -y + jets control samples via transfer factors
derived from simulation. Likelihood functions describe the yields in the Ht bins of the y + jets,
pp + jets, and -y + jets control samples in the same category of 7. and 7y, as the signal region.
The systematic uncertainties summarised in Table 2 are accommodated in the likelihood func-
tion by nuisance parameters, the measurements of which are assumed to follow a log-normal
distribution. In the presence of a non-zero signal contribution, the CLs technique [38, 39] is
used to determine upper limits on production cross section using asymptotic formulae.

The expected number of events from SM processes is determined from a simultaneous fit to the
signal region and up to three control samples. The likelihood function is maximised over all fit
parameters under the SM-only hypothesis. Tables 3-5 summarise the observed yields and “pre-
fit” and “post-fit” SM expectations for signal candidate events in the monojet, asymmetric, and
symmetric categories, respectively. No significant tension is observed between the predictions
and data in the signal region, which is well described by the SM-only hypothesis.

Table 3: Observed data counts and “post-fit” background expectations based on the result of a
combined fit to the signal region and multiple control regions under the SM-only hypothesis for
the monojet event category. The rows labelled SM “pre-fit” show the background expectations
when excluding the signal region from the fit. The uncertainties include statistical as well as
systematic contributions.

Hry (Gev)
(Hjet, 1) 200-250 250-300 300-350 350-400 400-500 500-600 600-800  800-c0
Data @, 0) 11433 3758 1375 635 47 115 9 =
SMpost-fit  (1,0) 11410941154 375274679 136804357 62734227 44244223 1157495 491466 -
SM pre-fit (1,00 10615545551 36067 +3344 13154+103.0 53944726 4050+51.6 11864229 495+19.1 -
Data 1,1 410 139 51 25 23 5 - -
SMpost-fit  (1,1) 41594173 1402 £ 102 51.6 £ 6.0 232444 198432 44415 - -

SM pre-fit 1,1 436.1+39.9 143.6 £22.9 529+11.9 19.8+6.2 169+4.1 39+23 - -




Table 4: Observed data counts and “post-fit” background expectations based on the result of a
combined fit to the signal region and multiple control regions under the SM-only hypothesis
for the “asymmetric” event categories. The rows labelled SM “pre-fit” show the background
expectations when excluding the signal region from the fit. The uncertainties include statistical
as well as systematic contributions.

Hry (GeV)
(jet, 1p) 200-250 250-300 300-350 350-400 400-500 500-600 600-800 800-00
Data (2a,0) 4831 1396 512 214 131 24 16 -
SM post-fit (2a,0) 4834.3 +89.3 1398.3 £48.5 51224226 210.6 +£13.8 130.3+9.1 275+42 161+32 -
SM pre-fit (2a, 0) 46343 +533.6 14129+113.8 5153 +£552 193.1+374 13244205 327+83 163+6.6 -
Data (2a,1) 431 124 44 15 7 4 - -
SM post-fit (2a,1) 421.4+18.1 1254 +£9.0 425+42 169428 9.6 +1.5 35+1.1 - -
SM pre-fit (2a,1) 372.5+48.7 126.5+12.3 41.8+59 179+43 106 +2.3 36t1.6 - -
Data (2a,2) 26 10 2 1 0 - - -
SM post-fit (2a,2) 243+3.1 59+12 43+1.1 14405 0.6+04 - - -
SM pre-fit (2a,2) 219+41 48+14 50+1.3 14407 0.7+04 - - -
Data (3a, 0) 1271 1336 647 218 90 15 9 -
SM post-fit (3a,0) 1271.0+34.2 1313.0+31.7 6422 +£265 222.0+£18.7 91.1£9.0 152+3.8 8.8+£29 -
SM pre-fit (3a,0) 11879 £165.2 1159.24+103.7 58224728 220.6+33.7 94.9 +£20.0 16.3 +6.6 85+£54 -
Data (3a,1) 256 226 123 50 12 1 1 -
SM post-fit (3a,1) 2509 +14.1 238.6 +12.3 1164 +85 409+48 11.14+19 1.9+0.6 1.1+0.7 -
SM pre-fit (3a, 1) 217.7 £ 32.0 248.4+24.3 98.4 +15.6 323+6.0 10.7 £ 2.6 21+0.8 1.1+1.0 -
Data (3a,2) 45 45 20 9 1 0 - -
SM post-fit (3a,2) 42.8+5.1 43.5+4.0 224+3.0 95+17 1.3+04 03+£0.2 - -
SM pre-fit (3a,2) 382+69 411455 23.0+4.6 9.1+22 144+0.6 04+0.3 - -
Data (3a, > 3) 3 1 1 - - - - -
SM post-fit (3a, > 3) 1.1+05 1.24+0.6 05+04 - - - - -
SM pre-fit (3a, > 3) 0.5+0.5 1.1+0.6 02+04 - - - - -
Data (4a, 0) 3 139 319 211 105 15 2 -
SM post-fit (4a, 0) 21+08 1355+11.3 316.0+149 2119+144 1048+94 137+32 21406 -
SM pre-fit (4a, 0) 1.8+0.8 119.1 £21.6 285.6+353 204.1+30.7 102.7+22.0 125+41 22+08 -
Data (4a,1) 1 47 151 81 45 3 0 -
SM post-fit (4a,1) 09+04 40.6 £4.8 136.1 £10.0 76.0+7.3 41.7+5.0 33+1.0 05+0.2 -
SM pre-fit (4a,1) 09+04 31.0£7.0 1054 +£14.2 66.7 £12.8 381+£75 33+£1.0 0.5£0.2 -
Data (4a,2) 0 10 36 22 6 0 0 -
SM post-fit (4a,2) 02+0.2 10.8 £2.0 359+44 23.0+29 87+14 0.5+0.3 0.1+0.1 -
SM pre-fit (4a,2) 0.1+0.2 109+24 334+52 225+54 95+23 05+0.2 0.1+0.1 -
Data (4a, > 3) - 0 0 2 2 - - -
SM post-fit (4a, > 3) - 0.6£0.5 22+£09 1.3+0.6 14+0.7 - - -
SM pre-fit (4a, > 3) - 0.6+0.6 29+£13 1.0+0.7 12+0.7 - - -
Data (> 5a,0) - 1 30 79 91 19 3 -
SM post-fit (> 5a,0) - 1.1+15 289+45 80.7+7.7 90.6 + 8.2 182+41 44+14 -
SM pre-fit (> 5a,0) - 0.0+3.4 265+79 80.0 +16.4 86.4+139 178+76 68+19 -
Data (> 5a,1) - 0 19 47 58 10 0 -
SM post-fit (>5a,1) - 0.7+0.5 18.3+£3.2 421454 55.8£5.5 11.3+24 21+£08 -
SM pre-fit (>5a,1) - 0.8+1.1 17.1+4.8 320+74 50.4+10.5 129+44 33+08 -
Data (> 5a,2) - 0 9 22 23 4 1 -
SM post-fit (> 5a,2) - 0.0+0.0 59+1.6 20.5+3.6 21.2+3.5 45+12 09+04 -
SM pre-fit (> 5a,2) - 0.0£0.0 40£17 17.7+£5.0 189+47 48+2.1 1.3+04 -
Data (>5a, >3) - - 0 2 3 0 - -
SM post-fit (> 5a, > 3) - - 04+0.3 1.7+0.8 33+1.0 04+04 - -
SM pre-fit (> 5a, > 3) - - 02+0.5 1.3+1.1 33+15 04+04 - -
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Table 5: Observed data counts and “post-fit” background expectations based on the result of a
combined fit to the signal region and multiple control regions under the SM-only hypothesis
for the “symmetric” event categories. The rows labelled SM “pre-fit” show the background
expectations when excluding the signal region from the fit. The uncertainties include statistical
as well as systematic contributions.

Hr (GeV)

(Hjet, 1) 200-250 250-300 300-350 350-400 400-500 500-600 600-800 800-00
Data @,0) 968 997 657 398 301 110 56 19
SM post-fit ,0) 969.9+£512 99644362 6568+251 39554187 31234164 10734106 531462 472464
SM pre-fit @,0) 9439+1342 9384+1484 62794860 34144613 32914384 10524243 438+122 4444114
Data 2,1 111 100 65 37 35 5 4 2
SM post-fit @1 1042+95 87.1+8.1 549460  334+44 264428 81+16 42412 34409
SM pre-fit 1) 8094160  579+111  408+73  268+57 241437 95427 40+14  37+13
Data ,2) 7 4 2 3 3 0 0 -
SM post-fit 2,2 46+18 27412 30+13 15407 14404 10405 02402 -
SM pre-fit 2,2 11423 08+19 34420 07408 11405 13408 02402 -
Data 3,0) 2 176 505 491 547 185 90 72
SM post-fit 3,0) 14414 1758+133 50434265 48484205 54134240 189.0+£153 89.9+82  71.047.2
SM pre-fit 3,0) 0.0+24 17364262 4918+63.6 42194586 49924651 1954+368 8954237 68.0+116
Data G,1) - 38 90 100 76 30 15 10
SM post-fit G,1) - 381441 820474 937470  793+68 273436 152428  96+16
SM pre-fit 3,1) - 379463  705+111 8124119 7924116  264+59  153+41 92420
Data 3,2 - 10 10 10 13 5 1 1
SM post-fit 3,2) - 69+15 153423 158 +2.1 120+18 36407 08403 10403
SM pre-fit 3,2 - 59+17 175432 164430 113422 34410 08403 09403
Data 3,>3) - 0 - - 1 - - -
SM post-fit (3, > 3) - 01402 - - 05+02 - - -
SMpre-fit  (3,>3) - 0.0+03 - - 04+02 - - -
Data “,0) - - 60 148 308 157 104 60
SM post-fit @, 0) - - 574475 14954143 30914165 15694124 1022496 56.6+62
SM pre-fit @, 0) - - 488+141 1631+657 301.0+469 15584363 965+19.1 528+113
Data 1) - - 12 72 101 31 15 9
SM post-fit 1) - - 153427  715+85 945476  342+43  181+26 113418
SM pre-fit @ 1) - - 199463 6714190 8464117 369483  184+43 116425
Data “,2) - - 6 24 34 11 6 2
SM post-fit “,2) - - 46+15 216+38  335+38 81+16 31406 21405
SM pre-fit “,2) - - 36420 172458 319450 73421 28407 21406
Data @4, >3) - - 0 3 0 1 0 0
SM post-fit (4, > 3) - - 02403 21409 12406 07+03 01401 0.140.0
SMpre-fit (4, > 3) - - 00404 15+1.1 15408 0.6+04 00401 0.040.0
Data (>5,0) - - - 7 89 84 75 59
SM post-fit (> 5,0) - - - 103+26  881+9.1 813482 744470 583466
SMpre-fit (> 5,0) - - - 153459  861+131 7814200 71.0+144 462+128
Data (>5,1) - - - 4 4 39 31 21
SMpost-fit (> 5,1) - - - 30+1.0 433450 389446  278+32 200433
SMopre-fit  (>5,1) - - - 25415 441480 389487 253456 158435
Data (>5,2) - - - 0 2 12 7 12
SM post-fit (> 5,2) - - - 14+08 201432  146+23 77412  66+13
SMpre-fit  (>5,2) - - - 21+13 18.8 £ 4.1 154438  76+19  46+12
Data (>5,>3) - - - - 0 1 0 3
SM post-fit (> 5, > 3) - - - - 07+05 12405 13404 11404
SMpre-fit (> 5, > 3) - - - - 0.7+0.7 12407 14405 08403
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7 Interpretation

The results of this search are interpreted in terms of upper limits in the production cross section
as a function of the parent sparticle and LSP mass for simplified models [18-20] that represent
the pair production of gluinos and their subsequent decays to four quarks and two LSPs. The
event samples for the simplified models are generated with MADGRAPH V5 [32]. Inclusive,
process-dependent, NLO calculations of SUSY production cross sections, with next-to-leading-
logarithmic (NLL) corrections, are obtained with the program PROSPINO [40-45]. The samples
are generated using the CTEQ6L1 [35] PDFs. The distribution of the number of pp interac-
tions per bunch crossing for the simulated samples matches that observed in data. Various
uncertainties in the experimental acceptance are considered, for which typical magnitudes are
summarised in Table 6.

Table 6: Typical magnitudes of systematic uncertainties in the experimental acceptance for the
signal models considered.

Systematic source Type Correlated  Typical magnitude (%)
Luminosity Normalisation Yes 4.6

Monte Carlo statistics Norm. + shape No 1-50

Initial state radiation Norm. + shape Yes 0-30

Jet energy scale Norm. + shape Yes 3-10

Pile-up Norm. + shape Yes 0-5

Trigger Norm. + shape Yes 0-10

Parton density functions  Normalisation No 10

b-tag scale factors Norm. + shape Yes 5-30

Lepton scale factors Normalisation Yes <5

Figure 3 shows for two categories in njet and 1, at high Hr that are expected to provide good
sensitivity to gluino models the distribution of the data observations as a function of the H}"
variable, the expected distribution for the sum of all SM background processes, and the ex-
pected distribution for an example benchmark signal model.

Figure 4 shows the observed upper limit on the production cross section at 95% confidence
level (CL) as a function of the gluino and LSP masses for a range of simplified models as-
suming pair production of gluinos. The observed excluded regions are determined for gluino
pair production assuming decoupled squarks. Also shown are the observed excluded regions
when varying the production cross section by its theoretical uncertainty, and the expected ex-
cluded region with the 1 standard-deviation (¢) variations. The search places stringent limits
in the mass parameter space, with observed exclusions in gluino and LSP masses as high as
~1550 GeV and ~950 GeV, respectively.
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Figure 3: The HIss distribution observed in data and the expected distribution for the sum of
all SM background processes in two representative event categories at high Ht. The expected
distribution for an example benchmark model with a large (small) mass splitting between the
gluino and LSP is also shown in the left (right) figure.
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Figure 4: Observed upper limit in cross section at 95% CL (indicated by the colour scale) for

simplified models that assume the pair production of gluinos, as a function of the gluino and
XY masses for gluino three-body decays to bbx" (left) and ggx" (right). The black solid thick
(thin) line indicates the observed mass exclusion region assuming the nominal (+1c theory
uncertainty) production cross section. The red dashed thick (thin) line indicates the median
(£10 experimental uncertainty) expected exclusion.
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8 Summary

An inclusive search for supersymmetry with the CMS experiment is reported, based on a data
sample of pp collisions collected at /s = 13TeV, corresponding to an integrated luminosity
of 224+ 0.1fb™'. Final states with jets and significant EMiss, as expected from the production
and decay of massive squarks and gluinos, have been analysed. The signal region is binned
according to the number of reconstructed jets, the scalar and vector sums of the transverse mo-
mentum of jets, and the number of jets identified to originate from bottom quarks. The sum
of standard model backgrounds per bin has been estimated from a simultaneous binned likeli-
hood fit to event yields in the signal region and control samples. The observed yields in the sig-
nal region are found to be in agreement with the expected contributions from standard model
processes. Limits are determined in the mass parameter space of simplified models of gluino
pair-production assuming decoupled squarks. The excluded mass parameter space extends
significantly beyond that set by previous searches at /s = 8 TeV, with observed exclusions in
gluino and LSP masses as high as ~1550 GeV and ~950 GeV, respectively.
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