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Abstract

A search is presented for supersymmetry in all-hadronic events with missing trans-
verse momentum and tagged top quarks. The data sample was collected with the
CMS detector at the LHC and corresponds to an integrated luminosity of 35.9 fb−1

of proton-proton collisions at a center-of-mass energy of 13 TeV. Search regions are
defined using the multiplicity of bottom and top quark candidates, the presence of
an imbalance in transverse momentum, and the hadronic energy in the event. With
no statistically significant excess of events observed beyond the expected contribu-
tions from the standard model, we set exclusion limits at the 95% confidence level on
the masses of new particles in the context of simplified models of direct and gluino-
mediated top squark production. For direct top squark production with decays to a
top quark and a neutralino, top squark masses up to 1020 GeV and neutralino masses
up to 430 GeV are excluded. Gluino masses up to 2040 GeV and neutralino masses
up to 1150 GeV are excluded for models of gluino pair production where each gluino
decays to a top-antitop quark pair and a neutralino.
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1 Introduction
The discovery of the standard model (SM) Higgs boson [1–3] at the CERN LHC [4] has been
the most groundbreaking work of the LHC to date. However, its mass of 125 GeV [5] can only
be explained with the SM with large fine tuning in the quantum loop corrections of the Higgs
boson mass. The most popular model which contains an explanation for the Higgs boson
mass to be finite and stable, without fine tuning, is the proposed expansion of the Poincaré
symmetries of the SM to include additional “fermionic” symmetries, called supersymmetry
(SUSY) [6–14]. The consequences of these new symmetries is a superpartner (“sparticle”) for
each SM particle with the same quantum numbers except for spin, which differs by a half-
integer. SUSY explains why the Higgs boson mass is at the electroweak scale because the
contributions from each SM particle to the Higgs-mass loop corrections is canceled by their
superpartner. As no superpartners have been observed with masses equal to their SM partners,
supersymmetry must be a broken symmetry at some level. In this scenario, the finite Higgs
boson mass is maintained, but the precept of naturalness would suggest that the scale of new
physics which cancels the quadratically divergent Higgs boson mass terms must be of the order
of the mass itself. In particular, the masses of the top squark and gluino (the superpartner of the
gluon) must not be significantly heavier than the Higgs boson mass to maintain the naturalness
of SUSY. This motivates searches for the top squarks and gluinos with masses around the TeV
scale as an important indicator of “natural” SUSY models which explain the Higgs boson mass
and characteristic scale of SUSY with minimal fine tuning [15].

Motivated by the above argument, we perform a search for top squarks, produced either di-
rectly or through gluino decays. The top squarks then decay to a stable neutralino χ̃0

1, which is
assumed to be the LSP, and a SM quark, the latter of which can further decay. Depending on the
mass of the top squark and the mixing angles in the decays, most or all of the top squarks will
decay to top quarks. Additionally, depending on whether the top squarks are pair produced
or produced through gluino decays, there can be between two and four top quarks in the final
state. Based upon this, a novel algorithm to identify multiple hadronically-decaying top quarks
over a wide range of pT is employed to enhance the sensitivity to models with top quarks in
the decay chain. This algorithm uses three separate top quark decay topologies (in order of
increasing Lorentz boost): three distinct jets with no more than one b jet, two distinct jets rep-
resenting the W boson and the b quark, or a fully merged case in which the otherwise distinct
jets are identified by the jet clustering algorithm as a single jet. This allows it to maintain high
efficiency over a wide range of top quark pT.

This search is performed using a sample of multijet events with a large imbalance in trans-
verse momentum (pT) collected by the CMS experiment in 2016 and corresponding to an inte-
grated luminosity of 35.9 fb−1 of proton-proton collisions at a center-of-mass energy of 13 TeV.
Searches for top squarks and gluinos have already been performed at the LHC using a sample
of proton-proton collisions at

√
s = 13 TeV collected during 2015, corresponding to 2–3 fb−1,

and no evidence for beyond-the-SM physics has been found. Lower limits have been placed on
the top squark, gluino and LSP masses within simplified models of SUSY (SMS) [16–20]. For
models of direct top squark production, where each top squark decays to a top quark and a χ̃0

1,
top squark masses up to 830 GeV and χ̃0

1 masses up to 300 GeV have been excluded [21–24]. For
models of gluino pair production, where each gluino decays to ttχ̃0

1 via an off-shell top squark,
gluino masses up to 1760 GeV and χ̃0

1 masses up to 950 GeV have been excluded [22, 23, 25–30].

Events are selected that contain large missing transverse momentum (Emiss
T ), at least four jets,

at least one jet identified as originating from the hadronization of a b quark (“b jet”), at least
one identified top quark decay, and no identified leptons. Exclusive search regions are defined
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using several event properties, including the number of identified b jets Nb, the number of top
quark candidates Nt, the missing transverse momentum Emiss

T , the sum of hadronic jet pT HT,
and the stranverse mass calculated using reconstructed top quarks MT2. With this selection,
the predominant source of SM background originates either from top-antitop quark pair (tt)
production or from W+jets production. Specifically events in which leptonic W boson decay
yields both a high-momentum neutrino, which generates true missing transverse momentum,
and a charged lepton that is not identified or reconstructed or out-of-acceptance. Events in
which a Z boson, produced in association with jets, decays to neutrinos (Z→ νν) also provide
a significant contribution to the SM background. Quantum chromodynamics (QCD) multijet
events can also contribute when mismeasurement of jet pT creates large missing transverse
momentum. Additional small background sources include single top quark production, vector
boson production, and tt events with a Z boson.

2 The CMS detector
The CMS detector is built around a superconducting solenoid of 6 m internal diameter, provid-
ing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a
lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron
calorimeter (HCAL). The tracking detectors cover |η| < 2.5. The ECAL and HCAL, each com-
posed of a barrel and two endcap sections, extend over a pseudorapidity range |η| < 3.0.
Forward calorimeters on each side of the interaction point encompass 3.0 < |η| < 5.2. Muons
are identified and measured within |η| < 2.4 by gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid. The first level of the CMS trigger system, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to se-
lect the most interesting events in a fixed time interval of less than 4 µs. The high-level trigger
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. [31].

3 Event reconstruction and simulation
Events are reconstructed using the particle-flow (PF) algorithm [32, 33], which reconstructs
charged hadrons, neutral hadrons, photons, muons, and electrons using information from all
subdetectors. The negative vector sum of the transverse momentum of all particles recon-
structed in the event is denoted by ~pmiss

T and the missing transverse momentum Emiss
T is its

magnitude. All photons and neutral hadrons in an event, together with charged particles that
originate from the primary interaction, are clustered into jets using the anti-kT clustering algo-
rithm with size parameter 0.4 (AK4) [34]. Neutral particles from overlapping pp interactions
(“pileup”) and particles from the underlying event are subtracted on an event-by-event basis
using the FASTJET technique [35, 36]. The energy and momentum of each jet is corrected using
factors derived from simulation, and for jets in data, an additional residual energy-momentum
correction is applied to account for differences in the jet energy-momentum scales [37] between
simulation and data. Only jets with pT > 30 GeV and |η| < 2.4 (tight) or |η| < 5 (loose) are
used in this search. The scalar sum of the transverse momenta of the jets (within |η| < 2.4) is
denoted by HT.

For this analysis, a tight jet (|η| < 2.4) is considered a b quark jet (b-tagged) if it passes the
medium operating point requirements of the “Combined Secondary Vertex” (CSVv2) method [38,
39]. The b quark identification efficiency ranges 60–70% for jet pT 20–400 GeV. The probabil-
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ity of a jet originating from a light quark or gluon to be misidentified as a b quark jet is 1.4%,
averaged over pT in tt events [39].

In addition to AK4 jets discussed above, jets clustered using the anti-kT algorithm with size
parameter 0.8 (AK8) are also used for top quark reconstruction and identification, as discussed
below in Section 4.1. Inputs to the “fat” AK8 jet reconstruction are provided by the event
reconstruction approach called “pileup per particle identification” (PUPPI) [40], which uses
local shape information, event pileup properties, and tracking information to reduce the effect
of pileup on reconstructed jets.

To obtain a sample of all-hadronic events, events with isolated electrons and muons are ve-
toed. Muons are reconstructed by matching tracks in the muon detectors to compatible track
segments in the silicon tracker, and are required to have pT > 10 GeV and be within |η| < 2.4.
Electron candidates are reconstructed starting from a cluster of energy deposited in the ECAL
that is then matched to a track in the silicon tracker. Electron candidates are required to have
pT > 10 GeV and satisfy |η| < 1.44 or 1.56 < |η| < 2.5 to avoid the transition region between
the ECAL barrel and endcap. Muon and electron candidates are required to originate within
2 mm of the beam axis in the transverse plane. The isolation of electron and muon candidates
is defined as the ∑ pT of PF candidates in a cone of radius ∆R =

√
(∆η)2 + (∆φ)2 around the

candidate’s trajectory. The cone size ranges from 0.05 to 0.2 depending on the lepton pT. The
isolation sum is corrected for contributions originating from pileup interactions using an es-
timate of the pileup energy in the cone. Electron and muon candidates are considered to be
isolated if their relative isolation, i.e. the ratio of the isolation sum to the candidate pT, is less
than 0.1 and 0.2, respectively.

In order to further reduce the contribution from background events with low-pT leptons orig-
inating from leptonic W boson decays, an additional veto on the presence of isolated tracks
is applied. This veto reduces the overall background from leptonic W boson decays by about
40%. These tracks are required to have pT > 5 GeV, |η| < 2.5, and relative track isolation
less than 0.2. This is the same as the relative isolation described above except that it is com-
puted only with charged PF candidates within a fixed cone of ∆R = 0.3 around the track. In
order to preserve signal efficiency, events are vetoed only when the transverse mass (MT) of
the isolated track-Emiss

T system is less than 100 GeV to be consistent with W boson decay. The
transverse mass is defined as

MT(track,~pmiss
T ) =

√
2 · ptrack

T · Emiss
T · (1− cos ∆φ) , (1)

where ptrack
T is the track pT and ∆φ is the azimuthal separation between the isolated track and

~pmiss
T .

Following the veto on the presence of isolated electrons and muons, a significant fraction of
the remaining SM background originates from events with hadronically-decaying τ leptons
(τh). In order to reduce this background contribution, a veto is placed on the presence of iso-
lated charged hadron PF candidates in the tracker volume with pT > 10 GeV that are consis-
tent with τh decays. The τh candidate-Emiss

T system is also required to have a transverse mass
MT(τh,~pmiss

T ) < 100 GeV. Candidates satisfying the selection on MT(τh, Emiss
T ) are categorized

as being isolated if their relative track isolation is less than 0.1.

Monte Carlo (MC) simulated event samples are used to study the properties of the SM back-
ground processes as well as the signal models. The MADGRAPH5 AMC@NLO v2.2.2 genera-
tor [41] is used in leading-order (LO) mode to simulate events originating from various pro-
cesses including tt production, W+jets with W → `ν decays, Z+jets with Z → νν decays,
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Drell–Yan (DY)+jets, QCD multijet, gluino pair production, and top squark pair production.
The generation of these processes is based on LO parton distribution functions (PDFs) us-
ing NNPDF3.0 [42]. Single top quark events produced in the tW channel are generated with
the next-to-leading-order (NLO) POWHEG v1.0 [43–46] generator. Rare SM processes, such as
ttZ and ttW, are generated at NLO accuracy with the MADGRAPH5 AMC@NLO v2.2.2 pro-
gram. Both single top quark production and rare SM processes are generated using NLO
NNPDF3.0 PDFs. Parton showering and hadronization is simulated with PYTHIA v8.205 [47]
using underlying-event tune CUETP8M1 [48].

The CMS detector response is simulated using a GEANT4-based model [49] for SM background
processes and a dedicated fast simulation package [50] for signal processes, where a large num-
ber of signal model scenarios are needed. The fast simulation is tuned to provide results that are
consistent with those obtained from the full GEANT4-based simulation. Event reconstruction
is performed in the same manner as for collision data.

The signal production cross sections are calculated using NLO plus next-to-leading-logarithm
(NLL) calculations [51]. The most precise available cross section calculations are used to nor-
malize the SM simulated samples, corresponding to NLO or next-to-NLO accuracy in most
cases [41, 52–58].

The simulation is corrected to account for discrepancies between data and simulation in the
lepton selection efficiency and the b tagging efficiency. The uncertainties corresponding to
these corrections are propagated to the predicted SM yields in the search regions. Differences
in the efficiencies for selecting isolated electrons and muons are measured in Z → `` events.
Correction factors and their uncertainties for the b tagging efficiency are derived using multijet-
and tt-enriched event samples and are parametrized by the jet kinematics [39].

4 Analysis description
This analysis is designed for maximum sensitivity to models with top quarks in the decay
chains of SUSY particles. For direct top squark pair production, we consider one decay scenario
within the SMS framework, denoted by “T2tt”, in which each t̃ decays via a top quark: t̃→ tχ̃0

1,
in which χ̃0

1 is the LSP. We also consider a model of gluino-mediated top squark production,
denoted by “T1tttt”, where the gluino decays to top quarks via an off-shell top squark: g̃ →
ttχ̃0

1. This model is complementary to the direct top squark production because it provides
sensitivity to scenarios containing a gluino which is kinematically accessible but the top squark
is too heavy to be produced directly.

Another scenario, denoted by “T5ttcc”, features on-shell top squarks in the decay chain with
a mass difference between top squark and LSP assumed to be ∆m(̃t, χ̃0

1) = 20 GeV. For this
model, the gluino decays to a top quark and a top squark, g̃ → t̃t, and the top squark decays
to a charm quark and an LSP, t̃ → cχ̃0

1. This model again serves as a complement to the direct
search by providing sensitivity to very light top squarks, which would not decay to on-shell
top quarks.

These scenarios, which are illustrated in Fig. 1, share similar final states, containing two neu-
tralinos and up to four top quarks. Since the χ̃0

1 is stable and only interacts weakly, it does not
produce a signal in the detector. Therefore, Emiss

T is one of the most important discriminators
between signal and SM background, especially for models with large mass differences between
the top squark or gluino and the χ̃0

1. Since top quarks decay almost exclusively to a b quark
and a W boson, each hadronically decaying top quark can result in up to three identified jets,
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Figure 1: Diagrams representing the simplified models of direct and gluino-mediated top
squark production considered in this study: the T2tt model (top left) with top squark decay
via a top quark, and the T1tttt model (top right) where the gluino decays to top quarks and the
LSP via an off-shell top squark, and the T5ttcc model (bottom) where the gluino decays to an
on-shell top squark, which decays to a charm quark and the LSP.

depending on the top quark pT and jet size.

4.1 Top quark reconstruction

As a central feature of the analysis, the top quark tagging algorithm is designed to give the
best possible efficiency over the full range of top quark pT seen in the signal models of in-
terest. Traditional top quark tagging algorithms [59, 60] generally focus solely on identifying
top quark decays which are boosted into a single large jet cone. A popular jet reconstruction
algorithm uses jets clustered with the AK8 algorithm along with subjet information from the
AK8 jet. These top quark tagging algorithms are very effective in the pT range where the top
quark boost is sufficiently high so that all three decay products are collimated into a single jet.
However, at low top quark pT (< 400 GeV) a much larger cone must be used to capture the
decay products of the top quark. Another approach to reconstruction of top quarks with low
pT is a “resolved” tagging algorithm that combines individual jets reconstructed with the AK4
algorithm. To get the best efficiency over a wide range of top quark pT, this analysis uses a
combination of both types of algorithms. In addition, we also consider the top quarks where
the decay products of the W boson are contained within an AK8 jet. To fully reconstruct the
hadronically decaying top quark, the AK8 jet corresponding to the W boson is combined with
an AK4 jet satisfying additional top quark mass and cone size requirements.

To identify high-pT top quarks, AK8 jets with jet pT larger than 400 GeV are used. The mass of
the jet is corrected with the soft-drop method [61, 62], using angular exponent β = 0, soft cutoff
threshold zcut < 0.1, and characteristic radius R0 = 0.8. The soft-drop algorithm reclusters the
AK8 jet into subjets, using the Cambridge-Aachen algorithm [63, 64], to remove soft radiation
which can bias the jet mass. To be considered as a top candidate this soft-drop mass must fall
within the range of 105 to 210 GeV. In addition, the N-subjettiness variables τN [65] are used
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to determine how consistent the jet is with having a given number of subjets. The requirement
placed here is that τ3/τ2 < 0.65. Full details on this algorithm can be found in Ref. [59]. To
avoid overlap between these top-tagged AK8 jets (also denoted “monojet”) and the AK4 jets
that are used to reconstruct fully resolved (“trijet”) or partially merged (“dijet”) top quarks, all
AK4 jets matched to the top-tagged AK8 jet are removed from the list of AK4 jets used in the
reconstruction of the dijet and trijet categories. An AK4 jet is considered matched when it is
within ∆R < 0.4 of one of the soft-drop subjets of the tagged AK8 jet.

For the category of top quark decays where the two decay products of the W boson are merged
into a single AK8 jet, we use similar techniques to identify the W jet. We require an AK8 jet to
have pT > 200 GeV and soft-drop corrected mass between 65 and 100 GeV. In order for the jet to
be consistent with having two subjets, we require τ2/τ1 < 0.6. This W jet can then be combined
with an AK4 jet with pT > 30 GeV to form a top quark candidate. A valid top quark candidate
for this dijet category should have a mass between 100 and 250 GeV, both jets should fall inside
a cone of ∆R < 1 of the sum-pT vector, and the ratio of the soft-drop corrected mass of the W
jet to the top quark candidate mass should be between 0.85(mW/mt) and 1.25(mW/mt), where
mW = 80.385 GeV and mt = 173.5 GeV. If more than one valid combination can be made using
the same jet, the combination with total mass closest to the top quark mass is chosen. All AK4
jets corresponding to top candidates of this type are removed from the list that is passed along
to the resolved top tagging algorithm. These AK4 jets are either AK4 jets matched to the soft-
drop subjets of the W-tagged AK8 jet, or the AK4 jet that is combined with the W jet to form
the top candidate.

In the resolved algorithm, trijet combinations of AK4 jets with |η| < 5.0 are used as candidates
for top quark decays. Although this approach allows the reconstruction of top quark decays
with much lower pT, the method suffers from large combinatorial background from additional
jets in the event. To address this two techniques are employed. The first is to limit the number
of combinations which can be made. This is accomplished by requiring the individual jets to
satisfy pT > 30 GeV, the three jets to lie within a cone of ∆R < 1.5, and that there be no more
than one b-tagged jet in the candidate. The second technique uses a random forest decision
tree [66] to discriminate between top-like combinations and background. A random forest de-
cision tree is constructed from an ensemble of traditional decision trees which are each trained
on a different subset of the total training data. The individual trees are further differentiated
from each other by limiting the number of variables which are considered at any branch node
of the tree to a random subset of the total variables equal to the square root of the total number
of variables. The final discriminator is then the mean decision from the entire ensemble. The
random forest algorithm is used because it is resilient against overfitting while still maintaining
good separation power because the individual trees can be kept much deeper than traditional
decision trees.

The random forest is trained using a sample of 100 000 semi-leptonic tt and 70 000 Z → νν
simulated events. Signal events are defined from the tt simulation as any trijet combination for
which all three jets are matched to the simulated generator-level top quark decay products with
a cone of ∆R < 0.4 and whose overall momentum vector is matched to the generator-level top
quark with a cone of ∆R < 0.6. This strict matching ensures that no background contaminates
the signal sample. The background combinations are taken from both the tt sample and the
Z → νν sample from any trijet combination which has no jets matched to the generator-level
top quark decay products. It is possible that there is more than one background combination
in each event and all are used in the training.

The variables considered by the random forest algorithm include the mass of the trijet system,
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Figure 2: The tagging efficiency of the top quark tagger as a function of the generator-level
hadronically decaying top quark pT. The efficiencies of the monojet (red boxes), dijet (magenta
upper-triangles), and trijet (green lower-triangles) categories are shown together with the ef-
ficiency of their combination (blue circles). The efficiency is computed using the T2tt signal
model with mt̃ = 850 GeV and mχ̃0

1
= 100 GeV, and it is similar for tt events. The vertical bars

depict the statistical uncertainty.

the mass of each dijet combination, the angular separation and momentum of the jets in the
trijet rest frame, the b tagging discriminator value for each jet, and the quark-gluon discrimi-
nator [67] value for each jet. To keep the random forest from overtraining on the pT of the top
candidate, special measures were taken to remove the candidate pT and correlated variables.
The signal and background events were weighted to flatten the pT spectrum, and the kinematic
variables in the lab frame were replaced with their equivalent variables in the rest frame of the
trijet system. The jets are sorted by their momentum in the rest frame, because the leading mo-
mentum jet is most likely to originate from a b quark while the lowest momentum jet is almost
never the b-tagged jet.

The list of resolved top quark candidates is obtained by selecting all trijet candidates with
random forest discriminator value above 0.85. If any trijet combinations share one or more
AK4 jets, the combination with the largest discriminator value is chosen, and the others are
discarded.

The final list of all tagged top quarks encompasses the non-overlapping candidates from all
three reconstruction techniques. The total efficiency of the top quark tagging algorithm, includ-
ing a breakdown into the different categories, is shown in Fig. 2. The efficiency is measured
using a T2tt(850, 100) signal sample based on the number of generator-level top quarks that
are matched to a reconstructed top quark candidate divided by the total number of generator-
level top quarks that decay hadronically. The matching between the generator-level top quarks
and the reconstructed top quarks requires that the overall reconstructed top is matched to the
generator-level top quark within ∆R < 0.4. The fake rate is measured in Z→ νν MC requiring
no electrons or muons with pT > 10 GeV, Emiss

T > 250 GeV, at least four jets, and at least one b
tagged jet and is found to be 20% on average.



8 5 Background estimation

4.2 Event selection

Events in the search regions are collected with a trigger that applies a lower threshold of
100 GeV on Emiss

T in coincidence with a threshold of 100 GeV on the magnitude of the vector
sum of all jet transverse momenta Hmiss

T . This trigger is fully efficient at selecting events satis-
fying Emiss

T > 250 GeV at the full event reconstruction level.

All events must pass filters designed to remove detector- and beam-related noise. All jets con-
sidered in this analysis are required to have pT > 30 GeV, and must pass a set of jet identifica-
tion criteria as described in Ref. [68]. The minimum number of such jets with |η| < 2.4 in an
event must be Nj ≥ 4, with the leading two jets required to have pT > 50 GeV. Events must
satisfy Emiss

T > 250 GeV and HT > 300 GeV. A requirement on the angle between ~pmiss
T and

the first three leading jets, ∆φ(~pmiss
T , j1,2,3) > 0.5, 0.5, 0.3, is applied to reduce the number of

events from QCD multijet processes. High-Emiss
T QCD multijet events are usually the result of

an undermeasurement of the pT of one of the leading jets, which results in ~pmiss
T being aligned

with that jet and ∆φ(~pmiss
T , j1,2,3) being small. The undermeasurement can occur because of

detector effects or, in the case of semileptonic b or c quark decays, because a neutrino carries
away unmeasured energy. Finally, requirements that Nt ≥ 1, Nb ≥ 1, and MT2 > 200 GeV are
applied, defining the analysis preselection.

The MT2 variable [22, 69, 70] is designed to estimate the transverse mass of pair produced heavy
particles, here gluinos or top squarks, which both decay to both visible and invisible particles.
The MT2 variable has a kinematic upper limit at the mass of the heavy particle produced. If the
top quarks originate from pair production of top squarks, this limit will be much higher than if
they originate from SM tt production. If they originate from gluino decays there is no kinematic
upper limit; however, the large Emiss

T and high top quark pT leads to large MT2 values for these
models separating them from tt production. In the case that there are two tagged top quarks,
MT2 is calculated using the pair of tagged top quarks and Emiss

T . In case there are more than
two tagged top candidates in the event, we compute MT2 for all combinations and choose the
smallest MT2 value. If there is only one top candidate identified by the top tagging algorithm,
we reconstruct a proxy for the other top quark by using the b-tagged jet as a seed. If no b-tagged
jet is found, because the required b-tagged jet may be part of the reconstructed top quark, the
highest pT jet is used instead. The seed jet is combined with another AK4 jet if the combination
has an invariant mass between 50 and 220 GeV and both jets are within ∆R = 1.5 of each other.
In this case, MT2 is calculated from the tagged top quark, the top quark proxy (either single
seed jet, or seed jet combined with an extra jet), and Emiss

T .

The search region is divided into 84 non-overlapping regions in terms of Nt, Nb, Emiss
T , HT, and

MT2. Search regions with Nb ≤ 2 and Nt ≤ 2 use Emiss
T and MT2 as other binning dimensions,

whereas bins with Nb ≥ 3 or Nt ≥ 3 use Emiss
T and HT, as can be seen in Fig. 3.

5 Background estimation
The largest source of SM background comes from tt, W+jets, and single top quark events with
a leptonic W boson decay. These events account for about 75% integrated over all search bins.
Leptonic events can pass the lepton vetoes in the event selection in two ways. If the W bo-
son decays to a τ lepton that decays hadronically, this τ lepton is reconstructed as a jet. If,
on the other hand, the W boson decays to an electron or muon, events can survive when the
electron or muon is “lost”, i.e., is not isolated, not identified/reconstructed, or out of the de-
tector acceptance. These two sources of the background are often referred to as the hadronic-τ
and lost-lepton backgrounds. The remaining SM background contributions originate from the
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Figure 3: Search region definitions for bin numbers 0–83. The highest Emiss
T and MT2/HT bins

are open-ended, e.g., bin 20 requires Emiss
T > 750 GeV and MT2 > 750 GeV.
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Z → νν +jets, which has genuine Emiss
T , QCD multijet, which can have substantial Emiss

T from
jet mismeasurements, and rare processes such as ttZ. The following sections will briefly dis-
cuss each of the background estimation methods, focusing on the differences w.r.t. the methods
used in Ref. [22].

5.1 Background from leptonic W boson decays

The contribution to the background from leptonic W boson decays is determined from a data
control sample (CS) that consists mainly of tt events. Events in this CS are collected using the
same triggers as used for the signal region and must pass the preselection requirements, apart
from the lepton (muon or electron) veto which is replaced by the requirement that there be
exactly one identified and isolated muon or election candidate satisfying the lepton selection
used in lepton vetoes. The isolated track veto is removed from the CS requirements as well.
To reduce possible signal contamination in this CS, only events with mT less than 100 GeV are
considered, with mT reconstructed from the lepton (muon or electron) pT and Emiss

T .

The predicted number of background events with leptonic W boson decays from tt, W+jets,
and single top processes contributing to each search region bin is calculated as the sum over
the events in the corresponding single-lepton CS in data multiplied by a translation factor. The
translation factor is calculated for each search bin as the ratio of the number of simulated lost-
lepton and hadronic-τ events in the search region bin to the number of simulated single muon
or electron events in the corresponding CS bin. In order to measure the translation factor as
close to data as possible, the simulated events are corrected for the modeling of the initial state
radiation (ISR) jet spectrum, the b tagging efficiency scale factor and differences in the muon
and electron identification and isolation cut efficiency between data and simulation.

The translation factor method is validated using an orthogonal data control sample selected
by requiring Nt = 0. Additionally, Nb ≥ 2 and ∆φ(~pmiss

T , j1,2,3,4) > 0.5 are required to re-
duce the Z → νν and/or the QCD contributions. This control sample is dominated by events
from leptonic top quark decays. The background yield from leptonic W boson decays from tt,
W+jets, and single top is estimated using the translation factor method. Simulated event yields
are used for all other processes. Fig. 4 shows that the predictions from the translation factor
method agree well with observed data within statistical uncertainties across the entire Emiss

T
spectrum.

The main systematic uncertainty in this background prediction is the statistical uncertainty
in the translation factors. This uncertainty ranges between 1% and 40%. The following sys-
tematic uncertainties are also included: uncertainty in the lepton reconstruction and isolation
efficiency (effect on prediction is between 7% and 43%), jet and Emiss

T energy scale and reso-
lution uncertainties (up to 64%), uncertainties in the modeling of the ISR jet spectrum (up to
13%), uncertainties in the PDFs (up to 32%), and b tagging efficiency scale factor uncertainties
(1%).

The lost-lepton component of this background is also estimated using a complementary method
described in Ref. [22], which uses the same sample of single electron or muon events. In this
approach, the lost-lepton background is estimated using factors that convert the number of
events in the CS to the number of lost-lepton events due to isolation, reconstruction and iden-
tification, and acceptance criteria. These factors are determined from isolation and reconstruc-
tion efficiencies, as well as the acceptance, which are obtained for each search region bin using
simulated tt, W+jets, and single top quark events. The lost-lepton background yields obtained
with this approach are consistent with those from the translation factors within uncertainties.
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Figure 4: Validation of the translation factor method in the control sample selected by requiring
Nt = 0 and Nb ≥ 2 from the muon channel (left) and electron channel (right). The black
points are observed data. The light blue histogram shows the prediction from tt, W+jets, and
single top events using the translation factor method. All other backgrounds come directly
from simulated event yields. The shaded area includes only statistical uncertainties in the
background estimate.

5.2 Background from Z → νν events

The Z → νν background is estimated using simulated events which are corrected for differ-
ences observed between data and simulation in a dimuon control sample. The dimuon con-
trol sample is selected using events with two opposite charge muons with pT > 50(20) GeV
requirement for the leading(sub-leading) muon and an invariant mass between 81 GeV and
101 GeV. The events are then reconstructed as if the muons were neutrinos to simulate Z→ νν
events.

The first set of correction factors adjusts for differences between the Nj distribution in data and
simulation. This correction is derived in a loose control sample with the same requirements on
∆φ(~pmiss

T , j1,2,3), HT, and Nt as the signal region, but with Emiss
T > 100 GeV and no requirement

on Nb. The correction factor is derived as a function of Nj by taking the ratio of data, with non-
DY backgrounds subtracted, to the DY simulation. These correction factors are then applied to
the Z → νν simulation as weights based upon Nj in each event. The second correction factor
adjusts the overall normalization between data and simulation. It is derived in a tight selection
which matches the signal selection, except the muon and isolated track vetos are replaced with
the dimuon selection and the Nb requirement is removed. This correction factor is derived by
taking the ratio of the total number of events in data, with non-DY backgrounds subtracted, to
that in the DY simulation.

The primary sources of systematic uncertainty for the Z → νν background estimation are de-
rived from the residual shape differences observed between data and simulation in the loose
dimuon control sample as a function of the search region binning variables Emiss

T , MT2, HT,
Nb, and Nt. This comparison between data and simulation can be seen for Nb and Emiss

T in
Fig. 5. The shift in the central value between data and simulation leads to an uncertainty vary-
ing between 14% and 44% depending on the analysis bin. The statistical uncertainty on the
Nj shape correction using the loose control sample (1% to 46%) and the overall normalization
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Figure 5: The Nb (left) and Emiss
T (right) distributions from data and simulation in the loose

Z → µµ control region, after applying the SDY(Nj) scale factor to the simulation. The lower
panels show the ratio between data and simulation. Only statistical uncertainties are shown.
The values in parentheses in the legend indicate the integrated yield for each given process.

using the tight control sample (7.9%) are also taken as a systematic uncertainties. Other sys-
tematic uncertainties include jet and Emiss

T energy scale uncertainties (1% to 71%), the b tagging
efficiency scale factor uncertainties (1% to 23%), uncertainties in the PDFs and renormaliza-
tion/factorization scale choices (1% to 48%), the statistical uncertainty from the total number
of simulated events in each bin (1% to 81% with a few bins as high as 100%), and trigger effi-
ciency uncertainties (less than 14%).

5.3 Background from multijet events

The background from QCD multijet events is estimated using a combination of data and sim-
ulation. A data control sample is defined using the same selection as defined in Section 4.2,
but with the Emiss

T requirement reduced to 200 GeV and the selection on ∆φ(~pmiss
T , j1,2,3) being

inverted. This yields a signal-depleted control sample, which is predominantly QCD multijet
events, though some contamination from other SM backgrounds is present. These are sub-
tracted from the QCD control sample using background estimates made specifically in this
region using the methods described in the previous sections. The yields from the QCD con-
trol sample for each search bin are extrapolated to the signal region using translation factors
derived using simulated QCD multijet events as a function of Emiss

T and MT2. The translation
factors derived from simulation are normalized to data using the 200 < Emiss

T < 250 GeV region
of the QCD control sample.

A closure test is performed by comparing the prediction from simulation using the search
selection with the prediction derived from the inverted ∆φ selection by applying the data-
normalized translation factors. Any non-closure is applied as a systematic uncertainty to the
final event yields in each search bin (30% to 500%). Another large source of uncertainty comes
from the statistical uncertainty in the translation factors (30% to 300%). The final significant
source of uncertainty in the QCD multijet prediction arises from the subtraction of non-QCD
backgrounds from the QCD control sample (2% to 50%).
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5.4 Background from rare processes

Background contributions from sources other than tt, W+jets, and Z → νν form only a small
fraction of the total background. These have only a small effect on the final result and so their
estimates are taken directly from simulation. Among these additional sources of background
the largest contribution is from ttZ production. A comparison is done in the three-lepton con-
trol sample to check the overall cross section of the ttZ simulation. The data and MC agree
within the statistical uncertainty of 30%, which is taken as a systematic uncertainty in the ttZ
background estimation.

6 Results and interpretation
The predicted number of SM background events and the number of events observed in data
for each of the search regions defined in Secion 4.2 are summarized in Fig. 6 and Tables 1 and 2.
Typically, the most significant background across the search regions comes from SM tt or W bo-
son production, where the W boson decay contains genuine Emiss

T from a neutrino. Generally,
the next largest contribution comes from Z→ νν production in association with jets (including
heavy-flavor jets) in which the neutrino pair gives rise to large Emiss

T and the top quark condi-
tions are satisfied by an accidental combination of the jets. For search regions with very high
Emiss

T requirements, the Z → νν background can become dominant. The QCD multijet con-
tribution and the contribution from other rare SM processes are subdominant across all bins.
The largest rare SM process contribution (though still small) comes from ttZ with the Z boson
decaying into a pair of neutrinos. No statistically significant deviation between the observed
data events and the SM background prediction is found.

The statistical interpretation of the results in terms of exclusion limits for the signal models
considered is based on a binned likelihood fit to the observed data, taking into account the
predicted background and expected signal yields with their uncertainties in each bin. The
extraction of exclusion limits is based on a modified frequentist approach [71–74] using a profile
likelihood ratio as the test statistic. Signal models for which the 95% confidence level (CL)
upper limit on the production cross section falls below the theoretical cross section (based on
NLO+NLL calculations [51]) are considered to be excluded by the analysis.

The uncertainties in the signal modeling are determined per search region bin and include the
following sources: simulation sample size, luminosity determination (2.6%), lepton and iso-
lated track veto (up to 6.8%), b tagging efficiency corrections used to scale simulation to data
(up to 21%), trigger efficiency (up to 2.6%), renormalization and factorization scale variations
(up to 3.5%), initial-state radiation (up to 46%), jet energy scale corrections (up to 34%), top
quark reconstruction efficiency difference between data and full simulation (up to 14%), and
the modeling of the fast simulation compared with the full simulation for top quark recon-
struction and mistagging (up to 24%). All these uncertainties, apart from those arising from
the simulation sample size, are treated as fully correlated between the search bins when com-
puting exclusion limits. Potential contamination of signal events in the single-lepton control
regions is taken into account for each signal model considered in the interpretation. The poten-
tial contamination in the dilepton and inverted-∆φ region is negligible.

Figure 7 shows 95% CL exclusion limits obtained for simplified models in the T2tt scenario.
As a result of this analysis, top squark masses up to 1020 GeV and LSP masses up to 430 GeV
are excluded. Figure 8 shows 95% CL exclusion limits obtained for simplified models in the
T1tttt and T5ttcc scenarios. Gluino masses up to 2040 GeV and LSP masses up to 1150 GeV
are excluded for T1tttt simplified models. For the T5ttcc simplified models, gluino masses up
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Figure 6: Observed event yields in data (black points) and predicted SM background (filled
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Table 1: The observed yields from data compared to the total background predictions for the
first 48 search bins. The quoted uncertainties on the predicted background yields are statistical
and systematic, respectively.

Search Bin Nt Nb MT2 [ GeV ] Emiss
T [ GeV ] Data Predicted background

0 1 1 200-300 250-400 1649 1580 +30
−30

+130
−140

1 1 1 200-300 400-500 85 75 +7
−6

+10
−10

2 1 1 200-300 500-600 23 17 +4
−3

+4
−4

3 1 1 200-300 600-750 7 3.5 +1.8
−0.8

+1.1
−0.7

4 1 1 200-550 750+ 7 5.0 +2.4
−1.1

+2.0
−1.2

5 1 1 300-400 250-400 1020 880 +20
−20

+80
−80

6 1 1 300-400 400-500 87 79 +7
−6

+9
−9

7 1 1 300-400 500-600 23 17 +4
−2

+3
−3

8 1 1 300-400 600-750 9 3.6 +2.1
−0.8

+1.4
−0.8

9 1 1 400-550 250-400 108 106 +8
−7

+10
−10

10 1 1 400-550 400-500 116 105 +7
−6

+10
−10

11 1 1 400-550 500-600 47 38 +5
−4

+7
−7

12 1 1 400-550 600-750 12 8.1 +2.4
−1.2

+1.9
−1.9

13 1 1 550-750 250-400 1 0.7 +1.0
−0.3

+0.4
−0.2

14 1 1 550-750 400-500 7 4.3 +2.0
−1.1

+0.8
−0.8

15 1 1 550-750 500-600 17 13 +3
−2

+3
−3

16 1 1 550-750 600-750 10 19 +3
−2

+4
−4

17 1 1 550-750 750+ 7 4.0 +1.5
−0.3

+1.8
−1.8

18 1 1 750+ 250-600 0 0.04 +1.68
−0.02

+0.09
−0.02

19 1 1 750+ 600-750 1 1.9 +2.2
−1.0

+0.9
−0.8

20 1 1 750+ 750+ 8 4.6 +1.6
−0.5

+1.9
−1.9

21 1 2 200-350 250-400 596 570 +20
−20

+50
−50

22 1 2 200-350 400-500 59 41 +6
−5

+5
−5

23 1 2 200-350 500-600 14 8.7 +3.4
−2.1

+1.3
−1.3

24 1 2 200-350 600-750 2 2.1 +2.7
−0.8

+0.5
−0.5

25 1 2 200-650 750+ 1 3.0 +2.4
−1.0

+0.9
−0.6

26 1 2 350-450 250-400 69 69 +6
−5

+40
−16

27 1 2 350-450 400-500 19 13 +4
−2

+3
−3

28 1 2 350-450 500-600 4 3.2 +2.1
−0.9

+1.0
−1.0

29 1 2 350-450 600-750 2 0.6 +1.4
−0.1

+0.3
−0.3

30 1 2 450-650 250-400 3 3.9 +2.0
−1.1

+0.7
−0.8

31 1 2 450-650 400-500 9 9.7 +2.7
−1.8

+2.1
−2.0

32 1 2 450-650 500-600 6 6.0 +1.6
−0.9

+1.9
−1.9

33 1 2 450-650 600-750 2 4.6 +2.6
−1.3

+1.2
−1.2

34 1 2 650+ 250-600 0 0.06 +1.03
−0.03

+0.04
−0.03

35 1 2 650+ 600-750 0 1.0 +1.8
−0.1

+0.5
−0.5

36 1 2 650+ 750+ 2 1.2 +1.1
−0.1

+0.5
−0.5

37 1 3+ 300-1000 250-350 85 80 +9
−8

+7
−7

38 1 3+ 300-1000 350-450 22 15 +5
−3

+2
−2

39 1 3+ 300-1000 450-550 6 4.4 +3.4
−1.7

+0.8
−0.8

40 1 3+ 300-1000 550+ 2 2.4 +2.9
−1.0

+1.0
−0.7

41 1 3+ 1000-1500 250-350 12 11 +4
−2

+2
−2

42 1 3+ 1000-1500 350-450 5 4.0 +2.6
−1.5

+0.9
−0.9

43 1 3+ 1000-1500 450-550 0 1.7 +2.3
−0.9

+0.4
−0.4

44 1 3+ 1000-1500 550+ 3 2.7 +3.9
−1.4

+0.6
−0.5

45 1 3+ 1500+ 250-350 2 6.8 +3.2
−1.9

+1.8
−1.8

46 1 3+ 1500+ 350-550 1 2.6 +2.2
−1.0

+1.5
−0.7

47 1 3+ 1500+ 550+ 0 1.3 +1.8
−0.7

+0.3
−0.3
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Table 2: The observed yields from data compared to the total background predictions for the
remaining search bins. The quoted uncertainties on the predicted background yields are statis-
tical and systematic, respectively.

Search Bin Nt Nb MT2 [ GeV ] Emiss
T [ GeV ] Data Predicted background

48 2 1 200-300 250-350 57 58 +6
−5

+11
−11

49 2 1 200-300 350-450 10 7.5 +2.5
−1.7

+1.7
−1.4

50 2 1 200-300 450-600 0 2.2 +1.4
−0.8

+0.7
−0.5

51 2 1 200-450 600+ 0 0.9 +2.0
−0.6

+0.4
−0.3

52 2 1 300-450 250-350 38 33 +5
−4

+3
−4

53 2 1 300-450 350-450 8 11 +3
−2

+2
−2

54 2 1 300-450 450-600 4 2.1 +1.7
−0.7

+0.7
−0.5

55 2 1 450+ 250-450 2 1.8 +1.5
−0.6

+0.4
−0.4

56 2 1 450+ 450-600 3 3.2 +2.7
−1.1

+0.9
−0.9

57 2 1 450+ 600+ 7 1.0 +1.2
−0.1

+0.5
−0.5

58 2 2 200-300 250-350 46 42 +5
−4

+5
−5

59 2 2 200-300 350-450 11 8.7 +2.7
−1.9

+1.4
−1.3

60 2 2 200-300 450-600 1 0.6 +1.6
−0.4

+0.3
−0.1

61 2 2 200-400 600+ 1 0.6 +1.7
−0.5

+0.2
−0.2

62 2 2 300-400 250-350 28 27 +5
−4

+3
−3

63 2 2 300-400 350-450 6 4.9 +2.9
−1.6

+0.9
−0.9

64 2 2 300-400 450-600 3 1.7 +2.4
−1.0

+0.6
−0.5

65 2 2 400-500 250-450 4 4.6 +2.3
−1.2

+0.7
−0.8

66 2 2 400-500 450-600 1 1.4 +2.7
−0.7

+0.4
−0.6

67 2 2 400+ 600+ 1 0.5 +2.7
−0.1

+0.2
−0.7

68 2 2 500+ 250-450 0 0.13 +1.37
−0.04

+0.04
−0.04

69 2 2 500+ 450-600 2 0.5 +2.2
−0.1

+0.2
−0.2

70 2 3+ 300-900 250-350 3 9.1 +3.0
−2.0

+1.5
−1.4

71 2 3+ 300-900 350-500 2 0.7 +1.9
−0.4

+0.2
−0.2

72 2 3+ 300-1300 500+ 0 0.2 +0.4
−0.1

+0.1
−0.1

73 2 3+ 900-1300 250-350 6 4.7 +2.9
−1.7

+0.7
−0.9

74 2 3+ 900-1300 350-500 3 1.1 +1.6
−0.6

+0.3
−0.3

75 2 3+ 1300+ 250-350 3 2.7 +2.0
−1.0

+0.8
−0.7

76 2 3+ 1300+ 350-500 2 2.0 +2.1
−1.0

+0.4
−0.4

77 2 3+ 1300+ 500+ 0 0.1 +1.7
−0.1

+0.1
−0.1

78 3+ 1 300+ 250-350 0 0.2 +2.0
−0.2

+0.1
−0.1

79 3+ 1 300+ 350+ 1 0.6 +1.5
−0.5

+0.2
−0.2

80 3+ 2 300+ 250-400 1 1.5 +1.5
−0.7

+0.4
−0.4

81 3+ 2 300+ 400+ 0 0.03 +2.12
−0.03

+0.02
−0.02

82 3+ 3+ 300+ 250-350 0 0.2 +1.4
−0.2

+0.2
−0.2

83 3+ 3+ 300+ 350+ 0 0 +1.6
−0

+0
−0
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Figure 7: Exclusion limit at 95% CL for the simplified model of direct top squark pair produc-
tion with t̃→ tχ̃0

1 decays (T2tt model). The solid black curves represent the observed exclusion
contour with respect to NLO+NLL signal cross section calculations [51] and the correspond-
ing ±1 standard deviation uncertainties. The dashed red curves indicate the expected exclu-
sion contour and the ±1 standard deviation uncertainties including experimental uncertain-
ties. No interpretation is provided for signal models for which |mt̃ −mχ̃0

1
−mt| ≤ 25 GeV and

mt̃ ≤ 275 GeV because of significant differences between the fast simulation and the GEANT4-
based simulation for these low-Emiss

T scenarios.

to 1810 GeV and LSP masses up to 1100 GeV are excluded. These results significantly extend
the mass reach compared to previous analyses at 13 TeV, which excluded gluino masses up to
about 1780 GeV and LSP masses up to about 1020 GeV for the T1tttt model.

7 Summary
Results have been presented from a search for direct and gluino-mediated top squark produc-
tion in final states that include tagged top quark decays. The search uses all-hadronic events
with at least four jets and a large imbalance in transverse momentum (Emiss

T ), selected from data
corresponding to an integrated luminosity of 35.9 fb−1 collected in proton-proton collisions at
a center-of-mass energy of 13 TeV with the CMS detector. A set of search regions is defined
based on Emiss

T , MT2, HT, the number of top quark tagged objects, and the number of b-tagged
jets. No statistically significant excess of events is observed above the expected standard model
background. Exclusion limits are set at 95% confidence level for simplified models of direct top
squark pair production and of gluino pair production, where the gluinos decay to final states
that include top quarks. For simplified models of pair production of top squarks, which decay
to a top quark and a neutralino, top squark masses up to 1020 GeV and neutralino masses up to
430 GeV are excluded at 95% confidence level. For simplified models of gluino pair production,
gluino masses up to 2040 GeV and neutralino masses up to 1150 GeV are excluded for T1tttt
models. For T5ttcc models, gluino masses up to 1810 GeV and neutralino masses up to 1100
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Figure 8: Exclusion limit at 95% CL for the simplified model of top squarks produced via
decays of gluino pairs in the T1tttt (left) and T5ttcc (right) scenarios. The solid black curves
represent the observed exclusion contour with respect to NLO+NLL signal cross section calcu-
lations [51] and the corresponding±1 standard deviation uncertainties. The dashed red curves
indicate the expected exclusion contour and the ±1 standard deviation uncertainties including
experimental uncertainties.

GeV are excluded.
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