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1 Introduction
This document presents a search for top squark pairs decaying to fully-hadronic final states,
using 12.9 fb−1of data collected in proton-proton collisions by the CMS detector in 2016 at a
center-of-mass energy of 13 TeV. The search is based on methods described in Ref. [1] and
represents an extension of the analysis described in that note to a significantly larger dataset,
as well as to more challenging signal topologies.

Two analyses are performed, targeting different regions of signal parameter space. The first
analysis, closely related to the “HPTT” analysis described in Ref. [1], probes signal scenarios in
which the mass difference (∆m) between the top squark (̃t1) and the lightest neutralino (χ̃0

1) is
larger than the W boson mass. We refer to this as the “high ∆m” analysis. The simplest decay
modes in this case are t̃1 → t(∗)χ̃0

1 (the “T2tt” scenario) and t̃1 → bχ̃±1 → bW±(∗)χ̃0
1 (the “T2bW”

scenario), with χ̃±1 representing the lightest chargino, and χ̃0
1 the lightest neutralino, which is

considered to be the stable LSP that escapes detection leading to large transverse momentum
imbalance in the detector. Intermediate state particles marked by a parenthetical asterisk (∗)
may be virtual. We consider cases where both top squarks decay via one or the other of these
decay modes, as illustrated in Fig. 1(a) and (b).

The second analysis, which we refer to as the “low ∆m” analysis, is optimized for signal sce-
narios in which the mass difference between the t̃1 and χ̃0

1 is less than the W boson mass. There
are two main decay modes in such models: either through a flavor changing neutral current
process (̃t1 → cχ̃0

1, where c is the charm quark), or through a four-body decay (̃t1 → bff̄χ̃0
1,

Fig. 1(c)). The latter scenario will be referred to as the “T2fbd” scenario. The signature of
such models is experimentally challenging since due to the small mass splitting between the
t̃1 and the χ̃0

1, the visible decay products are typically very soft, often escaping detection. How-
ever, such compressed scenarios are particularly interesting since their predicted dark matter
relic density is consistent with cosmological observations [2]. We have therefore developed a
dedicated search targeting this topology, exploiting the characteristics of such signals to attain
improved sensitivity towards such scenarios compared to traditional SUSY searches.

In both analyses, we focus on the fully-hadronic final state, defined by an absence of isolated
charged leptons, targeting signal events in which all W bosons produced in the top squark de-
cay chains decay to quark pairs. This final state has the largest accessible branching ratio, thus
compensating for the loss in signal acceptance due to the stringent requirements that must
be placed on jets and transverse momentum imbalance in order to reduce the background
originating from standard model (SM) processes. The main backgrounds that survive these
requirements consist of events originating from tt, W + jets, and single-top processes with at
least one leptonic W boson decay, in which the lepton is not reconstructed or falls outside the
kinematic acceptance, or from cases where a Z boson, produced in association with jets, de-
cays to neutrinos. Significant missing transverse energy may be produced in such cases due to
the presence of neutrinos or a “lost” lepton. A sub-dominant source of background originates
from QCD multijet events in which significant mismeasurement of the momentum of one or
more jets leads to large values of missing energy. Finally, we also consider rare standard model
processes like the production of a Z boson in association with a pair of top quarks (ttZ), which
exhibits similar characteristics to the signal topologies targeted in the high ∆m search and may
therefore contribute noticeably to the total SM background in search regions defined by strin-
gent selection criteria that strongly suppress the other background processes. Contributions
from diboson processes are also included in the category of rare SM backgrounds.
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Figure 1: Diagrams representing the pair production of top squarks and their subsequent decay
modes that are studied in this document.

2 Event reconstruction and simulation
The event reconstruction is performed using the particle-flow (PF) algorithm [3, 4], combin-
ing information from the tracker, calorimeter, and muon systems in order to identify charged
hadrons, neutral hadrons, photons, muons, and electrons in an event. The missing transverse
momentum, ~pmiss

T , is computed as the negative vector sum of the transverse momenta of all
particle-flow (PF) candidates reconstructed in an event and its magnitude, Emiss

T , is an impor-
tant discriminator between signal and background in both analyses. Events selected for the
search are required to pass filters designed to remove detector- and beam-related noise and
must have at least one reconstructed vertex. The reconstructed vertex with the largest ∑ p2

T
of associated tracks is designated as the event primary vertex. Charged particles originating
from the primary vertex, photons, and neutral hadrons are clustered into jets using the anti-kT
algorithm [5] with a distance parameter of 0.4. The jet energy is corrected to account for the
contribution of additional pileup interactions in an event and to compensate for variations in
the detector response. Selected jets are required to have their axes within the tracker volume,
in the pseudo-rapidity range |η| < 2.4 and a minimum pT of 20 GeV. Jets originating from
b quarks are identified with the combined secondary vertex (CSV) algorithm [6, 7] using two
different working points, referred to as loose and medium. The b tagging efficiency for jets
originating from b quarks is about 80% (60%) for the loose (medium) working point, while the
misidentification rates for jets from charm quarks, and from light quarks and gluons are about
45% (12%) and 10% (2%) respectively.

We reject events that contain isolated charged leptons in order to reduce SM backgrounds with
intrinsic Emiss

T such as leptonic tt and W+jets events. Electron candidates are first reconstructed
by matching clusters of energy deposits in the electromagnetic calorimeter to reconstructed
tracks. A number of selection criteria based on the shower shape, track-cluster matching, and
consistency between the cluster energy and track momentum are then applied for the identi-
fication of electron candidates [8]. Muon candidates are reconstructed by requiring consistent
hit patterns in the tracker and muon systems [9]. The relative isolation variable Irel for electron
and muon candidates is defined as the ∑ pT of PF candidates in a cone around the candidate’s
trajectory with a radius R =

√
(∆η)2 + (∆φ)2, divided by the lepton pT. The cone size depends
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on the lepton pT as follows:

∆R =





0.2, pT ≤ 50 GeV
10 GeV/pT, 50 GeV < pT < 200 GeV
0.05, pT ≥ 200 GeV

(1)

The reduced cone radius for higher pT candidates is motivated by the consideration that the
decay products of more boosted heavy objects should have a smaller separation in η− φ space.
The isolation sum is corrected for contributions originating from pileup interactions using an
estimate of the pileup energy in the cone. Electron and muon candidates with pT > 5 GeV and
|η| < 2.4 are considered to be isolated if Irel is less than 0.1 or 0.2 respectively.

Following the requirements on the presence or absence of isolated electrons and muons, a sig-
nificant fraction of the remaining SM background originates from events with hadronically
decaying tau leptons (τh). In order to reduce this background contribution, we veto events
that have isolated charged hadron PF candidates with pT > 10 GeV and |η| < 2.4 that are
consistent with τh decays. The transverse mass of the candidate-~pmiss

T system, MT, is required
to be less than 100 GeV so that the charged hadron and ~pmiss

T are consistent with having been
produced by a W boson decay via a τh in order to avoid efficiency loss for signals with high jet
multiplicity. The transverse mass for a particle q (in this case the τh candidate) is defined as:

MT(q, Emiss
T ) =

√
2qTEmiss

T (1− cos ∆φ) , (2)

with qT denoting the particle transverse momentum, and ∆φ the azimuthal separation between
the isolated candidate and ~pmiss

T . The isolation requirement applied is based on a discriminant
obtained from a multivariate boosted decision tree (BDT) trained to distinguish the character-
istics of charged hadrons originating from τh decays from those of other particles [1]. The BDT
input variables include the charged and total isolation sums within various ∆R cones around
the candidate, distances in ∆R to the closest charged particle-flow candidate and the jet con-
taining the τh candidate, and the b-tagging discriminant (CSV) value of that jet.

For signal models probed by the high ∆m analysis that involve the production of highly boosted
top quarks, it is possible to reconstruct the top quark decay products within a single large-
radius jet. In less boosted scenarios, or in models that do not involve on-shell top quarks,
the hadronic decay products of the W bosons may be reconstructed in a similar manner. The
reconstruction of hadronically decaying top quark or W boson candidates is an important com-
ponent of the high ∆m analysis, used to distinguish signal events while strongly suppressing
background processes. The decay products of boosted top quarks with pT > 400 GeV, or of
W bosons with pT > 200 GeV, are expected to be contained within a radius of 0.8 in η − φ
space. In this analysis, we use jets clustered with the anti-kT algorithm using a distance param-
eter (R) of 0.8, and then re-clustered using the Cambridge-Aachen algorithm, as candidates for
the reconstruction of the hadronic decay products of boosted top quarks and W bosons merged
within a single jet. Top quark and W boson candidates are identified with the help of require-
ments on the jet mass reconstructed by the soft drop algorithm [10], and on the N-subjettiness
(τN) variables [11]. A candidate large-R jet is identified as being top-tagged if its soft drop mass
is between 110 GeV and 210 GeV, i.e. consistent with the top quark mass, and if the observable
τ32 ≡ τ3/τ2 is less than 0.69, or as being W-tagged if its soft drop mass is between 60 GeV and
110 GeV (consistent with the W boson mass) and the observable τ21 ≡ τ2/τ1 is less than 0.6.
Large-R jets must have a minimum pT of 400 (200) GeV in order to be selected as candidates
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for top (W) tagging. The clustering of these large-R jets and the selection of top- or W-tagged
candidates is independent of the reconstruction and selection of jets with R = 0.4.

Monte Carlo (MC) simulations of event samples are used to study the properties of the SM
background processes and signal models. The MADGRAPH5 generator [12] is used to simulate
events originating from tt, W+jets, Z +jets, γ+jets and QCD multijet processes and from signal
production based on leading order (LO) NNPDF3.0 [13] parton distribution functions (PDFs).
Single-top events produced in the tW channel and WW events are generated with POWHEG

v1.0 [14–17], while the WZ and ZZ processes and rare SM processes such as ttZ and ttW are
generated using the MADGRAPH5 AMC@NLO program [18]. Next-to-leading order (NLO)
NNPDF3.0 PDFs are used in both cases. The parton showering and hadronization is simulated
with PYTHIA8.1 [19]. A GEANT4-based model [20] is used to simulate the response of the CMS
detector in the case of the SM background. The CMS fast simulation package [21] is used in the
case of signal samples and is verified 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. A nominal distribution of pileup interactions is used when producing
the simulated samples. The samples are then reweighted in order to match the pileup profile
observed in the collected data. The signal production cross sections are calculated using NLO
plus next-to-leading logarithm (NLL) calculations [22]. The most precise available cross section
calculations are used to normalize the SM simulated samples, corresponding to next-to-next-
to-leading order (NNLO) accuracy in most cases.

In cases where the simulation does not adequately describe the data, correction factors are
applied to account for the observed discrepancies. Differences in the efficiencies for selecting
isolated leptons between simulation and data are measured in Z→ `` events in the case of elec-
trons and muons and in a tt-enriched sample for hadronic taus. The observed deviations are
accounted for in the form of corrections to the simulation, and the corresponding uncertainties
are propagated to the predicted SM yields in the search regions. Uncertainties related to the cal-
ibration of the jet energy in simulation to match the data are considered. Correction factors and
uncertainties based on measurements of b tagging performance in data and simulation [23] are
also applied. They are parameterized by jet kinematics and flavor. An additional uncertainty
related to the pileup reweighting procedure is taken into account for the simulation.

The top and W tagging efficiency and mis-identification rate are measured in data and com-
pared to the expectation from simulation. The tagging efficiency is estimated in a sample dom-
inated by semi-leptonic tt events that are selected using a single muon trigger. The muon in the
event is required to have pT > 50 GeV and |η| < 2.1. To suppress other backgrounds, at least
one b-tagged jet in the same hemisphere as the muon is required. The top and W candidates are
required to lie in the hemisphere opposite to the muon. The contamination from QCD multijet
events is reduced to small levels by requiring Emiss

T > 100 GeV and candidate jet soft drop mass
Msoft drop > 30 GeV. The latter criterion is over 99% efficient, as measured in simulation, for the
pT > 200 GeV candidates originating from top and W decays. Therefore this loose selection ef-
fectively reduces background events without significantly biasing the efficiency measurement.
The observed efficiency is similar to the efficiency estimated in simulation for the W tagging
and ∼ 10% lower for the top tagging. The measured data-to-simulation efficiency ratios are
propagated to the signal simulation, parameterized by the candidate pT, and an uncertainty in
the correction corresponding to one-half of its size is assigned.

Signal samples produced by fast simulation are corrected in a similar way for differences in top
and W tagging efficiencies with respect to full simulation samples using correction factors de-
rived in a tt-enriched sample requiring Emiss

T > 200 GeV and two or more jets. The efficiencies
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for both top and W tagging in fast simulation are up to ∼ 5% higher than in full simulation in
certain ranges of candidate pT. The efficiencies for selecting candidates in these pT ranges are
corrected and assigned an uncertainty corresponding to one-half the size of the correction. For
pT ranges in which the efficiencies are measured to be consistent within statistical uncertainties,
a systematic uncertainty of 3% is assigned.

3 Analysis strategy
3.1 The high ∆m analysis

The data used in this analysis are recorded by requiring the presence of Emiss
T > 100 GeV and

HT/ > 100 GeV in the high-level trigger, where the observable HT/ is the magnitude of ~H miss
T ,

the negative vectorial sum of the pT of jets with pT > 20 GeV in an event. The trigger is found
to be > 98% efficient for events selected offline with Emiss

T > 250 GeV.

A loose pre-selection, which we will refer to as the high ∆m baseline selection, that places addi-
tional criteria on jets and Emiss

T is then used to eliminate a large fraction of background events.
This baseline selection is defined by the absence of isolated electron, muon, and hadronic tau
candidates, Emiss

T > 250 GeV, at least five jets, at least two of which satisfy the loose CSV
working point with at least one satisfying the medium working point, and ∆φ1234 > 0.5, where

∆φ1234 ≡ Min[|∆φ(Emiss
T , j1)|, |∆φ(Emiss

T , j2)|, |∆φ(Emiss
T , j3)|, |∆φ(Emiss

T , j4)|] , (3)

and j1, j2, j3, j4 are the four leading jets in pT. The requirements on the azimuthal angles, ∆φ,
between the four leading jets and the azimuthal direction of Emiss

T reduce the contribution of
the QCD multijet background in the final search regions to a negligible level.

Imposing a minimum requirement of 175 GeV on the mT between the two most b-like jets and
the Emiss

T , namely:

Min[mT(b1, Emiss
T ), mT(b2, Emiss

T )] ≡ MT(b1,2, Emiss
T ) , (4)

where b1, b2 are the two selected b-tagged jets with the highest values of the CSV discrimina-
tor, reduces a significant portion of the tt background as seen in Fig. 2. The majority of the tt
background stems from tt events where one of the W bosons undergoes a leptonic decay and
the lepton is missed, leading to Emiss

T . Hence, the transverse mass of Emiss
T and the b-quark from

the same top decay as the missed lepton has an endpoint at the mass of the top quark. How-
ever, this requirement may be inefficient for signal models with moderate-to-small differences
in mass between the t̃1 and the χ̃0

1. In order to benefit from the separation power provided by
this variable, two search regions are defined, one with MT(b1,2, Emiss

T ) ≥ 175 GeV taking ad-
vantage of the reduction of the tt background in the high MT(b1,2, Emiss

T ) region, and one with
MT(b1,2, Emiss

T ) < 175 GeV, ensuring that the statistical power of the low MT(b1,2, Emiss
T ) region

is not lost.

Signal events with hadronically decaying top quarks should have at least six jets in the final
state. Additional jets may also be produced through initial state radiation (ISR). The jet multi-
plicity (Nj) is lower for the semi-leptonic tt background, as well as for the other backgrounds
remaining after the baseline selection. A requirement of higher reconstructed jet multiplicity
therefore improves the discrimination of signal events from the SM background. We define
two regions in jet multiplicity for this analysis, a high Nj region (≥ 7 jets) that benefits from
this improved discrimination, and a medium Nj region (5− 6 jets) to retain signal events with
fewer reconstructed jets. The high Nj region in combination with the low threshold on the pT
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Figure 2: MT(b1,2, Emiss
T ) distribution after the high ∆m baseline selection for simulated events,

normalized to an integrated luminosity of 12.9 fb−1. The expected signal yields are scaled by a
factor of ten to facilitate a comparison with the expected SM backgrounds. Events surviving the
high ∆m baseline selection are separated into categories defined by MT(b1,2, Emiss

T ) < 175 GeV
and MT(b1,2, Emiss

T ) ≥ 175 GeV.
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of selected jets is designed to provide additional handles to target signal models with softer
decay products in the final state.

In the high MT(b1,2, Emiss
T ) region, requiring at least one top-tagged or W-tagged jet can be used

to ensure high signal purity at the cost of a depletion of the potential signal yield. The top and
W tag selections are orthogonal and can therefore be used in conjunction with each other to
improve signal sensitivity. A top tagging requirement ensures a very pure selection of signal
events with boosted top quarks but is only efficient for signal models with large ∆m(̃t1, χ̃0

1)
for which heavily boosted top quarks are likely to be produced. Requiring one or more W-
tagged candidates therefore helps to recover signal efficiency in cases that the top quarks are
not sufficiently boosted to have their decay products merged into a single jet. Additionally, in
signal scenarios with two on-shell top quarks, depending on their mt̃1

, mχ̃0
1

configurations, one
top quark can have very high pT while the other is only moderately boosted. Requiring the
presence of both a top-tagged and a W-tagged jet in such scenarios provides excellent signal
purity while still maintaining reasonable signal efficiency. Consequently, four exclusive event
categories based on the number of reconstructed top and W tags (Nt and NW) are defined in
the high MT(b1,2, Emiss

T ) region: Nt ≥ 1, NW ≥ 1; Nt ≥ 1, NW = 0; Nt = 0, NW ≥ 1; and
Nt = 0, NW = 0 in order to retain the statistical power of signal events that fail both the top
and W tagging requirements. The subdivision in Nj described above is only performed in the
Nt = 0, NW = 0 region, since it would not benefit the much smaller samples of events that
survive the top or W tagging selections.

Events in all of the above categories are further separated by the number of reconstructed b-jets
into Nb = 1 and Nb ≥ 2 categories as this provides even greater discrimination of signal from
background. Finally, Emiss

T is used to characterize and distinguish a potential signal from SM
background. The definitions of the final 60 disjoint search regions are listed in Table 1.

Table 1: Summary of the 60 disjoint search regions used in the high ∆m analysis.

Category MT(b1,2, Emiss
T ) < 175 GeV MT(b1,2, Emiss

T ) ≥ 175 GeV
Nt/NW − Nt = 0, NW = 0 Nt ≥ 1, NW = 0 Nt = 0, NW ≥ 1 Nt ≥ 1, NW ≥ 1
Nj 5−6 ≥ 7 5−6 ≥ 7 ≥ 5 ≥ 5 ≥ 5
Nb 1 ≥ 2 1 ≥ 2 1 ≥ 2 1 ≥ 2 1 ≥ 2 1 ≥ 2 1 ≥ 2

Emiss
T [ GeV ]

250−300 250−300 250−300 250−300 250−350 250−350 250−350 250−350 250−350 250−350 250−350 250−350 250−350 250−300
300−400 300−400 300−400 300−400 350−450 350−450 350−450 350−450 350−450 350−450 350−450 350−450 350−450 300−400
400−500 400−500 400−500 400−500 450−550 450−550 450−550 450−550 450−550 450−550 450−550 450−550 450−550 400−500
≥ 500 ≥ 500 ≥ 500 ≥ 500 ≥ 550 ≥ 550 ≥ 550 ≥ 550 550−650 550−650 550−650 550−650 ≥ 500 ≥ 500

≥ 650 ≥ 650 ≥ 650 ≥ 650

3.2 The low ∆m analysis

This analysis is based on events collected with the same trigger that is used for the high
∆m analysis. The event pre-selection (the low ∆m baseline selection) first requires the absence
of isolated electrons, muons, and hadronic tau candidates, and Emiss

T > 250 GeV. Next, we try
to access signal topologies in which the t̃1̃t1 pair recoils against initial-state radiation (ISR), giv-
ing sufficient momentum to the generally soft decay products that arise in models with small
mass splittings between the t̃1 and χ̃0

1 such that the events can enter our search sample. We
therefore require NISR ≥ 1, (pT(ISR) > 250 GeV, |η| < 2.4, |∆φ(jISR, Emiss

T )| > 2), where NISR
is the number of selected jets failing loose CSV working point. In order to suppress the QCD
multijet background that can once again enter the search sample through the significant mis-
measurement of one or more jets in the event, we require |∆φ(j1, ET/ )| > 0.5 , |∆φ(j2,3, ET/ )| >
0.15, where j1, j2, j3 are the three leading jets in pT, and missing transverse energy significance
Emiss

T /
√

HT ≡ SET/ > 10, where HT is calculated as the scalar sum of the pT of all jets in the
event.
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Events passing the baseline selection are distributed into three categories based on Nb, the
number of b-jets tagged with the medium working point, and NL

b , the number of b-jets tagged
with the loose working point. The zero-b tag category, defined by the requirement Nb = 0,
is used to target very compressed mass configurations. The one- and two- b tag categories,
separated from the zero-b tag category by requiring Nb ≥ 1, are then defined by requirements
on the number of loose b-tagged jets (NL

b = 1 and NL
b ≥ 2 respectively). All three categories are

subdivided into two “ISR regions” based on pT(ISR): pT(ISR) ∈ [250, 500) GeV and pT(ISR) >
500 GeV. Only the high ISR region is used in the search in the case of the zero-b tag category
since the lower ISR region does not provide much signal sensitivity in this case.

The events in the zero-b tag, high ISR category are further divided into two regions based
on Nj. A high Nj region (≥ 6 jets) benefits from improved discrimination in four-body decay
scenarios, and the low Nj region (2− 5 jets) retains signal events with fewer reconstructed jets
for all signal scenarios. The high Nj region in conjunction with the low threshold on the pT of
selected jets helps in the discrimination of signal models with soft decay products in the final
state, but nevertheless featuring additional jets due to initial-state radiation, from background.

In the Nb ≥ 1 categories the kinematic properties related to the reconstructed b jet(s) help
to significantly suppress SM backgrounds. Events are selected if they satisfy the requirement
MT(b1,2, Emiss

T ) < 100 GeV. In events where only one of the reconstructed jets satisfies the
loose b-tag working point, this jet alone is used for the calculation of MT(b1,2, Emiss

T ). In four
body decay signal models, the χ̃0

1 is much heavier than the other decay products of the t̃1 and
hence carries most of the t̃1 momentum. As a consequence the b quarks and other fermions are
very soft. We utilize this fact to further distinguish signal from background, by categorizing
the events based on the transverse momentum of the b-quarks, pT(b). Events in the one-b tag
category are subdivided into regions defined by pT(b) ∈ [20, 40), [40, 70) GeV, while those in
the two-b tag category are separated into regions defined by pT(b12) ≡ (pT(b1) + pT(b2)) ∈
[40, 100), [100, 160) GeV. As seen in Fig. 3 which shows the expected pT(b12) distribution for
events in the two-b tag category, we benefit from this categorization since the pT spectrum of
the b jets originating from signal events is considerably softer than that of the background.
Finally, Emiss

T is used as the final search variable to discriminate a potential signal from the SM
background.

The definitions of the 40 disjoint search regions are summarized in Table 2. These search re-
gions contain some overlap of events with the search regions defined for the high ∆m analysis.
Each set of search regions is therefore used independently in the statistical interpretation of the
results of the search in the context of the high ∆m and low ∆m signal scenarios respectively.

Table 2: Summary of the 40 search regions used in the low ∆m analysis.

Category Nb = 0 Nb ≥ 1, NL
b = 1 Nb ≥ 1, NL

b ≥ 2
pT(ISR) >500 250−500 >500 250−500 >500
Nj 2− 5 ≥ 6 ≥ 2 ≥ 2 ≥ 3 ≥ 3
pT(b) or pT(b12) − 20− 40 40− 70 20− 40 40− 70 40− 100 100− 160 40− 100 100− 160

Emiss
T [GeV]

450−550 450−550 300−400 300−400 450−550 450−550 300−400 300−400 450−550 450−550
550−650 550−650 400−500 400−500 550−650 550−650 400−500 400−500 550−650 550−650
650−750 650−750 500−600 500−600 650−750 650−750 500−600 500−600 650−750 650−750
>750 >750 >600 >600 >750 >750 >600 >600 >750 >750
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Figure 3: pT(b12) distribution after the low ∆m baseline selection in the two b tag category
for simulated events, normalized to an integrated luminosity of 12.9 fb−1. The expected signal
yields are scaled by a factor of ten to facilitate a comparison with the expected SM backgrounds.
Events entering the two b tag category of the low ∆m analysis are subdivided into categories
defined by pT(b12) ∈ [40, 100), [100, 160) GeV.
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4 Background estimation
The estimation of the main backgrounds in the search regions is obtained using dedicated data
control samples, with the help of simulation samples that are used to translate the observations
in the control samples into estimates of the background contributions in the search regions.

4.1 Estimation of the lost lepton background

The contribution from the tt and W+jets processes arises from leptonic decays of the W boson
where the charged lepton is outside the kinematic acceptance of CMS or evades identification
by the dedicated lepton vetoes. Large Emiss

T can be generated by the associated neutrino and
the lepton that is not reconstructed, allowing such events to enter the search regions. This
background is collectively referred to as the “Lost Lepton” (LL) background. Contributions
arising from ttW and single top quark processes also enter into this category, but with much
smaller importance.

We use a single-lepton control sample, consisting of events that have at least one lepton satisfy-
ing the lepton-veto criteria, to estimate this background. In order to suppress potential signal
contamination, we require MT(`, Emiss

T ) < 100 GeV. If there is more than one selected lepton,
we randomly select which lepton is chosen to determine the MT(`, Emiss

T ). The selection applied
to the single-lepton control sample follows the same selection on the search variables as in the
zero-lepton selection. The lost lepton estimation in each search region is based upon the event
count observed in data for the corresponding control region in the single-lepton sample. The
count is extrapolated to the search region to obtain a prediction by means of a transfer factor
obtained from simulation samples as follows:

NLL
pred = TFLL · Ndata(1`), (5)

where Ndata(1`) corresponds to the event counts observed in the relevant control region. The
factor, TFLL, used to translate the results to a prediction is defined as:

TFLL =
NMC(0`)
NMC(1`)

, (6)

where NMC(0`) and NMC(1`) are the expected LL yields in simulation in the zero- and single-
lepton samples, respectively, taking into account contributions from tt and W+jets events and
the smaller contributions from single top quark and ttW processes. This method is used to
estimate the lost lepton background in the high ∆m search regions.

The method described above can be limited by statistical uncertainties in search regions de-
fined with more stringent selection criteria. This is especially important for the low ∆m search
regions, which generally extend further in Emiss

T and ISR boost in order to attain sufficient sig-
nal sensitivity. For these signal regions, we therefore use a similar method that yields smaller
statistical uncertainties. This method relies on the fact that the dominant sources of potential
differences between data and simulation are mainly related to the description of the transverse
momentum of the W bosons (pT(W)). The single-lepton control sample is used to extract such
corrections. The W boson candidate pT in the control sample is obtained as the vector sum of
~plep

T and Emiss
T . The control sample is recorded with a suite of triggers requiring the presence of

a single electron or muon, and consists of events with exactly one electron or muon satisfying
slightly more stringent lepton selection requirements than those imposed for the lepton vetoes,
in order to ensure a higher purity selection. To suppress contamination from QCD multijet pro-
cesses, events in the control sample are required to have Emiss

T > 100 GeV. As in the previous
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method, we require MT(`, Emiss
T ) < 100 GeV. The method has larger statistical power because

the extractions are corrected with pT(W), thereby relaxing the requirement on the W boson
decay from Emiss

T > 200 GeV to Emiss
T > 100 GeV. However, this method is more sensitive to

larger systematic uncertainties due to the larger extrapolation between the control and search
samples. The main assumption here is that the kinematics of the decay products of the W boson
(i.e. the charged lepton and the neutrino) are similar between data and simulation. The domi-
nant source of potential differences in the decay kinematics can be due to different fractions of
the polarization components of the W boson between data and simulation. We assess uncer-
tainties of up to 20% in the lost lepton background prediction to account for such effects. Other
biases may arise due to differences in jet and Emiss

T resolution between data and simulation.

For both methods, we assess uncertainties in the simulation transfer factors due to possible
differences between lepton selection efficiencies, b-tagging performance, and jet energy scale
between data and simulation, and due to possible variations of the relative contributions of tt
and W + jets processes. However, the dominant uncertainties associated with the background
estimation are generally the consequence of the limited number of events present in the control
regions, and in the simulated samples.

4.2 Estimation of the Z → νν background

An important source of background in the various search regions arises from events in which
a Z boson, produced in association with jets, decays to neutrinos that result in a significant
amount of missing energy in the event. The estimation of the Z → νν background combines
information from Z+jets, with Z → ``, and γ+jets samples. The former, referred to as the Z →
`` sample, is used to measure the normalization of the Z→ νν background in different ranges
of Nb, while the much higher yields of the γ+jets sample are exploited to extract corrections to
the search region variable distribution shapes. We obtain the Z → `` sample using dielectron
and dimuon triggers. The leading lepton is required to have pT > 25(20) GeV while the trailing
lepton must satisfy pT > 15(10) if they are electrons (muons). The γ+jets sample is collected
by means of a single photon trigger and consists of events with photons with pT > 200 GeV.
The dilepton system or the photon momentum is added vectorially to ~pmiss

T in each event of
the corresponding data samples. The modified Emiss

T , denoted by Emiss,``
T and Emiss,γ

T for the Z→
`` and γ+jets processes respectively, is used to calculate related kinematic variables.

The prediction of the Z→ νν background is given by:

Npred
Z→νν = Nsim

Z→νν · RZ · Sγ , (7)

where Nsim
Z→νν is the expected number of Z→ νν events obtained from simulation, RZ is a flavor

dependent Z+jets normalization factor measured with the Z→ `` sample and Sγ is a Emiss
T and

jet kinematics shape correction factor extracted from the γ+jets sample.

The factor RZ is calculated by comparing the observed and expected Z→ `` yields after apply-
ing a relaxed version of the baseline selection. In particular, we remove the requirements on the
azimuthal angles between jets and Emiss

T after confirming that this does not bias the result. To
increase the purity of the Z → `` sample, we require the dilepton invariant mass to lie within
the Z boson mass window: 80 < M`` < 100 GeV. The normalization of the non-negligible
tt contamination is estimated in the region outside the Z boson mass window (20 < M`` < 80
or M`` > 100 GeV) and taken into account. Small contributions from tZ and ttZ processes are
included in the Z → `` sample, and contributions from tW and ttW in the sample outside the
Z boson mass window. To account for potential effects related to heavy flavor production, we
calculate RZ separately for different Nb requirements. The results are summarized in Table 3.
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The uncertainty in RZ due to the limited event counts in data and simulation ranges from 1%
(for Nb = 0 in the low ∆m analysis) to 14% (for Nb ≥ 2 in the high ∆m analysis).

Table 3: The RZ factors obtained from Z → ``+jets events that are used to normalize the
Z → νν simulation sample. The factors are obtained using 12.9 fb−1 of data and calculated for
different Nb selections in order to account for differences in heavy flavor production between
data and simulation.

High ∆m search Low ∆m search
Nb = 1 Nb ≥ 2 Nb = 0 Nb ≥ 1, NL

b = 1 Nb ≥ 1, NL
b ≥ 2

1.06 ± 0.08 1.00 ± 0.14 0.97 ± 0.01 1.06 ± 0.07 1.07 ± 0.11

The quantity Sγ is the shape correction factor related to the modeling of the kinematics of
Z → νν events. It is calculated via a comparison of the Emiss,γ

T distributions of γ+jets events in
simulation and data. The simulation is normalized to the number of events seen in data after
applying the baseline selection. In order to suppress potential signal contamination and select a
sample that is orthogonal to the search sample, we only consider events with Emiss

T < 200 GeV
(here Emiss

T is the magnitude of the original ~pmiss
T ). The Sγ factor is estimated separately for

each search region to account for any potential mismodeling of the search region observables
in simulation. Since no statistically significant dependence of Emiss,γ

T on Nb is observed, we
integrate the γ+jets sample over Nb to improve the statistical power of the correction in the
case of the high ∆m analysis. For the low ∆m analysis, we reduce the statistical uncertainties
associated with Sγ by defining the zero-, and at least one b-tagged control regions using the
loose CSV working point.

An assumption of the hybrid estimation method is that the shape differences between data and
simulation are similar for Z→ νν and photon events. This assumption is tested by comparing
the ratios of data to simulation in the Z → ``+jets process and the same ratio in the γ+jets
process. We perform this comparison in different regions of Nb and across Emiss

T and any dif-
ferences observed are assigned as systematic uncertainties in the Z → νν estimation. These
uncertainties are expected to account for residual effects related to differences in the object de-
scription between data and simulation, as well as the absence of higher order corrections in the
simulation of the two processes. The uncertainties range from 1% to 25%.

The γ+jets data control sample has contributions from three main components: prompt pho-
tons produced directly, via fragmentation, and fake photons, and may also contain sizable con-
tributions (generally less than 10%, but up to 40% in regions with Nt ≥ 1, NW ≥ 1, and large
Emiss,γ

T ) from the ttγ process in control regions corresponding to the high ∆m analysis. The
statistical uncertainty in the γ+jets data control sample and the uncertainty in RZ are the major
sources of uncertainty in the Z → νν prediction. The statistical uncertainty in the simulated
samples, ranging up to about 40% in both the search regions and the γ+jets control regions,
also has an important contribution. Uncertainties due to differences in the jet energy scale or
b-tagging efficiency between data and simulation have a much smaller effect (less than 20%)
on the Z→ νν prediction.

4.3 Estimation of the QCD multijet background

The background originating from QCD multijet processes generally constitutes less than 20%
of the total SM background in the search regions. It is estimated using a data control sample
selected using the same trigger as for the search sample and enriched in QCD multijet events
by inverting some of the requirements on the azimuthal angles between jets and Emiss

T that are
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applied in the search region selection, namely by requiring ∆φ123 < 0.1 After correcting for
the estimated contribution of other SM processes, we translate the observation in this control
sample to a prediction in the search sample by means of transfer factors obtained from sim-
ulation. In general, the QCD multijet control regions are defined by applying the same set of
selection criteria as applied in the search sample. Each transfer factor is defined as the ratio of
the expected QCD multijet events in the signal region to the expected QCD multijet events in
the control region. The estimation is carried out in each search region. For the high ∆m search,
since the shapes of key observables show little dependence on Nb, the QCD control sample is
integrated over Nb to improve the statistical precision of the estimation. In regions with one
or more top or W tags, we reduce the uncertainty in the prediction by integrating one or more
Emiss

T regions in the control sample; a systematic uncertainty for this extrapolation is assigned
by comparing the Emiss

T shapes in simulation and data for corresponding control regions that
do not require the presence of top- or W-tagged candidates. Similarly, in the low ∆m search,
we combine Emiss

T bins in the QCD multijet control sample for the control regions defined with
Nb ≥ 1 and assign an uncertainty on the integration based on the data-to-simulation ratios
observed in the Nb = 0 control regions.

The dominant uncertainties in the QCD multijet background estimation are still the result of
the limited event yields in the control regions, the uncertainty assigned due to the integration
in Emiss

T , and the statistical uncertainty in the transfer factors obtained from simulation.

4.4 Estimation of the rare SM backgrounds

Contributions from the ttZ process are generally small since this is a relatively rare process.
However, it has a final state very similar to that of signal when the Z boson decays to neutrinos
and both top quarks decay hadronically, and can constitute up to 25% of the total SM back-
ground in some search regions that require large Emiss

T and Nt ≥ 1 or NW ≥ 1. Contributions
from diboson processes (WW, WZ and ZZ) can contribute up to 10% of the total background
in the Nb = 0 search regions. These backgrounds are predicted with NLO simulation and a
30% systematic uncertainty, obtained from 8 TeV CMS measurements [24], is assigned to the
theoretical cross sections. Additional theoretical and experimental uncertainties in the predic-
tion range up to 25% and 20% respectively, depending on the search region. We also take into
consideration the statistical uncertainty of the simulation sample, which ranges from 5% up to
100% for regions with low contributions from these processes.

5 Results
Figures 4-5 and 6 show the observed events in each of the high ∆m and low ∆m search re-
gions respectively, as well as the predicted SM background yields based on the background
estimation methods discussed in Section 4. The predicted SM background yields and ob-
served events in each search region are also tabulated in Tables 4 and 5 for the high ∆m search
and in Table 6 for the low ∆m search. In general, the observed data agree well with the
SM background predictions. The two search regions with the most significant discrepancies
between the observed data and the predicted background correspond to the selection cri-
teria MT(b1,2, Emiss

T ) > 175 GeV, Nb = 1, Nt ≥ 1, NW = 0, Emiss
T ∈ [450, 550) GeV, and

MT(b1,2, Emiss
T ) > 175 GeV, Nb ≥ 2, Nt ≥ 1, NW = 0, Emiss

T ∈ [350, 450) GeV for the high
∆m analysis. In each of these search regions, the observed excess of events above the expected
SM background corresponds to a local significance of ∼ 1.9 standard deviations.

To allow an easier reintepretation of the results in the context of other models, we define ag-
gregated regions defined by the combination of individual search regions. These results are
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Figure 4: Observed events and SM estimates for the high ∆m search regions with
MT(b1,2, Emiss

T ) < 175 GeV (top) and MT(b1,2, Emiss
T ) > 175 GeV, Nt = 0, NW = 0 (bottom),

for events with Nb = 1 (left) and Nb ≥ 2 (right). The SM background predictions shown do
not include the effects of the maximum likelihood fit to the data. The ratio of the observed
data to the SM prediction (black points, with error bars corresponding to the data statistical
uncertainty) are shown in the ratio plots. The shaded blue band represents the statistical and
systematic uncertainty on the background prediction.

presented in Appendix A.
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Table 4: Predicted yields for each background with uncertainties in the MT(b1,2, Emiss
T ) <

175 GeV regions of the high ∆m search. The number of events observed in data is given in
the last column.

Search region Emiss
T [ GeV ] Lost lepton Z→ νν Rare SM QCD Total SM Observed

Nb = 1, MT(b1,2, Emiss
T ) < 175 GeV, 5 ≤ Nj < 7

0 250−300 581± 39 226± 25 14± 4 29± 10 849± 50 766
1 300−400 249± 23 142± 19 8.1± 2.6 16± 7 415± 34 353
2 400−500 26± 6 29± 7 2.1± 0.7 1.3± 0.6 59± 9 77
3 > 500 14 +7

−5 14± 3 1.2± 0.6 5.0± 5.5 34 +10
−8 26

Nb = 1, MT(b1,2, Emiss
T ) < 175 GeV, Nj ≥ 7

4 250−300 310± 25 50± 7 6.5± 2.2 17± 4 384± 28 356
5 300−400 166± 16 35± 6 5.1± 1.7 12± 5 218± 18 192
6 400−500 27± 5 7.9± 2.3 0.98± 0.43 2.5± 1.1 39± 6 36
7 > 500 8.9± 2.9 6.9± 2.0 0.59± 0.28 0.33± 0.2 17± 4 14

Nb ≥ 2, MT(b1,2, Emiss
T ) < 175 GeV, 5 ≤ Nj < 7

8 250−300 528± 34 62± 10 7.7± 2.5 13± 4 610± 37 600
9 300−400 234± 19 37± 7 5.4± 1.7 7.2± 2.4 284± 21 251

10 400−500 37± 7 8.3± 2.3 1.1± 0.4 1.0± 1.0 47± 7 46
11 > 500 4.4 +3.6

−2.2 3.2± 0.9 0.5± 0.22 0.75± 0.76 8.8 +3.9
−2.5 6

Nb ≥ 2, MT(b1,2, Emiss
T ) < 175 GeV, Nj ≥ 7

12 250−300 321± 23 17± 4 6.5± 2.1 7.9± 1.9 353± 24 342
13 300−400 184± 15 12± 2 5.6± 1.8 3.8± 1.1 206± 16 177
14 400−500 30± 5 2.1± 0.7 0.9± 0.42 0.44± 0.2 33± 5 34
15 > 500 4.8 +3.0

−2.0 2.2± 0.7 0.55± 0.24 0.25± 0.19 7.8 +3.2
−2.2 16
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Figure 5: Observed events and SM estimates for the high ∆m search regions with
MT(b1,2, Emiss

T ) > 175 GeV, Nj ≥ 5, and at least one top- or W-tagged candidate for events
with Nb = 1 (top) and Nb ≥ 2 (bottom). The SM background predictions shown do not include
the effects of the maximum likelihood fit to the data. The ratio of the observed data to the
SM prediction (black points, with error bars corresponding to the data statistical uncertainty)
are shown in the ratio plots. The shaded blue band represents the statistical and systematic
uncertainty on the background prediction.
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Figure 6: Observed events and SM estimates for the low ∆m search regions. The SM back-
ground predictions shown do not include the effects of the maximum likelihood fit to the data.
The ratio of the observed data to the SM prediction (black points, with error bars corresponding
to the data statistical uncertainty) is shown in the ratio plots. The shaded blue band represents
the statistical and systematic uncertainty on the background prediction. Top: for Nb = 0; Mid-
dle: for Nb = 1; Bottom: for Nb ≥ 2.
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Table 5: Predicted yields for each background with uncertainties in the MT(b1,2, Emiss
T ) >

175 GeV regions of the high ∆m search. The number of events observed in data is given in
the last column.

Search region Emiss
T [ GeV ] Lost lepton Z→ νν Rare SM QCD Total SM Observed

Nb = 1, MT(b1,2, Emiss
T ) > 175 GeV, 5 ≤ Nj < 7, Nt = 0, NW = 0

16 250−350 195± 18 131± 15 9.1± 3.0 16± 4 351± 26 357
17 350−450 41± 7 63± 9 3.8± 1.3 4.7± 1.2 113± 12 104
18 450−550 13± 4 26± 6 1.5± 0.6 1.8± 0.8 43± 8 45
19 > 550 5.5 +3.4

−2.3 20± 4 1.4± 0.5 0.68± 0.39 27 +6
−5 33

Nb = 1, MT(b1,2, Emiss
T ) > 175 GeV, Nj ≥ 7, Nt = 0, NW = 0

20 250−350 72± 9 31± 5 3.6± 1.3 9.1± 2.5 116± 11 114
21 350−450 19± 4 14± 3 1.9± 0.7 5.5± 2.9 40± 6 34
22 450−550 7.3 +3.3

−2.5 6.9± 2.1 0.88± 0.37 1.0± 0.5 16 +4
−3 10

23 > 550 3.7 +2.4
−1.6 6.7± 1.8 0.77± 0.34 0.65 +0.57

−0.43 12 +3
−2 10

Nb = 1, MT(b1,2, Emiss
T ) > 175 GeV, Nj ≥ 5, Nt = 0, NW ≥ 1

24 250−350 103± 12 44± 6 6.2± 2.0 5.6± 5.8 159± 15 146
25 350−450 27± 5 24± 4 2.8± 1.0 1.7± 1.8 56± 7 63
26 450−550 8.1± 2.7 9.8± 2.7 1.4± 0.5 0.42 +0.34

−0.3 20± 4 16
27 550−650 1.7 +2.4

−1.2 4.8± 1.5 0.17± 0.14 0.05 +0.14
−0.05 6.7 +3.0

−2.0 8
28 > 650 0.76 +1.78

−0.64 2.0 +1.2
−0.9 0.34± 0.15 0.03 +0.1

−0.04 3.1 +2.5
−1.2 4

Nb = 1, MT(b1,2, Emiss
T ) > 175 GeV, Nj ≥ 5, Nt ≥ 1, NW = 0

29 250−350 22± 5 1.7± 0.6 0.63± 0.27 0.63± 0.7 25± 6 13
30 350−450 9.7± 3.3 1.4 +0.8

−0.6 0.74± 0.3 0.61± 0.74 12 +4
−3 11

31 450−550 1.1 +1.5
−0.8 1.1 +0.7

−0.5 0.64± 0.28 0.04 +0.05
−0.03 2.9 +1.8

−1.0 9
32 550−650 <2.49 0.21 +0.48

−0.17 0.25± 0.19 0.04 +0.1
−0.04 0.49 +2.79

−0.27 1
33 > 650 <1.07 0.97 +0.81

−0.51 0.2± 0.12 0.03 +0.08
−0.03 1.2 +1.7

−0.5 2
Nb = 1, MT(b1,2, Emiss

T ) > 175 GeV, Nj ≥ 5, Nt ≥ 1, NW ≥ 1
34 250−300 2.3 +3.5

−1.7 0.13 +0.2
−0.1 0.07± 0.06 0.09 +0.11

−0.09 2.6 +3.6
−1.7 0

35 300−400 <1.12 0.1 +0.24
−0.09 0.14± 0.1 0.04 +0.04

−0.03 0.28 +1.27
−0.14 0

36 400−500 1.0 +2.5
−0.9 0.51 +0.4

−0.27 0.28± 0.12 0.03 +0.04
−0.03 1.8 +2.6

−1.0 1
37 > 500 <1.61 <0.27 0.06± 0.07 0.01± 0.01 0.07 +1.78

−0.11 2
Nb ≥ 2, MT(b1,2, Emiss

T ) > 175 GeV, 5 ≤ Nj < 7, Nt = 0, NW = 0
38 250−350 107± 12 54± 9 8.5± 2.7 8.2± 2.3 178± 16 172
39 350−450 17± 4 22± 4 2.8± 0.9 1.8± 0.6 44± 6 36
40 450−550 3.0 +3.0

−1.7 10± 3 1.2± 0.4 0.6± 0.29 15 +4
−3 11

41 > 550 5.7 +3.6
−2.4 6.2± 1.6 0.73± 0.28 0.32± 0.15 13 +4

−3 11
Nb ≥ 2, MT(b1,2, Emiss

T ) > 175 GeV, Nj ≥ 7, Nt = 0, NW = 0
42 250−350 66± 9 15± 3 4.2± 1.4 3.7± 1.0 89± 10 78
43 350−450 8.4± 2.6 6.3± 1.6 2.0± 0.7 1.2± 0.4 18± 3 23
44 450−550 2.4 +2.4

−1.4 2.4± 0.8 0.67± 0.29 0.46± 0.22 5.9 +2.6
−1.7 6

45 > 550 1.6 +1.7
−1.0 2.3± 0.7 0.64± 0.25 0.15 +0.13

−0.1 4.7 +1.9
−1.2 6

Nb ≥ 2, MT(b1,2, Emiss
T ) > 175 GeV, Nj ≥ 5, Nt = 0, NW ≥ 1

46 250−350 65± 8 19± 3 6.7± 2.1 2.9± 3.1 94± 10 89
47 350−450 15± 4 9.8± 2.1 3.6± 1.2 0.9± 1.0 29± 5 24
48 450−550 2.3 +1.6

−1.1 3.3± 1.0 0.92± 0.36 0.11 +0.1
−0.09 6.6 +2.1

−1.6 9
49 550−650 1.7 +1.8

−1.0 1.8± 0.6 0.64± 0.25 0.02 +0.07
−0.02 4.2 +2.0

−1.3 4
50 > 650 0.59 +1.39

−0.5 0.63 +0.39
−0.28 0.42± 0.22 0.01 +0.02

−0.01 1.6 +1.6
−0.6 2

Nb ≥ 2, MT(b1,2, Emiss
T ) > 175 GeV, Nj ≥ 5, Nt ≥ 1, NW = 0

51 250−350 8.2± 2.7 0.61± 0.21 0.68± 0.27 0.17± 0.19 9.6± 2.7 14
52 350−450 1.4 +2.0

−1.0 0.58 +0.31
−0.23 0.89± 0.34 0.34± 0.51 3.3 +2.1

−1.2 10
53 450−550 0.85 +1.17

−0.58 0.5 +0.33
−0.24 0.33± 0.18 0.06 +0.09

−0.06 1.7 +1.3
−0.7 0

54 550−650 0.76 +1.79
−0.64 0.08 +0.18

−0.07 0.32± 0.19 0.02 +0.05
−0.02 1.2 +1.9

−0.7 1
55 > 650 <1.76 0.31 +0.26

−0.17 0.25± 0.15 0.02 +0.05
−0.02 0.58 +1.89

−0.23 2
Nb ≥ 2, MT(b1,2, Emiss

T ) > 175 GeV, Nj ≥ 5, Nt ≥ 1, NW ≥ 1
56 250−300 <1.61 0.06 +0.09

−0.04 0.16± 0.1 0.01± 0.01 0.22 +1.65
−0.11 0

57 300−400 <0.53 0.06 +0.14
−0.05 0.12± 0.1 0.01± 0.01 0.19 +0.63

−0.12 0
58 400−500 <0.51 0.19 +0.15

−0.11 0.1± 0.09 0.02± 0.02 0.3 +0.6
−0.14 0

59 > 500 <1.08 <0.16 0.16± 0.1 <0.01 0.16 +1.19
−0.11 1
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Table 6: Predicted yields for each background with uncertainties in the low ∆m search regions.
The number of events observed in data is given in the last column.

Search region Emiss
T [ GeV ] Lost lepton Z→ νν Rare SM QCD Total SM Observed

Nb = 0, pT(ISR) ≥ 500 GeV, 2 ≤ Nj < 6
0 450−550 269± 40 456± 53 17± 5 37± 11 778± 72 728
1 550−650 159± 27 398± 35 13± 4 23± 14 594± 51 595
2 650−750 74± 14 202± 21 7.1± 2.2 12± 6 295± 27 285
3 > 750 44± 8 179± 21 7.5± 2.5 4.5± 3.4 235± 25 263

Nb = 0, pT(ISR) ≥ 500 GeV, Nj ≥ 6
4 450−550 31± 6 41± 7 3.0± 1.1 7.6± 2.7 83± 10 88
5 550−650 21± 4 17± 4 2.1± 0.8 5.3± 1.9 45± 6 58
6 650−750 8.5± 2.2 15± 4 1.4± 0.6 1.4± 0.6 27± 5 24
7 > 750 7.0± 1.8 12± 4 1.9± 0.8 1.1 +0.7

−0.6 22± 4 29
Nb ≥ 1, NL

b = 1, 250 ≤ pT(ISR) < 500 GeV, 20 ≤ pT(b) < 40 GeV
8 300−400 92± 18 53± 6 1.8± 0.6 4.2± 4.4 151± 20 116
9 400−500 13± 4 14± 2 0.93± 0.36 1.1± 0.7 28± 4 31

10 500−600 4.2 +2.9
−2.1 0.86± 0.35 0.08± 0.07 0.13± 0.1 5.2 +3.0

−2.2 3
11 > 600 0.85 +0.67

−0.47 0.26 +0.18
−0.14 0.01± 0.01 0.02± 0.01 1.1 +0.7

−0.5 0
Nb ≥ 1, NL

b = 1, 250 ≤ pT(ISR) < 500 GeV, 40 ≤ pT(b) < 70 GeV
12 300−400 54± 11 20± 3 1.3± 0.5 0.73± 0.66 76± 12 71
13 400−500 6.3± 2.5 2.8± 0.9 0.56± 0.3 0.1± 0.09 9.8± 2.7 12
14 500−600 <0.87 0.32 +0.21

−0.15 <0.01 0.01± 0.01 0.33 +0.96
−0.17 3

15 > 600 <0.63 0.14 +0.21
−0.11 <0.01 <0.01 0.15 +0.74

−0.11 0
Nb ≥ 1, NL

b = 1, pT(ISR) ≥ 500 GeV, 20 ≤ pT(b) < 40 GeV
16 450−550 4.8 +3.7

−2.5 3.3± 0.7 0.13± 0.14 0.12 +0.09
−0.08 8.4 +3.8

−2.6 6
17 550−650 1.3 +1.7

−0.9 1.2± 0.5 0.05± 0.04 0.06 +0.06
−0.05 2.6 +1.8

−1.0 1
18 650−750 1.3 +1.8

−0.9 0.41 +0.26
−0.2 0.14± 0.14 0.05 +0.04

−0.03 1.9 +1.9
−1.0 2

19 > 750 1.1 +1.5
−0.8 0.43 +0.23

−0.19 <0.01 0.02± 0.02 1.6 +1.6
−0.8 1

Nb ≥ 1, NL
b = 1, pT(ISR) ≥ 500 GeV, 40 ≤ pT(b) < 70 GeV

20 450−550 4.4 +3.2
−2.3 1.3± 0.4 0.23± 0.14 0.07 +0.08

−0.06 6.0 +3.2
−2.3 2

21 550−650 2.5 +3.5
−1.7 0.45 +0.32

−0.25 0.05± 0.07 0.07 +0.07
−0.05 3.1 +3.6

−1.8 3
22 650−750 0.48 +1.18

−0.44 0.09 +0.22
−0.08 <0.01 0.02 +0.03

−0.02 0.6 +1.29
−0.45 3

23 > 750 0.31 +0.76
−0.33 0.52 +0.41

−0.29 <0.01 0.02 +0.03
−0.02 0.86 +0.98

−0.46 1
Nb ≥ 1, NL

b ≥ 2, 250 ≤ pT(ISR) < 500 GeV, 40 ≤ pT(b)1 + pT(b)2 < 100 GeV
24 300−400 89± 16 53± 8 3.8± 1.3 8.4± 6.2 154± 19 181
25 400−500 24± 6 14± 3 0.93± 0.41 1.2± 0.6 40± 7 35
26 500−600 1.9 +1.0

−0.8 2.1± 0.8 0.44± 0.22 0.18± 0.1 4.6 +1.4
−1.1 3

27 > 600 0.86 +0.52
−0.4 0.59 +0.52

−0.35 0.19± 0.1 0.09± 0.06 1.7 +0.8
−0.6 2

Nb ≥ 1, NL
b ≥ 2, 250 ≤ pT(ISR) < 500 GeV, 100 ≤ pT(b)1 + pT(b)2 < 160 GeV

28 300−400 105± 13 21± 4 2.7± 0.9 5.4± 3.2 134± 15 136
29 400−500 18± 4 3.9± 1.1 0.58± 0.27 0.72± 0.43 24± 4 35
30 500−600 3.2± 1.2 0.47 +0.43

−0.27 0.33± 0.15 0.07± 0.04 4.1 +1.4
−1.3 5

31 > 600 0.85± 0.36 0.14 +0.33
−0.12 0.03± 0.04 0.03± 0.02 1.1 +0.5

−0.4 1
Nb ≥ 1, NL

b ≥ 2, pT(ISR) ≥ 500 GeV, 40 ≤ pT(b)1 + pT(b)2 < 100 GeV
32 450−550 4.7 +2.5

−1.9 2.2± 0.6 0.46± 0.21 0.49 +0.66
−0.43 7.9 +2.8

−2.1 7
33 550−650 2.4 +2.1

−1.4 2.2± 0.9 0.08± 0.05 0.03 +0.04
−0.02 4.7 +2.3

−1.6 7
34 650−750 0.4 +0.95

−0.35 0.51 +0.44
−0.29 0.12± 0.11 0.02 +0.03

−0.02 1.1 +1.2
−0.5 1

35 > 750 0.45 +1.1
−0.41 0.28 +0.39

−0.2 0.08± 0.06 0.01 +0.02
−0.01 0.82 +1.3

−0.49 2
Nb ≥ 1, NL

b ≥ 2, pT(ISR) ≥ 500 GeV, 100 ≤ pT(b)1 + pT(b)2 < 160 GeV
36 450−550 7.0± 2.4 1.5 +0.8

−0.6 0.28± 0.16 0.18 +0.2
−0.14 8.9 +2.7

−2.5 14
37 550−650 1.0 +1.1

−0.6 0.42 +0.47
−0.29 0.08± 0.11 0.06 +0.06

−0.04 1.6 +1.3
−0.7 4

38 650−750 1.1 +1.2
−0.7 0.21 +0.5

−0.19 0.03± 0.02 0.02± 0.02 1.3 +1.5
−0.8 2

39 > 750 0.65 +0.69
−0.41 <0.21 0.08± 0.05 0.02± 0.02 0.75 +0.83

−0.41 0
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6 Interpretation
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 signal yields in each bin. The extraction of exclusion limits is based
on a modified frequentist approach [25]. All search region bins, as well as the corresponding
single-lepton control region bins, are fit simultaneously in order to evaluate the cross section
excluded at 95% confidence level for each signal benchmark point considered in each analysis.
Signal models for which the 95% upper limit on the production cross section falls below the
theoretical cross section (based on NLO+NLL calculations) are considered to be excluded by
the analysis.

The inclusion of the single-lepton control region in the simultaneous fit ensures that any po-
tential signal contamination in the control region, based on the corresponding estimated event
yields for any given signal model, is taken into account in the signal strength excluded by the
maximum likelihood fit. The systematic uncertainties assigned to the signal and background
predictions are treated as nuisance parameters in the fit. Statistical uncertainties due to the
limited statistics of simulated samples are uncorrelated between all regions and for all back-
grounds. The statistical uncertainties related to the data in control regions are correlated be-
tween search regions which derive their background prediction from the same control regions
(e.g. across different Nb bins for a given data-driven background prediction). In the case of the
lost lepton background, the statistical uncertainty of the data and the systematic uncertainty
on the signal yield in each single-lepton control region bin are correlated to the corresponding
uncertainties in the search region bins that derive their lost-lepton background prediction from
this bin.

The experimental uncertainties related to the lepton and hadronic tau vetoes, b-tagging, jet
energy scale, and pileup reweighting are correlated across all search regions and for all back-
grounds. The uncertainties in the lost-lepton background estimate corresponding to the vari-
ations of its tt and W fractions respectively, of the W boson polarization, or of the Emiss

T res-
olution in simulation are also correlated for all search regions. The uncertainties assigned to
the Z → νν prediction due to the uncertainties in RZ and the discrepancies between the data-
to-simulation ratios in Z → ``+jets and γ+jets events are correlated separately for all regions
with the same Nb. Uncertainties due to the lepton efficiency correction factors are treated as
being anti-correlated between the single-lepton control region and the search region, since an
underestimate of the efficiency for selecting leptons in the control region would result in an
overestimate in the efficiency for vetoing leptons in the search region.

For the simulated signal event samples, differences between the fast simulation and the full
GEANT4-based simulation are taken into account. Appropriate corrections and uncertainties
for differences observed in the lepton selection efficiencies, b tagging performance, jet energy
scale, and top and W tagging efficiencies are applied to the predicted signal yields. The mod-
eling of initial-state radiation (ISR) plays an important role in cases where we rely on the t̃1̃t1
system to have significant boost, such as for low ∆m scenarios. Correction factors and uncer-
tainties determined by comparing the simulated and observed ISR jet spectrum in dilepton tt
events are applied to the signal based on the ISR jet multiplicity. We also assess uncertainties
in the predicted signal yields due to variations of the renormalization and factorization scales
in simulation. An extra correction and uncertainty is assigned for possible differences in Emiss

T
resolution between the fast and full simulation models. This uncertainty is correlated between
all search regions under the assumption of a uniform prior.

The results of the high ∆m analysis are used to set exclusion limits in signal scenarios in which
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the top squarks undergo one of the two decays: t̃1 → tχ̃0
1 or t̃1 → bχ̃±1 → bW±(∗)χ̃0

1. We
consider two scenarios, one in which the top squarks decay solely through the t̃1 → tχ̃0

1 decay
mode, and one in which they decay only via the t̃1 → bχ̃±1 mode. In the decay via an interme-
diate chargino, the experimental signature is affected by the mass of the chargino. The mass
configurations studied here are those in which the χ̃±1 mass is equidistant from the t̃1 and χ̃0

1
masses.

Figure 7 shows the 95% CL exclusion limits obtained for simplified models in the pure t̃1 → tχ̃0
1

decay scenario. Using the 12.9 fb−1dataset, we probe t̃1 masses up to 860 GeV, and χ̃0
1 masses

up to 320 GeV in this scenario. We do not perform an interpretation for values of ∆m that are
very close to the top quark mass when the χ̃0

1 is very light. These signal topologies are par-
ticularly challenging due to their similarity to the SM tt background, resulting in a significant
contamination from leptonic signal events in the search regions. Figure 8 shows the exclusion
limits obtained in the pure t̃1 → bχ̃±1 decay scenario. Under this decay hypothesis, we probe t̃1
masses up to 740 GeV, and χ̃0

1 masses up to 260 GeV.

The results of the low ∆m analysis are used to set exclusion limits in signal scenarios in which
the mass difference between the t̃1 and χ̃0

1 is smaller than the W boson mass. In these models
the top squark is assumed to decay through an off-shell top quark and subsequently an off-
shell W boson (̃t1 → t∗b, t∗ → W±∗χ̃0

1, W±∗ → ff̄). The model used to interpret the current
results represents a simplified version of the four body decay in which the top quark decay
width is neglected. Figure 9 shows the 95% CL exclusion limits obtained for simplified models
describing this scenario. Using the 12.9 fb−1dataset, we probe t̃1 masses up to 450 GeV, and χ̃0

1
masses up to 430 GeV in this scenario.

7 Summary
The results of a search for direct production of top squark pairs in the fully-hadronic final
state have been presented, based on data collected in 2016 by the CMS detector in proton-
proton collisions at a center-of-mass energy of 13 TeV. The data correspond to an integrated
luminosity of 12.9 fb−1. No significant excess of events beyond the expected contribution from
standard model processes is observed, and exclusion limits are set in the context of simplified
models of top squark production. Top squark masses up to 450 GeV are probed for a neutralino
mass of 430 GeV in the scenario of a very compressed mass spectrum between the t̃1 and χ̃0

1
where the t̃1 decays via a four body decay. In the scenario of larger mass differences between
the t̃1 and χ̃0

1 when the top squark decays to an on-shell top quark and a neutralino, top squark
masses up to 860 GeV, and χ̃0

1 masses up to 320 GeV are probed. When the top squarks decay
to a bottom quark and a χ̃±1 , top squark masses up to 740 GeV, and χ̃0

1 masses up to 260 GeV
are probed.
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Figure 7: Exclusion limits at 95% CL for simplified models of top squark pair production in the
pure t̃1 → tχ̃0

1 (“T2tt”) decay scenario. The solid black curves represent the observed exclusion
contours with respect to NLO+NLL cross section calculations [22] and the corresponding ±1
standard deviations. The dashed red curves indicate the expected exclusion contour and the
±1 standard deviations with experimental uncertainties.
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Figure 8: Exclusion limits at 95% CL for simplified models of top squark pair production in the
pure t̃1 → bχ̃±1 → bW±(∗)χ̃0

1 (“T2bW”) decay scenario. The solid black curves represent the
observed exclusion contours with respect to NLO+NLL cross section calculations [22] and the
corresponding ±1 standard deviations. The dashed red curves indicate the expected exclusion
contour and the ±1 standard deviations with experimental uncertainties.
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Figure 9: Exclusion limits at 95% CL for simplified models of top squark pair production in
the t̃1 → bff̄χ̃0

1 (“T2fbd”) four-body decay scenario. The solid black curves represent the
observed exclusion contours with respect to NLO+NLL cross section calculations [22] and the
corresponding ±1 standard deviations. The dashed red curves indicate the expected exclusion
contour and the ±1 standard deviations with experimental uncertainties.
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A Aggregate search regions
We also define a set of aggregate search regions by combining groups of the full set of search
regions. These aggregate regions represent a simplified version of the analysis and provide
sensitivity to different signal topologies. Tables 7 and 8 describe the definitions of the aggregate
regions. Figure 10 shows the observed events and the predicted background yields based on
the background estimation methods discussed in Section 4 for each of these aggregate regions
for the high ∆m and low ∆m analyses. The yields are also tabulated in Tables 9 and 10.

Table 7: Summary of the 13 disjoint aggregate search regions defined for the high ∆m analysis.

Category MT(b1,2, Emiss
T ) < 175 GeV MT(b1,2, Emiss

T ) ≥ 175 GeV
Nt/NW − Nt = 0, NW = 0 Nt ≥ 1, NW = 0 Nt = 0, NW ≥ 1 Nt ≥ 1, NW ≥ 1
Nj ≥ 7 ≥ 7 ≥ 5 ≥ 5 ≥ 5
Nb 1 ≥ 2 ≥ 2 ≥ 2 ≥ 2 ≥ 2

Emiss
T [ GeV ]

250−300 250−300 250−350 250−450 250−450 >250
300−400 300−400 350−450 >450 >450

450−550
≥550

Table 8: Summary of the 12 disjoint aggregate search regions defined for the low ∆m analysis.
Category Nb ≥ 1, NL

b = 1 Nb ≥ 1, NL
b ≥ 2

pT(ISR) >250 >250
pT(b) or pT(b12) 20− 40 40− 70 40− 100 100− 160

Emiss
T [ GeV ]

300−400 300−400 300−400 300−400
400−500 400−500 400−500 400−500
>500 >500 >500 >500

Table 9: Observed events and SM estimates for the aggregate search regions of the high
∆m analysis.

Search region Emiss
T [ GeV ] Lost lepton Z→ νν Rare SM QCD Total SM Observed

Nb = 1, MT(b1,2, Emiss
T ) < 175 GeV, nj ≥ 7

0 250−300 312± 25 48± 6 6.5± 3.4 17± 4 384± 28 356
1 300−400 167± 17 34± 5 5.1± 2.6 12± 5 218± 18 192

Nb ≥ 2, MT(b1,2, Emiss
T ) < 175 GeV, nj ≥ 7

2 250−300 323± 23 17± 3 6.5± 3.3 7.9± 1.9 354± 25 342
3 300−400 186± 16 12± 2 5.6± 2.9 3.8± 1.1 207± 16 177

Nb ≥ 2, MT(b1,2, Emiss
T ) > 175 GeV, nj ≥ 7, Nt = 0, NW = 0

4 250−350 67± 9 14± 3 4.1± 2.2 3.7± 1.0 88± 10 78
5 350−450 8.4± 2.6 6.0± 1.4 2.0± 1.1 1.2± 0.4 18± 3 23
6 450−550 2.4 +2.4

−1.4 2.3± 0.7 0.67± 0.4 0.46± 0.22 5.8 +2.6
−1.7 6

7 > 550 1.7 +1.7
−1.0 2.2± 0.6 0.64± 0.36 0.15 +0.13

−0.1 4.7 +1.9
−1.2 6

Nb ≥ 2, MT(b1,2, Emiss
T ) > 175 GeV, Nj ≥ 5, Nt = 0, NW ≥ 1

8 250−450 80± 10 28± 4 10± 5 3.8± 32.4 122± 35 113
9 > 450 4.4 +2.2

−1.6 5.4± 1.4 2.0± 1.1 0.17 +0.15
−0.14 12 +3

−2 15
Nb ≥ 2, MT(b1,2, Emiss

T ) > 175 GeV, Nj ≥ 5, Nt ≥ 1, NW = 0
10 250−450 9.9± 3.0 1.1± 0.3 1.6± 0.8 0.44± 2.11 13± 4 24
11 > 450 1.6 +1.7

−0.9 0.86± 0.32 0.9± 0.53 0.1 +0.12
−0.09 3.5 +1.8

−1.1 3
Nb ≥ 2, MT(b1,2, Emiss

T ) > 175 GeV, Nj ≥ 5, Nt ≥ 1, NW ≥ 1
12 > 250 <0.9 0.37 +0.22

−0.16 0.54± 0.35 0.04 +0.04
−0.03 0.95 +1.07

−0.39 1
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Table 10: Observed events and SM estimates for the aggregate search regions of the low
∆m analysis.

Search region Emiss
T [ GeV ] Lost lepton Z→ νν Rare SM QCD Total SM Observed

Nb ≥ 1, NL
b = 1, pT(ISR) ≥ 250 GeV, 20 ≤ pT(b) < 40 GeV

0 300−400 96± 19 56± 8 2.0± 1.1 6.4± 6.7 161± 22 120
1 400−500 17± 5 16± 3 1.2± 0.7 1.8± 1.1 36± 6 43
2 > 500 10± 4 4.8± 1.7 0.28± 0.23 0.35± 0.22 15± 5 7

Nb ≥ 1, NL
b = 1, pT(ISR) ≥ 250 GeV, 40 ≤ pT(b) < 70 GeV

3 300−400 58± 12 21± 4 1.4± 0.8 3.0± 2.6 84± 13 75
4 400−500 9.2± 3.3 4.5± 1.3 0.64± 0.41 0.5± 0.45 15± 4 14
5 > 500 4.4 +3.3

−2.2 1.8± 0.5 0.16± 0.15 0.14± 0.13 6.5 +3.3
−2.3 11

Nb ≥ 1, NL
b ≥ 2, pT(ISR) ≥ 250 GeV, 40 ≤ pT(b)1 + pT(b)2 < 100 GeV

6 300−400 95± 17 55± 10 4.1± 2.1 7.4± 5.4 162± 21 187
7 400−500 29± 7 16± 3 1.3± 0.7 2.0± 1.1 49± 8 44
8 > 500 9.8± 2.8 7.0± 1.6 1.1± 0.6 0.43± 0.21 18± 3 18

Nb ≥ 1, NL
b ≥ 2, pT(ISR) ≥ 250 GeV, 100 ≤ pT(b)1 + pT(b)2 < 160 GeV

9 300−400 115± 15 22± 4 2.9± 1.5 5.8± 3.4 146± 16 152
10 400−500 27± 5 5.6± 1.5 1.1± 0.6 1.1± 0.7 35± 5 51
11 > 500 9.6± 2.7 1.7± 0.6 0.6± 0.34 0.25± 0.15 12± 3 17
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Figure 10: Observed events and SM estimates for the aggregate search regions defined for
the high ∆m (top) and low ∆m (bottom) analyses. The ratios of the observed data to the SM
prediction derived from control regions (black points, with error bars corresponding to the
data statistical uncertainty) are shown in the ratio plots. The shaded blue band represents the
statistical and systematic uncertainty on the background prediction.
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