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Abstract

A search for top squarks in events with jets and missing transverse momentum is
presented. The data were collected in proton-proton collisions at a center-of-mass en-
ergy of 13 TeV with the CMS detector at the LHC and correspond to an integrated
luminosity of 2.3 fb~!. Events are categorized by the properties of reconstructed jets,
the presence of top quark candidates, and missing transverse momentum. No sta-
tistically significant excess of events above the expected contribution from standard
model processes is observed. Exclusion limits are set in the context of simplified mod-
els of top squark pair production.
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1 Introduction

Supersymmetry (SUSY) [1-5] is an extension to the standard model (SM) of particle physics
that postulates a symmetry between fermions and bosons. For each SM particle a SUSY parti-
cle, or ‘sparticle,” is proposed with the same quantum numbers except that its spin differs by a
half-integer. In R-parity conserving models [6, 7], sparticles are produced in pairs and the light-
est SUSY particle (LSP) is stable. Models with a weakly interacting neutralino (5(?) as the LSP
are particularly compelling because the X would be an excellent dark matter candidate [8].
The radiative corrections involving these sparticles protect the Higgs mass against divergent
corrections, solving the gauge hierarchy or ‘naturalness” problem [9-14]. However, sparticle
masses cannot be arbitrarily large and the top squark () is expected to be one of the lightest
sparticles in order to maintain ‘natural” levels of fine tuning [15-19]. Based on these consid-

erations, it is of particular interest to search for tt production with the decay of each sparticle
ending in a x{ and SM particles. Run 1 SUSY searches at the CERN LHC [20] found no evi-
dence of physics beyond the SM and these results place limits on the top squark mass, m(t),
extending to 775 GeV in some scenarios [21-26].

This document describes such a search in the all-hadronic final state. This final state has the
largest accessible production rate for the signal models studied, corresponding to the ~45%
of signal events in which the W bosons produced in the top squark decay chains decay to
quark pairs. We consider two top squark decay scenarios within the Simplified Model Spectra
(SMS) framework [27-29]. In the scenario denoted as ‘T2tt’, the t has a single decay mode, via
a top quark: t— t)“(?, in which the f({f is the LSP. A second, mixed decay scenario, denoted
“T2tb” involves two t decay modes, via a top quark or via the lightest chargino (t — bx7y") with
the chargino subsequently decaying to a virtual W boson and a x\. A 50% branching ratio
for each decay mode is assumed for the T2tb models studied. Figure 1 shows the diagrams
representing these two simplified models. Each of these scenarios share the same final-state
particles: bbqqqqx". The neutralinos and charginos present in these cascades are states that are
formed via linear combinations of the superpartners of the SM gauge bosons and the SUSY
Higgs bosons, the gauginos and higgsinos respectively. A natural simplified SUSY spectrum
is assumed in which the Xf are 5 GeV heavier than the X{f . The )?1) does not interact with the
detector, resulting in missing transverse momentum (p7"*°). The magnitude of the missing
transverse momentum, Er, is one of the most important discriminators between signal and SM
background.

In this search we select events with no identified leptons, large Et, multiple jets and at least one
jet identified as originating from the hadronization of a b quark. One of the dominant sources
of the SM background originates from tt or W boson production in association with jets in
events with leptonic W boson decays. Events in which a Z boson, produced in association with
jets, decays to neutrinos also provide a significant contribution to the SM background. Two
independent analyses are performed, both of which are sensitive to a range of signal topologies.
They rely on the use of top quark tagging algorithms and the categorization of events into
exclusive search regions based on kinematic observables related to jets and Et. These two
studies can be briefly described as:

e “High purity top tagging” (HPTT) analysis: An analysis that utilizes a high purity
top tagging algorithm to identify top quarks. Events are categorized into exclusive
search regions defined by the transverse mass (Mr) between b jets and £, the num-
ber of reconstructed jets, the number of identified b jets, the presence or absence
of a reconstructed top, and different Er thresholds. The HPTT analysis is designed
to have improved sensitivity for mixed decay (T2tb) models, and compressed T2tt
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models with a small mass difference (Am) between the t and X{l), including models
in which the t decays via an off-shell top quark.

e “High efficiency top tagging” (HETT) analysis: An analysis that relies on a custom,
highly efficient algorithm to tag top-like objects in events and uses their kinematic
properties as input to the computation of the “stransverse” mass (Mry) variable [30,

31]. Exclusive search regions are constructed using the number of identified b jets

and top-like objects, and different thresholds on Ft and Mr,. The HETT analysis is

largely oriented towards T2tt models with medium to large Am between the t and

X0
Both analyses estimate the principal SM backgrounds with data control samples (CS) that are
orthogonal but kinematically similar to the search sample. The selection criteria for these con-
trol samples are chosen to yield a sample with high purity for a particular background process.
The control samples are also chosen to exhibit characteristics similar to those of the search sam-
ple, with significantly larger statistics whenever possible, in order to identify rare effects that
can potentially affect the search regions. With the aid of simulated data samples, the experi-
mental measurement of each background process in its corresponding data control sample is
translated into a prediction for the number of SM events in each of the search regions. Although
the approaches are similar, the two analyses complement each other since the predictions of the
dominant background processes are based on different sets of assumptions and control regions.

The search is performed on a data sample corresponding to an integrated luminosity of 2.3 fb ™!
of proton-proton collisions collected at a center-of-mass energy of 13 TeV with the CMS detec-
tor at the LHC. The event reconstruction and simulation are described in Section 2. Details of
the event categorization and SM background estimation strategies for the two analyses are pre-
sented in Sections 3 and 4, along with the corresponding results. Interpretations in the context
of the SMS framework are discussed in Section 5, followed by a summary in Section 6.

Figure 1: Diagrams representing the two simplified models of direct top squark pair production
considered in this study: the T2tt model with top squark decay via a top quark (left), and the
T2tb model with the top squark decaying either via a top quark or via an intermediate chargino
(right).

2 Event reconstruction and simulation

2.1 Event reconstruction

The event reconstruction is performed using the particle-flow (PF) algorithm [32, 33], 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 g™ is computed as

the negative vector sum of the transverse momenta of all particle-flow candidates reconstructed
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in an event. 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 recon-
structed vertex with the largest ¥ p2 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 [34] 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. Jets originating from b quarks
are identified with the combined secondary vertex (CSV) algorithm [35, 36]. The jet counting
for the search requires jets to be in the pseudo-rapidity range |17| < 2.4. Jets considered in
the HETT analysis are required to have pt > 30 GeV. The signal topologies targeted by the
HPTT analysis may result in soft decay products due to the compressed mass spectrum of the
produced particles. The jets considered for this analysis are therefore selected with a lower pr
threshold of 20 GeV.

Depending on the decay mode, pair production of top squarks may involve the decay of up
to two on-shell top quarks and the identification of hadronically-decaying top quarks provides
an important handle for suppressing most backgrounds. To this end, both methods utilize
algorithms to reconstruct top quarks.

The top tagging algorithm used for the HPTT analysis identifies top quark decays with high
purity, at the cost of lower signal efficiency. Top quark candidates are identified by the “CMS
top tagging” (CTT) algorithm [37, 38], which makes use of jet substructure and jet mass ob-
servables in order to identify top quark decays. First, jets are reconstructed with the anti-kt
algorithm using a distance parameter of 0.8 in order to cluster the decay products of a boosted
top quark into a single jet. The top candidates are then required to have large pr (> 400 GeV)
and to have their jet axis within the tracker volume (57| < 2.4). The next step of the top re-
construction is an attempt to decompose the candidate jets into at least three subjets, where
the invariant mass of these subjets is also required to be consistent with the top quark mass
(140 — 250 GeV). The final requirement of the top identification is that the minimum invariant
mass of any pair of the three highest pt subjets found by the algorithm must exceed 50 GeV, in
order to be consistent with the hadronic decay of a W boson.

The HETT analysis uses a custom top tagging algorithm designed for high efficiency, which is
based on the one developed in the context of the earlier top squark search [39]. The algorithm
starts with jets reconstructed using the anti-kt algorithm with distance parameter R = 0.4, and
tests various combinations of three jets within a large cone of radius 1.5 in #—¢ space in order
to reconstruct hadronically-decaying top quarks from resolved jets as described in Refs. [40-
42]. This approach ensures high top—tagging efficiency at pr below the range targeted by the
boosted top quark algorithms [38]. In the HETT analysis, the efficiency of this top tagging
algorithm is further improved at high pt by using the jet mass to identify boosted scenarios in
which decay products from the W boson or top quark are merged into a single jet. Details of
this algorithm are presented in Section 4.1.

SM backgrounds with intrinsic £t such as leptonic tt and W+jets events are reduced by vetoing
events with isolated charged leptons. Electron candidates are first reconstructed by matching
clusters of energy deposits in the electromagnetic calorimeter to reconstructed tracks. A num-
ber 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 identification of elec-
tron candidates [43]. Muon candidates are reconstructed by requiring consistent hit patterns
in the tracker and muon systems [44]. The isolation of electron and muon candidates is de-
fined as the ) pr of PF candidates in a cone around the candidate’s trajectory with a radius
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AR = +/(An)? + (A¢)?. The cone size depends on the lepton pr as follows:

0.2, pr < 50 GeV

AR = 10]{%, 50 GeV < pr < 200 GeV (1)

0.05, pr > 200 GeV

The decrease in the cone radius for higher pr candidates is motivated by the consideration
that the decay products of more boosted heavy objects should be contained in a region defined
with a smaller radius. 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
are considered to be isolated if their relative isolation, i.e. the ratio of the isolation sum to the
candidate pr, is less than 0.1 or 0.2 respectively. The HPTT analysis rejects events with isolated
electrons or muons that have pr > 5 GeV and |17| < 2.4, while the HETT analysis rejects events
with isolated electrons that have pr > 10 GeV and || < 2.5, or isolated muons that have
pr > 10 GeV and || < 2.4.

In order to further reduce the contribution from background events with low-pr leptons orig-
inating from leptonic W boson decays, the HETT analysis places an additional veto on the
presence of isolated electron or muon PF candidates using less stringent selection criteria than
those described above. These tracks are required to have pr > 5 GeV, || < 2.5, and relative
track isolation less than 0.2. This is the same as the relative isolation described above except
that it is only computed with charged PF candidates within a fixed cone of AR = 0.3 around
the track. In order to preserve signal efficiency the transverse mass of the track-Er system

Mr(track, Fr) = \/2 . ptTraCk “Er- (1 —cosA¢) , ()

with p!fack denoting the track pr, and A¢ the azimuthal separation between the isolated track
;2 miss

and p'ss, is required to be less than 100 GeV to be consistent with a W boson decay.

Following vetoes on the presence of isolated electrons and muons, a significant fraction of the
remaining SM background originates from events with hadronically-decaying tau leptons (7).
In order to reduce this background contribution, a veto is placed on the presence of isolated
charged hadron PF candidates in the tracker volume with py > 10 GeV that are consistent with
T, decays. The 13, candidate-E1 system is also required to have a transverse mass Mt (1, Bt) <
100 GeV. Candidates satisfying the selection on Mr(t,, £1) in the case of the HETT analysis are
categorized as being isolated if their relative track isolation is less than 0.1. In order to improve
the discrimination between signals with low Am and the hadronic tau background, the isolation
requirement applied in the case of the HPTT analysis is based on a discriminant obtained from
a multi-variate boosted decision tree (BDT) trained to distinguish the characteristics of charged
hadrons originating from 7, decays from other particles. The BDT input variables include the
charged and total isolation sums within various AR cones around the candidate, distances in
AR to the closest charged PF candidate and the jet containing the 7, candidate, and the CSV
value of that jet. The T, candidates are also required to be consistent with the primary vertex
by requiring a longitudinal impact parameter less than 0.2 cm.

A summary of the object definitions used in the two analyses is tabulated in Table 1.
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Table 1: Summary of the object definitions used in the HPTT and HETT analyses. The object
definitions are detailed in the text.

’ Object H HPTT analysis ‘ HETT analysis ‘

Jets anti-kt (0.4) anti-kt (0.4)

pr > 20GeV, || < 2.4 pr > 30GeV, || < 2.4
b jets pr > 20GeV, || <24 pr > 30GeV, || <24
e/u veto pr > 5GeV, 5| <24 pr > 10GeV, |17, | < 2.5(24)
e/ u track veto — pr > 5GeV, || < 2.5
Ty, track veto pr > 10GeV, || < 2.4 (BDT-based) pr > 10GeV, || < 2.5

. anti-kt (0.8) jets anti-kt (0.4) jets

Top reconstruction pr > 400 G<(ev, \);7] | <24 pr > 30 GEeV, )|1;\ <5

2.2 Event simulation

Monte Carlo (MC) simulations of event samples are used to study the properties of the SM
background processes and signal models. The MADGRAPHS5 generator [45] is used to simu-
late events originating from tt, W+jets, Z +jets, y+jets and QCD multijet processes and from
top squark pair production based on leading order (LO) NNPDE3.0 [46] parton distribution
functions (PDFs). Single-top events produced in the tW channel are generated with POWHEG
v1.0 [47-50], and rare SM processes such as ttZ and ttW using the MADGRAPH5_AMC@NLO
program [51]. Next-to-leading order (NLO) NNPDEF3.0 PDFs are used in both cases. The parton
showering and hadronization is simulated with PYTHIAS8.1 [52]. A GEANT4-based model [53]
is used to simulate the response of the CMS detector in the case of the SM background. The
CMS fast simulation package [54] is used in the case of signal samples and is verified to pro-
vide 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 distri-
bution 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 sig-
nal production cross sections are calculated using NLO plus next-to-leading logarithm (INLL)
calculations [55]. 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 ap-
plied 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
electrons 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 uncer-
tainties are propagated to the predicted SM yields in the search regions. Correction factors and
uncertainties based on measurements of b tagging performance in data and simulation [56] are
also applied. They are parameterized by jet kinematics and flavor. An additional uncertainty
related to the pileup reweighting procedure is applied to the simulation.

The top tagging efficiency and mis-identification rate of the CTT algorithm used in the HPTT
analysis are measured in data and compared to the expectation from simulation. The tagging
efficiency is estimated in a sample dominated by semi-leptonic tt events that are selected using
a single-muon trigger. The muon is required to have pr > 30 GeV and || < 2.1. To suppress
other backgrounds, at least one b-tagged jet in the same hemisphere as the muon is required.
The top candidate is required to lie in the hemisphere opposite to the muon. The contamination



6 3 The HPTT analysis

from QCD multijet events is reduced to negligible levels by requiring Er > 50 GeV. The
efficiency estimated in simulation agrees with the measured efficiency within 10%, which is
assigned as an uncertainty.

The CTT mis-identification rate of jets not originating from a top quark decay is measured in a
data sample and compared with the corresponding rate in simulation. The sample is selected
by a trigger with Ht > 1TeV, where Hr is the scalar sum of the pt of the jets in the event. In
addition to the selection on Hr, the Er is required to exceed 200 GeV. The mis-identification
rate in simulation is observed to be 30% higher than in data. The simulation is corrected for
this discrepancy, and a 10% uncertainty is assigned.

The performance of the HETT is validated using a tag-and-probe inspired technique in a semi-
leptonic tt-enriched control region. The tagger efficiency calculated in this control region agrees
well with that calculated in tt MC simulation and a flat 5% systematic uncertainty on the top
quark yields is applied to cover residual differences. The efficiency calculations are discussed
in more detail in Section 4.

3 The HPTT analysis

The design of the HPTT analysis is characterized by the categorization of events into exclusive
search regions based on selections on kinematic variables related to jets and Er. In addition,
the CTT algorithm is utilized to increase the search sensitivity to signal models in which top
squarks decay via on-shell top quarks. The estimation of the main backgrounds in the search
regions is obtained using dedicated data control samples. The background prediction method
is validated in data samples with similar characteristics to the search sample.

3.1 Event selection and categorization

The event sample used for this analysis is recorded using a trigger that requires the presence
of two or more energetic jets within the tracker acceptance and a selection on Er. In order to be
nearly fully efficient with respect to the trigger criteria, events selected offline are required to
have at least two jets with pr > 75 GeV, || < 2.4 and Et > 250 GeV. The following additional
criteria define the “baseline selection” of the search sample:

e No isolated electron or muon candidates with pr > 5 GeV, || < 2.4
No isolated 7, candidates with pr > 10 GeV, || < 2.4 and Mt (7, Er) < 100 GeV
N; > 5, where N; denotes the number of jets with pr > 20 GeV, || < 2.4

Nl > 2, where N denotes the number of jets satisfying the “loose” working point
of the CSV algorithm, with efficiency ~ 90%

Ny > 1, where N, denotes the number of jets satisfying the “medium” working
point of the CSV algorithm, with efficiency ranging between 60 — 70%

o Min[[Ad(Fr,ji)|, [BP(Er i)l |A¢(Erj3) |, [AP(Fr.jy)|] = Adrozs > 0.5, wherejy, jo, oy
are the four leading jets in pr

Missing energy is generated in QCD multijet events through jet pr mis-measurement, and is
typically aligned with one of the leading jets in the event. Therefore, the requirements on the
|A¢| between the four leading jets and Et are placed in order to reduce the contribution of the
QCD multijet background to a sub-dominant level.

After imposing the baseline selection requirements, a subdivision of the search sample into
event categories based on kinematic observables related to jets and £t improves the power
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of the analysis to discriminate between the remaining SM background and signal. The domi-
nant sources of SM background are tt, W+jets, and Z+jets events. The contribution from tt and
Wijets processes arises from events with W bosons decaying leptonically in which the charged
lepton is outside the kinematic acceptance or evades identification by the lepton vetoes. Large
E1 can be generated by the associated neutrino, allowing such events to enter the search re-
gions. This background will be collectively referred to as the “lost lepton” (LL) background.
Contributions arising from ttW and single-top processes also enter this category, but with much
smaller importance. Another category of background originates from events with a Z boson
produced in association with jets. Such events can enter the search regions when the Z boson
decays to neutrinos, resulting in a significant amount of missing energy.

In tt events with a lost lepton, the transverse mass of Et and the b quark from the same top
decay as the missed lepton has a kinematic end point at the mass of the top quark. The observ-
able Mt (by, E1), is defined as

Mt (b1, Br) = Min[Mr(by, Et), M1 (b1, ET)] ©))

where by, b, are the two selected b-tagged jets with the highest values of the CSV discriminator.
Imposing a minimum requirement of 175 GeV on Mt (b1 », Ft) reduces a significant portion of
the tt background, as seen in Fig. 2. However, the requirement of high Mt (b1, Ft) results
in a loss in signal efficiency for signal models with small Am between the t and XJ. In order
to benefit from the separation power provided by this variable, two search categories are de-
fined, one with Mt (b1, Er) > 175 GeV taking advantage of the reduction of the tt background
with respect to signal models with large Am in the high Mt (b, Et) category, and one with
Mr (b1, Er) < 175 GeV in order to retain the statistical power of the low Mr(by, Er) category

for signal models with low Am.

Signal events with hadronically decaying top quarks should have at least six jets in the final
state. Additional jets may be produced through initial state radiation (ISR). The jet multiplicity
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. Two regions in jet
multiplicity are considered for the analysis, a high N; region (> 7 jets) that benefits from this
improved discrimination and a medium N; region (5 — 6 jets) to preserve signal events with
fewer reconstructed jets. The high N; region in conjunction with the low threshold on the pr of
the selected jets is particularly designed to target signal models with soft decay products in the
final state.

In the high Mt (biy, Er) category, requiring at least one reconstructed top (N; > 1) ensures a
high purity selection of signal events with boosted top quarks at the cost of signal efficiency.
In order to benefit from this high-purity region without giving up on signal events that would
enter the N; = 0 region, both regions are used for the final signal extraction. Subdividing each
N region by the number of identified b-jets provides even greater discrimination of signal from
background. Since there are relatively few events in the N; > 1 category, the sub-categorization
in N;j is not performed for these events because it brings no additional gain after the Ny, subdi-
vision.

The event categorization in Mr (b1, £1), Nj, N, and N; is summarized in Table 2. In each of
these categories, Ft is used as the final discriminating variable to characterize and distinguish
a potential signal from the SM background. The following Et regions are defined in each cate-
gory: [250,300), [300,400), [400,500), [500,600), and [600,00) GeV. The analysis is thus carried
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Figure 2: The Mt (b1, Et) distribution after the HPTT analysis baseline selection, normalized
to an integrated luminosity of 2.3 fb~'. The expected signal yields are normalized to the total
SM background expectation to facilitate a comparison of the shapes of the signal and back-
ground distributions.

out in a total of 50 disjoint regions.

Table 2: Categorization in Mr(b1 2, Et), Nj, Ny, and N used to define the search regions for
the HPTT analysis. Events in each category are further separated into the following £t regions:
[250,300), [300,400), [400,500), [500,600), and [600,00) GeV, resulting in 50 disjoint search
regions.

| Mr(b1p, Er) <175 GeV | Mr(byo, Fr) > 175 GeV |

N, =1 N, >2 No=1 | Ny >2

Nt:O
5<N;<6|5<N<6|5<N<6|5<N;<6
N>7 | N=>7

N > 1

. L > —
N7 | N27 [TNss [ Nss

3.2 Estimation of the lost lepton background

The LL background is estimated from the single-lepton control sample, selected using the
same trigger as for the search sample, and consisting of events that have at least one lep-
ton obtained by inverting the e/p-veto criteria. Studies in simulation indicate that the event
kinematics for different lepton flavors are similar enough to allow us to estimate them collec-
tively from the same control sample. Potential signal contamination is suppressed by requiring
Mr (¢4, Er) < 100 GeV. If there is more than one lepton satisfying the selection criteria, the lep-
ton used to determine Mr(¥, Et) is chosen randomly. After requiring N}, > 1, the shape of the
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Et distribution originating from LL processes is independent of Ny, and therefore the single-
lepton control sample is integrated in Nj,. The events selected in the single-lepton control sam-
ple are further subdivided using the same selection on the search variables: Mt (b12, Et), N;,
N; and Fr, as in the search sample. These regions generally have 2-4 times more events than
the corresponding search regions.

The estimation of the LL background in each search region is based on the event count in data,
Nyata(11), in the corresponding single-lepton control region. The event count is translated to
the search region by means of a transfer factor obtained from simulation. The transfer factor,
TH,is defined as

Nnic (01)

TH; = ——~
M Ne(10)

(4)

where Nyc(01) and Nyc(11) are the simulated LL background yields in the corresponding
zero- and single-lepton regions, respectively. The formula for the LL background prediction is
thus:

Ng;l!éd = TFLL ' Ndata<1l)f (5)
The contamination of non-LL processes in the single-lepton control regions is found to be neg-
ligible in simulation.

In order to improve the statistical power of the estimation, control regions with N; > 1 are
integrated in Fr, since the data-to-simulation ratios (Ngata (17) / Nmc(11)) in regions with simi-
lar kinematics (i.e. Mt (b1, Er) > 175, N; = 0) show no evidence of dependence on Er. The
systematic uncertainty in the extrapolation in each £t region is based upon the relative statis-
tical uncertainty of the data-to-simulation ratios obtained in the same £ region in events with
MT(bl,Zr ET) > 175 and N; = 0.

Figure 3 displays a comparison of the Fr distribution in simulated and data events in two event
categories in the single-lepton sample.

The transfer factors are corrected for differences observed between simulation and data. In par-
ticular, correction factors for lepton selection efficiencies are applied in order to ensure a good
description of both the zero- and single-lepton samples. The uncertainties in the measurements
of the lepton efficiency correction factors lead to a systematic uncertainty of up to 7% in TF .
An additional source of bias in the prediction may arise from a possible difference between
data and simulation in the background composition, which is assessed by independently vary-
ing the cross sections of W+jets and tt processes by 20%. The effect of these variations on the
transfer factors is up to 11%. Uncertainties of 10% are associated with measurements of dif-
ferences in the top tagging efficiency and mis-identification rate between data and simulation.
The dominant uncertainty associated with the prediction is the result of the limited statistics
of the control regions. The statistics of the simulated samples also affect the uncertainty on the
prediction via the transfer factors.

3.3 Estimation of the Z — vv background

The estimation of the Z — vv background combines information from Z+jets, with Z — ¢/,
and 7y+jets samples. The former, referred to as the Z — (¢ sample, is utilized to measure the
normalization of the Z — vv background in different ranges of N, while the much higher
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Figure 3: Comparison of the Er distribution for two event categories in the single-lepton sam-
ple for the HPTT analysis. The plot on the left is for events with M (b1, Br) < 175 GeV and
N; > 7, whereas the plot on the right is for events with My (b1, Br) > 175 GeV, N; = 0 and
N; > 7. Data and simulation are represented by the black points and stacked histograms,
respectively. The error bars on the ratio of observed data to simulation correspond to the sta-
tistical uncertainty in the data. and the shaded blue band represents the statistical uncertainty
on the simulation. The simulation is normalized to the data.

yields of the y+jets sample are exploited to extract corrections to the search region variable
distribution shapes. The Z — (/¢ sample is obtained using di-electron and di-muon triggers.
The leading lepton is required to have pr > 20 GeV while the trailing lepton must satisty
pr > 15 and 10 GeV for electrons and muons, respectively. The y+jets sample is collected
by means of a single photon trigger where photons with pt > 180 GeV are selected. The di-
lepton or photon systems are added vectorially to p in each event of the corresponding
data samples. The modified Et, denoted by Ft‘and ET for the Z — ¢¢ and 7+jets processes
respectively, is used to calculate related kinematic variables.

The prediction of the Z — vv background is given by:

Z _ NZ
Nprziw = N{id" - Rz - S, (6)
where, Nl\ZAE“”’ is the expected number of Z — vv events obtained from simulation, Rz is the
normalization factor, and S, accounts for shape corrections.

The factor Rz is calculated by comparing the observed and expected Z — ¢/ yields after ap-
plying a relaxed version of the baseline selection. In particular, the requirement on the az-
imuthal angle between the leading jets and F4is removed after confirming that this does
not bias the result, and the requirement on Er is relaxed from a threshold of 250 GeV to a
threshold of 100 GeV. To increase the purity of the Z — ¢/ sample, the di-lepton invariant
mass is required to lie within the Z-mass window (80 < M;; < 100 GeV). The normalization
of the non-negligible tt contamination is estimated in the region outside the Z-mass window
(20 < Mj; < 80 or Mj; > 100 GeV) and taken into account in the calculation of Ry.

To account for potential effects related to heavy flavor production, Rz is calculated separately
for different N}, requirements. The measured values are: Rz(N, = 1) = 0.94 £0.12 £ 0.06 and
Rz(Np > 2) = 0.84 £0.19 + 0.01. The first uncertainty is due to the statistics of the data and
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simulated samples, whereas the second uncertainty accounts for the £t extrapolation.

The quantity S, is the shape correction factor related to the modeling of the kinematics of
Z — vv events. It is calculated via a comparison of the ] distributions of y+jets events in
simulation and data. The simulation is normalized to the number of events seen in data after
applying the baseline selection. To suppress potential signal contamination, only events with
Er < 200GeV are considered. The S, factor is estimated separately for each search region,
to account for any potential mis-modeling of the observables Mt (b1, Et), N;, E% and N; in
simulation. Since no statistically significant dependence of £ on Nj, is observed, the y+jets
sample is integrated over N, to improve the statistical power of the correction.

The y+jets data control sample has contributions from three main components: prompt pho-
tons produced directly, via fragmentation, and fake photons. The prompt photon purity is
measured by performing a maximum likelihood fit to data using the photon isolation quantity
as a discriminating variable, with different templates describing the distribution of the photon
isolation for the prompt and fake-photon components [57]. The purity measured in data is
found to be in good agreement with the expectation from simulation. Additionally, the impact
of varying the fraction of fake photons or those produced via fragmentation by 50% results in
less than a 5% bias in the Et distribution of the predicted Z — vv background. The fractions of
the three different components are therefore estimated using simulation.

The y+jets sample can also be contaminated with tty events. The contribution of this process
is estimated using simulation, after verifying that this produces no significant bias in the pre-
diction.

The two major sources of uncertainty in the Z — vv prediction are the statistical uncertainty
in the 7y+jets control sample and the uncertainty in Rz. The statistical uncertainty of simulated
samples ranges up to about 50% in both the search regions and the y+jets control regions. The
jet energy scale uncertainty ranges up to 34% in some search regions. An uncertainty of 10% is
assigned to the prediction to account for differences in the top mis-identification rates between
simulation and data.

Figure 4 compares the normalized E] distributions for y+jets events in data and simulation in
two event categories. The data to simulation ratios in the various £ bins are the S, weights
used to correct the Z — vv simulated sample. The weights range from 0.2 to 1.8 depending on
the search region.

3.4 Estimation of the QCD multijet background

The background stemming from QCD multijet processes is estimated utilizing a data control
sample selected using the same trigger as for the search sample and enriched in QCD events
by requiring Min[|A¢(Ert,j;)|, |AP(ET,i,)|, |AP(Et,j5)|]] = A¢ros < 0.1. The observation in this
control sample is translated to a prediction in the search sample by correlating the expected
QCD multijet events satisfying A¢ip3 < 0.1 and A¢ip34 > 0.5 using simulation. The estimation
is carried out in each search category. Since the shapes of key observables show little depen-
dence on N, the QCD control sample is integrated over N, to improve the statistical precision
of the estimation.

The main source of QCD events populating the search sample is due to severe mis-measurement
of the transverse momentum of one or more jets in the event. Therefore, the correct modeling
of jet mis-measurement in simulation is an important component of the QCD prediction. The
level of mis-measurement in an event is parameterized by the jet response of the most mis-
measured jet, which is the jet with the greatest absolute difference between reconstructed and
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Figure 4: Comparison of the normalized F distributions in the y+jets sample in data and
simulation, in two of the control regions for the HPTT analysis. The plot on the left is for
events with Mt (b1, Er) < 175 GeV and N; > 7, whereas the plot on the right is for events
with Mt (b1, Er) > 175 GeV, Ny = 0 and N;j > 7. The data to simulation ratios in the various
E7 bins are the S,, weights used to correct the Z — vv simulation sample.

generated pt. The jet response, rjet, is defined as the ratio of the reconstructed jet pr to the gen-
erated jet pr before reconstruction and without including the loss of visible momentum due to
neutrinos. However, rjet cannot be defined in data and therefore mis-measurement correction

factors are derived with the r]-istemo of the jet closest in |¢| to pIisS. The observable ppseudo

jet
defined as the ratio of a jet’s pr to the vector sum of its momentum and g%, The rjiieu‘io distri-
bution is compared in data and simulation and correction factors are extracted based on the Tiet
and the flavor of the most mis-measured jet. The correction factors range between 0.44 — 1.13.
These correction factors are applied on an event by event basis.

is

QCD multijet events have a large cross section. As a result, the simulated QCD multijet sample
does not have the same luminosity as the collected data and the simulated event yields in
some regions are too low to obtain a background estimation or result in an estimate with large
statistical uncertainty. The rjet distribution is therefore extrapolated in order to increase the
statistical power of the sample. Technically, this is done by constructing a “smeared” QCD
multijet sample by using each event from the original sample to produce multiple smeared
events. A smeared event is created by randomly assigning rjet values to the leading two jets,
ranked by true jet pr, and then recalculating jet momenta, Ft, and all other event variables.
The rjet values are sampled from inclusive rje; distributions binned in both generated jet pr and
jet flavor. Each original event is smeared 100 times and the statistical uncertainty on evaluated
quantities is estimated with a bootstrapping procedure [58] that utilizes 50 pseudo experiments.

Figure 5 shows the data and simulated yields in both the most and the least populated control
regions. The rjet scale factors improve the agreement between data and simulation, with the
corrected simulation generally agreeing with data.

3.5 Estimation of the ttZ background

The ttZ contributions are generally small, but they are non-negligible in some search regions
that require large 1t and Ny > 1. While this is a relatively rare process, it has a final state
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Figure 5: Data and simulated yields in the Mt (b1, Br) < 175GeV, 5 — 6 jet (left) and the
Mr(big, Er) > 175GeV, Ny > 1 (right) HPTT QCD control regions. The line labeled “Ob-
served” displays data yields. The stacked histogram labelled “Non-QCD bkg” shows the SM
yields of all processes other than QCD, as determined with the dedicated background estima-
tion methods. The other stacked histogram, labelled “Smeared QCD MC,” shows the smeared
QCD multijet simulation yields. The line labelled “With orig. QCD MC” is the simulation
without smearing or the 7je; correction. Error bars on the ratio of the observed to expected
event yields in the bottom pane include only statistical uncertainties on the data yields. The
filled band in this pane represents the relative uncertainty on the expected event yields, in-
cluding the statistical uncertainty on the QCD MC yields and the systematic uncertainty due
to contamination from non-QCD SM backgrounds.

very similar to that of signal when the Z boson decays to neutrinos and both top quarks decay
hadronically. The ttZ prediction is obtained from simulation. A 30% uncertainty is assigned to
the ttZ cross section, based on the 8 TeV CMS measurement [59]. Additional uncertainties are
assigned based on the effects of variations of the factorization and renormalization scales used
in the simulation by a factor of 2 [60, 61] on the acceptance for this process in each search region.
Uncertainties related to the parton distribution functions and the value of the strong coupling
constant are also considered. These theoretical uncertainties on the simulation generally vary
from 2-25%. The 2.7% uncertainty on the integrated luminosity measured by CMS directly
affects the ttZ prediction. Uncertainties related to the modeling of the b tagging efficiency, jet
energy scale, pileup and lepton vetoes in simulation are also assigned to the prediction. Finally,
the statistical uncertainty of the simulation sample is taken into account.

3.6 Validation of the analysis in data

In order to test and validate the background prediction, the entire analysis is carried out in
data samples that are selected with the same selection as the search sample except for orthog-
onal requirements on either Nj, £t or N,,. The first validation sample consists of events with
2 < N; < 4, designed to test the background prediction in different £t and Ny, regions. The
background estimation in different N; regions is validated in a data sample with events satis-
fying E1 € [200,250) GeV. The estimation of the Z — vv background is tested in a validation
sample consisting of events with N;, = 0. The data agree well with the estimated background
yields within statistical uncertainties in all three validation samples. The comparison of the
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background prediction with the observed data in the Nj, = 0 sample is shown in Fig. 6.
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Figure 6: Test of the background prediction method in the N, = 0 validation region for the
HPTT analysis. The data agree well with the estimated background yields within statistical
uncertainties.

3.7 Results

Figure 7 shows the observed events in each of the search region bins, as well as the predicted
SM background yields based on the background estimation methods discussed in Sections 3.2-
3.5. Expected yields are also shown for two benchmark signal models in the T2tt scenario. The
predicted SM background yields and observed events in each search region are tabulated in
Table 3. No statistically significant deviation from the SM prediction is observed.



3.7 Results 15

CMS Preliminary 2.3 0™ (13 TeV) CMS Preliminary 2.3 0™ (13 TeV)
*2 10t .- —e-Obselved T ! ! HPTT ‘8 E —e_ Obsefved ' T ! ! HPTT
g E Bapres Blwses M(b, ) < 175 Gev S oL B ZTpvets T Wjets My(b, ) < 175 Gev
o 103 & ---- T21t(700,100)  ---- T21t(250,150) ’ 5-6 jets i} E  ---- T21t(700,100)  ==-- T2tt(250,150) ' >7jets
E - T2th(700,100) ¥¥%% Bkg. Uncertainty [ ===- T2tb(700,100) 2%%% Bkg. Uncertainty
L 107
,,,,, ; N, =1 N, 22
) S —
------ LI o
1= T
= e Rt S 50 e T
w0t e —
E L L L L L S
g g
3 3
Z z
3 %
S 5
z z
[250, 300) [300, 400) [400, 500) [500, 600) =600 [250, 300) [300, 400) [400, 500) [500, 600) (250, 300) [300, 400) [400, 500) (500, 600) 50, 300) [300, 400) [400, 500) [500, 600) 3
r [GeV] ¥ [GeV,
CMS Preliminar 230" (13 TeV CMS Prelimina 2.3b™ (13 TeV.
y ry
L 10'E _el Obsefved | T ! ! HPTT 2] F el Obsefved ' T ! ! HPTT
5] e Epvies M. (b. ) > 175 GeV § wE =3 Zopgers O iwegers M(b. ) >175GeV
T 12T E T2 T
|_|>J 10° = ---- T21t(700,100)  ===- T2tt(250,150) 5-6jets,N =0 Lﬁ [ =--- T211(700,100)  ==-- T2tt(250,150) >7jets,N =0
E  ===--T2th(700,100) 2%% Bkg. Uncertainty t 102 e T T2tb(700,100)  R®%X Bkg. Uncertainty t
ey

250, 300) [300, 400) [400, 500) [500, 600) =600 _ [250, 300) [300, 400) [400, 500) [500, 600) =600 [250, 300) [300, 400) [400, 500) [500, 600) =600 _[250, 300) [300, 400) [400, 500) [500, 600) =600
¥, [GeV] ¥ [GeV]
CMS Preliminary 2.3 0™ (13 TeV)
‘2 —e_ Obsefved | ! ~ ! ! ! H‘P'I'I'
2 0 Z(v9)+ets ) ti/w+ets
g 10 Qco =iz MT(bu,ET) > 175 GeV
I ——=- T2tt(700,100)  ---- T2tt(250,150) >5jets, N =1
===- T2tb(700,100) Bkg. Uncertainty t

[250, 300) [300, 400) 400, 500) (500, 600) =600  [250, 300) [300, 400) [400, 500) [500, 600) = 600

E: [GeV]

Figure 7: Observed events and estimated SM background and signal yields for the HPTT
analysis search regions: Mr(bio, Er) < 175 GeV, N; € [5,6] (upper left), My (b1, Er) <
175 GeV, N; > 7 (upper right), Mr(by2, Er) > 175 GeV, Ni = O,N; € [5,6] (middle
left), MT(bl,Zr ET) > 175 GeV, Nt = 0, 1\]] 2 7 (mlddle I'ight), MT(bLQ, ET) > 175 GeV,
Ny > 1,N; > 5 (bottom row). The first 5 bins in each plot correspond to Fr €
[250, 300), [300,400), [400,500), [500, 600), [600,c0) GeV for N, = 1, and the second 5 bins cor-
respond to the same Er binning for N, > 2. The SM background predictions shown do not
include the effects of the maximum likelihood fit to the data. 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), and to the expectation obtained directly from simulation
(solid red line), are shown in the ratio plots. The shaded blue band represents the statistical
and systematic uncertainty on the background prediction.
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Table 3: Predicted yields for each background with uncertainties in each of the HPTT analysis
search regions. The number of events observed in data is given in the last column.
‘ Fr[GeV ] H tt/WHjets ‘ Z = vv ‘ QCD ‘ ttZ ‘ Total SM ‘ Data ‘

MT(bl/z, ET) <175 GeV, 5 < I\G <7,Np=1
250-300 60+ 6 14+£3 41+17 |059+0.21 79 £7 68
300-400 23+3 74+19 1.5+0.8 | 0.39+0.14 32+4 23
400-500 25+10 1.6+08 |021+£015|0.08+0.04 | 43+13 5
500-600 19+10 |025£0.27|014+£0.15|0.04£0.02| 23+1.0 1
>600 0.28 +£0.31 | 0.13 £ 0.15 | 0.01 +£0.01 <0.01 0.42 £+ 0.34 0
MT(bl/z, ET) <175 GeV, 5 < I\[] <7,Np>2
250-300 61+6 47+14 1.1+0.5 | 0.63 £0.22 68+ 6 61
300-400 24+3 30+10 | 044 +0.23 | 0.50£0.18 28 +4 29
400-500 28+12 |061+033|016£0.13 | 0124+0.06 | 3.7+£1.2 7
500-600 1.7+09 | 0.13+£0.15 | 0.05 £ 0.06 <0.01 19+09 2
>600 0.38 £ 0.41 | 0.04 = 0.06 <0.01 0.01 £0.01 | 043 £ 041 0
MT(bl/z, ET) < 175 GeV, I\]] >7,Np=1
250-300 30+4 3.0+1.0 1.8+06 | 0.79£0.28 36t+4 34
300-400 17+ 3 46+16 1.1+£05 | 058 +0.21 24 +3 26
400-500 29+09 |082+0.64|040£0.27 | 0124+0.07 | 42+£1.1 4
500-600 1.3+0.7 |0.09£0.11 | 0.05£0.05|0.09+£0.05| 1507 3
>600 <0.56 0.39 £0.46 | 0.02+0.02 | 0.05+0.03 | 0.46 £ 0.72 2
MT(bl,Z/ ET) < 175 GeV, I\]] >7,Np>2
250-300 36 t+4 096 +038 | 1.1+05 | 0.83+0.30 38+4 33
300-400 20£3 21+09 | 034+0.19 | 0.58 £0.22 23+3 18
400-500 45+14 |0154+013|0.07£0.05|015+0.07 | 49+14 1
500-600 1.5+08 | 0.09+0.11|0.01£0.01 | 0.03£0.03| 1.6+0.8 0
>600 <0.59 0.10 £ 0.12 | 0.01 = 0.01 | 0.03 = 0.02 | 0.13 4+ 0.60 0
MT(bl,Zr ET) > 175 GeV, 5 < I\], <7,N=0,N,=1
250-300 20+£3 12+3 0.66 £ 0.37 | 0.50 + 0.19 33+5 30
300-400 9.6 +23 17 +4 0.63 +0.32 | 0.82 = 0.27 28 +4 27
400-500 44+19 8.6+26 |052+0.35]|028+0.12 14+£3 13
500-600 0.82+063 | 38+18 |040+035|0.09+0.06| 51+£19 3
>600 <04 124+0.7 |0.05£0.05|0.08+£0.04| 13+038 1
MT(bl,Z/ ZT) > 175 GEV,S < Z\]] <7, Nt =0, Nb >2
250-300 11£2 45+14 |0454+0.27 | 0.70 £0.24 17 £3 25
300-400 49+1.2 63+18 | 037+0.23 | 0.60=£0.22 12+2 18
400-500 1.6 +£0.7 31+£11 |0184+017 | 031+£012 | 53+14 6
500-600 029+024 | 144+08 |001+0.01|013£0.06 | 19+£0.8 0
>600 <0.49 0.32 +£0.20 | 0.01 = 0.02 | 0.02 +0.02 | 0.36 &+ 0.53 1
MT(bl,Z/ ET) > 175 GeV, I\]] > 7 Nt = 0, Nb =1
250-300 8.8+19 25+1.0 12+0.6 | 029 £0.18 13£2 10
300-400 71+18 39+15 | 076046 | 0.42 £0.18 12+2 20
400-500 20+08 1.3+£07 |0.08£0.07 | 0.16£0.09 | 3.6+1.1 5
500-600 0.38 +£0.40 | 0.40 +0.43 | 0.02 +0.02 <0.01 0.80 + 0.59 1
>600 028+033 | 22+12 | 0.02+0.03 <0.01 25+12 1
MT(bl,Z/ ET) Z 175 GeV, I\]] Z 7 Nt = 0, Nb Z 2
250-300 59+13 12+05 | 046+024 | 057+021 | 81£15 13
300-400 3.8+1.0 1.6+0.7 | 0.08£0.06 070£026| 62+12 6
400-500 1.5+06 | 048+£0.27 | 0.01£0.01 | 028+0.12 | 22407 2
500-600 0.22+0.25 | 0.11 +£0.12 | 0.01 £0.01 | 0.18 £0.08 | 0.51 £0.29 0
>600 0.06 £ 0.07 | 0.73 +0.44 | 0.02 = 0.03 | 0.02 £ 0.03 | 0.84 £ 0.45 1
MT(bl,Zr ET) Z 175 GEV, M 2 5, Nt Z ], Nb =1
250-300 12+05 | 030£025]026£021|0.02+£0.03| 1.8+0.6 0
300-400 1.5+07 |034£0.26|0.02+£0.01 | 0.14£0.06 | 2.0+0.8 0
400-500 0.73+040 | 020+0.22 | 0.13+0.17 | 0.04 £0.05 | 1.1+£05 1
500-600 025+022 | 054+034|012+0.16 | 0.10£0.06 | 1.0£04 4
>600 0.15+0.33 | 0.59 +0.49 | 0.07 £ 0.07 | 0.11 £ 0.05 | 0.92 £ 0.60 1
MT(bl,Zr ET) Z 175 GEV, N] 2 5, Nt Z ], Nb 2 2
250-300 0.66 £ 0.26 | 0.11 £+ 0.09 | 0.06 =0.05 | 0.09 £0.05 | 0.92 £0.29 3
300-400 0.92+0.39 | 0.124+0.10 | 0.03+0.03 | 0.14 £0.08 | 1.2+£04 3
400-500 0.31 £0.17 | 0.03 = 0.04 <0.01 0.09 £ 0.06 | 0.43 +0.18 0
500-600 0.30 £0.30 | 0.30 +0.21 <0.01 0.09 £+ 0.04 | 0.70 + 0.37 0
>600 0.13£0.29 | 0.37 £ 0.32 <0.01 0.12 £ 0.05 | 0.62 = 0.43 1
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4 The HETT analysis

The HETT analysis is designed for maximum sensitivity to models containing top quarks in
their decay chains. The T2tt model of the SMS framework is used as a particular benchmark
for optimization of this analysis. Targeting these final states with top quarks, the data are first
divided into search regions based upon the number of top quarks tagged (N;) and b-tagged jets
(Np) found in each event. The search regions are ultimately defined by further sub-division of
each N;, Ny, bin in £t and My, defined in Sec. 4.1. SM backgrounds come from processes such
as QCD multijet events, Z bosons produced in association with jets (Z+jets), top quarks or W
bosons produced in association with jets (tt/W + jets), and smaller contributions from rare SM
processes.

4.1 Top quark reconstruction and identification

The procedure to reconstruct and identify the hadronically-decaying top quarks (top tagging)
presented here is similar to the one used in Ref. [39], where reconstruction of the hadronically
decaying top quarks from resolved jets is performed as described in Refs. [40-42]. The top
tagging algorithm is improved in this work, compared with Ref. [39], to be sensitive to boosted
scenarios in which decay products from the W boson or top quark are merged into a single jet,
as well as to allow tagging of more than one top quark.

The top tagging algorithm takes as input all jets that satisfy pr > 30GeV and || < 5. The
jets are then clustered into triplets, subject to the following conditions; (i) Each jet lies within a
cone of radius 1.5 in (7, ¢) space, centered at the direction defined by the trijet combination. The
radius requirement implies a moderate Lorentz boost of the top quark as expected for events
with large Am = m; — Mo targeted in this search. (ii) The trijet system mass (m3.jet) must
be within the range approximately 100-250 GeV, dependent on the number of top candidates
found in the event. (iii) The trijet system must satisfy one of the three following criteria:

mo3
M3.jet

2 2 2
2 mi3 mo3 2 mi3
b) R, <1+ (3 ) <1 (2] < B <1+ (o) ) 7)
O R (1+ <mu>2 <1- (’"23>2<R2 1+ ("“2>2
i mi3 M3 jet max mi3 .
Here, m1y, my3, and my3 are the dijet masses, where the jet indices 1, 2, and 3 are pr ordered.
The numerical constants have values Ryin = 0.85 - (my/m;) and Ryax = 1.25 - (mw /my), with
my = 80.4GeV and m; = 173.4GeV [62]. The top-quark tagging conditions a), b), or c) can be
reduced (under certain approximations detailed in Ref. [41]) to the requirement that 123 /13 et,
M1/ M3et, OT M13/ M3 jet, Tespectively, be consistent with the my /m; ratio. Any top candidate
which shares a jet with another candidate is removed, giving preference to the candidate with
m3et closer to the true top mass. The remaining triplets are then counted as top-tagged objects,

whose momentum four-vectors are computed as the sum of the momentum four-vectors of the
constituent jets.

a) 0.2 < arctan <ZB> < 1.3 and Rpin <

< RmaXI

To further improve the efficiency of the top tagger for large top pt, cases where W or top decay
products are merged are also considered. Jets that orginate from the merged decay products of
a W boson (merged W jet) or top quark (merged top jet) are identified by the requirement that
the jet mass is in the 70-110 GeV or 110-220 GeV range, respectively. In case a merged top jet
is found, it is added to the list of top-tagged objects. On the other hand, if a merged W boson
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jet is identified, an additional jet is combined with it to form a potential top candidate. The
merged W boson jet is treated as a “dijet” system in the top tagging algorithm, and Rmin <
Mdijet/ Mdijetsj < Rmax and 100 < mgjiersj < 250 GeV are used as criteria to decide whether it is
a good top candidate. Jets which are already included in a top-tagged jet triplet, as described
above, are excluded from being considered in “dijet” + jet top candidates. Again, candidates
with overlapping jets are discarded, giving preference to the candidate with M3 et closer to the
true top mass.

By considering not only fully resolved (three-jet) top quark decays, but also decays from boosted
top quarks, manifesting themselves as one- or two-jet topologies, this custom inclusive top tag-
ger achieves a high efficiency for tagging top quarks over a wide range of top quark pr, from
~30% at 200 GeV to close to 85% at 1 TeV. The tagging efficiency is measured using the T2tt
signal model with m; = 850GeV and Mz = 100 GeV since it has a wide top quark pt spec-
trum. A pre-selection is applied by requiring at least 4 jets with pt > 30GeV and || < 2.4.
The top-tagged object must be matched to the hadronically decaying generator-level top quark
within a cone of radius 0.4 in (17, ¢) space. The top-tagging efficiency as a function of top quark
pr is shown in Fig. 8, which also includes the expected pt distributions for the hadronically
decaying top quark in tt events, as well as in various T2tt signal models. Since the top quark pr
spectrum for signal events depends strongly on n; and Am(%, x?), the good tagging efficiency
across the top quark pr spectrum insures good acceptance for a wide range of signal models.
The event mistag rate of the custom inclusive top tagger is about 30-40% for processes that do
not contain hadronically decaying top quarks. These processes, as well as the tt process, are
suppressed by using the stransverse mass variable Mr; as a complement to the top tagger.

The stransverse mass variable M, [30, 31] is an extension of the transverse mass variable that is
sensitive to the pair production of heavy particles, each of which decays to an invisible particle.
The Mr; variable is defined, for two t particles ((1) and (2)) decaying to some visible energy
and a invisible particle ( X(l)) as:

. . (1 1) (1 (2 2) (2
M= min e ) PG )l
T T —FT

where ﬁ(Tl ) and m}()i) are the transverse momentum and mass of the visible daughters of each top

(i)

squark, and 77’ and Mz are the transverse momentum and mass of the invisible x9 from each

top squark decay. The transverse mass, m?, is
ma(pr; My, G1; mifl;) = m% + m%l) +2(EXEL — pr-qr) . 9)

M, is a minimization of two transverse masses with a constraint that the sum of the transverse
momenta of both )E(l)’s is equal to the missing transverse momentum of the event, i.e., q(T” +
¢7(T2) = pMiss. Mr, has a kinematic upper limit which is the f mass. The invisible particle is
assumed to be massless, therefore, Mz equals zero in Egs. 8-9.

We construct the visible portions of each t particle ((1) and (2)) from the list of top-tagged ob-
jects. The baseline selection requirements ensure that every event has at least one reconstructed
top-tagged object. In the case where two top-tagged objects are identified, each is used as one
visible component in the Mr; calculation. If more than two top-tagged objects are found, Mr;
is calculated for all combinations and the lowest M, value is taken. In the case where only
one top-tagged object is identified, the visible component of the second system is taken from
the remaining jets not included in the top-tagged object using a b-tagged jet as a seed to re-
construct a partial top quark. The b-tagged jet is combined with the closest jet which yields an
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Figure 8: The tagging efficiency of the custom inclusive top tagger as a function of the
generator-level hadronically decaying top quark pr (black points). The error bar depicts the
statistical uncertainty. The colored lines show the expected hadronically decaying top quark
pr distribution from tt (red), the T2tt signal model with m; = 350 GeV and my = 150 GeV
(blue), my = 600 GeV and Mz = 200 GeV (green), and my = 700 GeV and Mo = 1 GeV (purple).

The top quark pr dlstrlbutlons are normalized to unit area.

invariant mass between 50 GeV and the top quark mass. The combined “dijet” is used for the
second visible system. In case no jet combination satisfies that invariant mass requirement, the
b-tagged jet is used as the only remnant of the second visible system.

4.2 Event selection and categorization

Events in the search regions are collected with a Level-1 hardware trigger which requires that
there be at least 175GeV of calorimeter-based Hr in the event. If the event is accepted, the
high-level trigger then requires a calorimeter-based Ht > 280 GeV and a calorimeter-based £t
> 70GeV. Finally, the high-level trigger applies a lower threshold of 350 GeV on the Hr over all
PF-based jets in the event in coincidence with a threshold on the £t above 100 GeV computed
using all PF candidates in the event. This analysis is fully efficient if one requires at least
175 GeV of PF-based Et together with at least 500 GeV of PF-based Hr.

This search targets multijet events, with b jets from top quark decays, large Et and no lep-
tons. Initially, a loose pre-selection is applied, preserving 2-20% of the signal events. The
pre-selection is defined using following criteria. All events must pass filters designed to re-
move detector- and beam-related noise. All jets considered in this analysis are required to have
pr > 30GeV, and must pass a set of “loose” jet identification criteria. The minimum number of
such jets with || < 2.4 in an event must be N; > 4, with the leading two jets required to have
pr > 50 GeV. The missing transverse momentum must satisfy Er > 200 GeV, where the thresh-
old is chosen to be past the trigger efficiency turn-on and to allow alow 175 GeV < Et sideband
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for background studies. The scalar sum of jet pr’s must satisfy Hr > 500 GeV, also chosen to
be on the trigger efficiency plateau. Jets in the Ht calculation must meet the same jet selection
criteria defined above. A requirement on the angle between E1 and the first three leading jets,
A¢(Er,j123) > 0.5,0.5,0.3, is applied to remove events from QCD multijet processes. Finally,
requirements that Ny > 1, N, > 1, and M, > 200 GeV are applied.

We bin the search regions in terms of the number of b-tagged jets and top-tagged objects, Et,
and M. Figure 9 demonstrates the background composition following the pre-selection cuts
as a function of N, Ny, £t and M. Note that the top-tagged object definition does not require
the presence of b-tagged jets, nor are b-tagged jets inside top-tagged objects rejected from the
b-tagged jet counting. Thus there is not a one-to-one correspondence between the number
of top-tagged objects and the number of b-tagged jets in an event. The number of b-tagged
jets and top-tagged objects variables are binned as N, = 1, N, > 2and N = 1, Ny > 2. To
improve background suppression, in particular of the tt contribution, each (Ny,N;) bin is further
subdivided by placing requirements on the Ft and Mr; variables. A total of 37 exclusive search
bins are defined and illustrated in Fig. 10. The numbers displayed in the figure are the binning
indices which are used throughout the analysis.
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Figure 9: Comparison of the simulated distributions for N, Ny, Et and M, (clock-wise) be-
tween SM backgrounds (filled histograms) and several example T2tt signal models (dashed
lines).
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Figure 10: HETT search bin definitions after pre-selection cuts defined in the text. The highest
E1 and M, bins are open-ended, e.g., bin 10 requires Er > 450 GeV and Mr; > 400 GeV.

4.3 Estimation of the lost-lepton background

About 70% of the expected SM background (integrated over all search bins) comes from tt and
Wijets events with leptonic W decays where one or more lepton is “lost”. A lepton can be
lost when electrons or muons are not isolated, not identified /reconstructed, or are out of the
acceptance region. The lepton veto does not succeed in rejecting these events and they form an
important background source for this analysis.

These lost leptons are modeled using appropriately weighted data events from a control sample
which consists mainly of tt events. This control sample is defined to match the pre-selection,
but the muon veto is replaced by the requirement that there be exactly one well identified and
isolated muon and the isolated track veto is removed. To reduce possible signal contamination
in this control sample, only events with a transverse mass less than 100 GeV are considered,
with Mt reconstructed from the muon pr and the event missing transverse energy as My =

\/ 2pL EMiss(1 — cos(A¢)), where A¢ is the distance in ¢ between the muon and the Er. For tt

and W+jets events with one W — v decay, Er originates from the produced neutrino. This
means that the Mr distribution represents the transverse W-mass and falls off sharply above
80 GeV; however this is not the case for signal events.

The predicted number of tt, W+jets and single top events with lost leptons, Ny, contributing to
the search region is calculated as

e.
NiL =Y (Fso + Fip + Face X Filepton) X %mk , (10)
CS My

where ) s is the sum over the events measured directly in the single muon control sample de-
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fined above. The factors Fiso, Fip and Fac. convert the number of events in the control sample to
the number of lost lepton events due to isolation, reconstruction or acceptance criteria, respec-
tively. These scale factors are determined from isolation and reconstruction efficiencies, as well
as the acceptance, which are obtained for each search region bin using simulated tt events. The

dilepton contribution is accounted for by the term Fyjiepton- The control sample is normalized

by the factor GHMT to compensate for the efficiency of the Mt < 100 GeV requirement. Finally,

the isolated track veto efficiency factor, €jsotrack, is applied to get the final number of predicted
lost lepton background events.

Dilepton events may contribute to the background in the signal region if both leptons are lost.
In the muon control sample, dilepton events contribute when one lepton (electron or muon)
is lost while the other one is reconstructed and identified as a muon. This effect is evaluated
in simulated tt events as the ratio between the number of events with one or two lost leptons
over the number of events with one lost lepton plus twice the number of events with two lost
leptons. A correction factor of F, = 99.3 + 0.02 for muons and Fj = 96.9 £ 0.02 for

dilepton ilepton
electrons.

The following sources of systematic uncertainty are included for the lost-lepton background
prediction: lepton isolation efficiency, lepton reconstruction/ID efficiency, lepton acceptance
from uncertainty in the PDFs, control sample purity, corrections due to the presence of dilep-
tons, efficiency of the Mr selection cut, and isolated-track veto. In addition, a closure test is
performed comparing the LL background in the search regions as predicted by applying the
LL background determination procedure to the simulated muon control sample to the expec-
tation obtained directly from tt, single top quark, and W+jets simulation. The result of the
closure test is shown on the top plot of Fig. 11. A closure uncertainty of up to 26% is included
as a systematic uncertainty in the LL background prediction.

4.4 Estimation of the hadronic tau background

Events from tt, W + jets and single-top processes in which a 7 lepton decays hadronically are
one of the largest components of the SM background contributing to the search regions. When
a W boson decays to a neutrino and a hadronically-decaying 7 lepton (1), the presence of
neutrinos in the final state results in g%, and the event passes the lepton veto because the
hadronically-decaying T is reconstructed as a jet. A veto on isolated tracks is used in the pre-
selection to reduce the 7, background while sustaining a minimal impact on signal efficiency.
The remaining contribution from 7, events in the signal regions, after applying this veto, is
predicted using the method described below.

The estimate of this background is based on a control sample of y +jets events selected from
data using a ¢ and Hr-based trigger, and requiring exactly one muon with p§ > 20GeV and
|7| < 2.4. A cut on the transverse mass of the W boson, Mt < 100GeV, is required to select
events containing a W — pv decay and to suppress signal events present in the y +jets sample.
Because the u +jets and T, +jets events arise from the same physics processes, the hadronic
component of the two samples is the same. The muon p is smeared by response template
distributions derived for a hadronically-decaying T lepton to correct the leptonic part of the
event. The response templates are derived using tt and W + jets MC by comparing the true T
lepton prt with the reconstructed T, jet pr. The kinematic variables of the event are recalculated
with this 7, jet, and the search selections are applied to predict the 7, background.

The probability to mistag a T, jet as a b jet is significant and must be taken into account in
order to accurately predict the N}, distribution of 7, background events. The dependence of
the b-mistag rate on the 7, jet pr is larger for tt events than for W + jets events, because top
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quark decays can cause overlap between the T, jet and the nearby b quark. This mistag rate is
taken into account in the p+jets control sample by randomly selecting a simulated 7, jet and
counting it as a b jet with the probability obtained from MC simulation in W + jets events for
the corresponding T, jet pr.

The veto of isolated tracks in the baseline selection helps to reject hadronically-decaying T
leptons, mostly one-prong taus. However, it also vetoes events containing isolated muons or
electrons. Thus the veto cannot be directly applied to the u+jets control sample. Instead, the
isolated track veto efficiency (€isotrack) for T, is determined from simulated tt, W + jets and
single-top events by matching isolated tracks to T, jets and computing the ratio of the number
of tracks passing the isolation criteria over the total. The efficiency is applied as a correction
factor to the u+jets control sample yield.

The 1, background prediction is calculated as follows:

NEs /Template bins
e i presp €r—u B(W — 1) F 1
N T Z Z Ty u u [ (W N ) €isotrack {dilepton ( )
i j etrigger €reco €igo €acc € My 2

where the first summation is over the events in the y + jets control sample, the second is over the
bins of the 7, response template and P, © is the probability of 1, response from each bin. The
various correction factors applied to convert y + jets events into T, + jets events to construct the
final 7, sample are the branching ratio B(W — 1,)/B(W — u) = 0.65; the muon reconstruction
and identification efficiency €hco and the muon isolation efficiency eiyso ; the muon kinematic
and geometric acceptance el; the Mt selection efficiency €ps,; the contamination in the control
sample from muons from T decays, €;—,;; the isolated track veto efficiency for T, €isotrack; the
T, contribution that overlaps with the lost-lepton prediction due to contamination of dileptonic

events in the control sample, Fyjjepton, that would result in double counting; and a correction for

the u trigger efficiency, The muon reconstruction, identification, and isolation efficiency

G?rigger'
are the same as used for the lost-lepton background determination.

Systematic uncertainties are evaluated for each of the ingredients in the prediction, which arise
from the following sources: uncertainties in the hadronic tau response template, uncertainties
in the muon reconstruction and isolation efficiency, uncertainties in the acceptance due to un-
certainties in the PDFs, uncertainties in the b-mistag rate of the T, jet, uncertainties in €4, due to
uncertainties in the Ft scale, uncertainties in the efficiency of the isolated track veto, uncertain-
ties due to contamination from lost leptons, uncertainties in the trigger efficiency. Additionally,
a closure test is performed comparing the 7, background in the search regions as predicted by
applying the 7, background determination procedure to the simulated muon control sample to
the expectation obtained directly from tt, single top quark, and W+jets simulation. The result
of the closure test is shown in the lower plot of Fig. 11. A closure uncertainty of up to 28% is
included as a systematic uncertainty in the 7, background prediction.

4.5 Estimation of the Z — vv background

The Z — vv background is derived using simulated events that have been corrected for ob-
served differences between data and simulation for both shape and normalization. The com-
parisons are made in a dimuon control region, exploiting the correspondence between Z — vv
and Z — up events. A loose set of selection criteria are used to make shape estimates based
on Nj. The normalization correction is derived in a tighter control region closely matching the
analysis pre-selection, which lacks the statistical precision for a full shape comparison.
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Figure 11: (upper plot) The lost-lepton background in the 37 search regions of the analysis as
determined directly from tt, single top quark, and W+jets simulation (points) and as predicted
by applying the lost-lepton background determination procedure to the simulated muon con-
trol sample (histograms). The lower panel shows the same results following division by the
predicted value. Only statistical uncertainties are shown. (lower plot) The corresponding sim-
ulated results for the background from hadronically-decaying T leptons. For both plots, vertical
lines indicate search regions with different N, N},, and Mt values, as defined in Fig. 10.
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The central value of the Z — vv background prediction for each search bin B can be written as

NB = Rnorm - Z SDY(I\]j)wMC/ (12)

eventscB

where Nj is the predicted number of Z — vv background events in search bin B and wyc is a
standard MC event weight including the assumed Z — vv cross section, the data luminosity,
the b-tagging efficiency scale factors and the measured trigger efficiency. Each simulated event
is weighted using two scale factors, Rnorm and SDy(N]-), that correct the normalization and the
shape of the simulation, respectively. Both scale factors are calculated in a dimuon control
region including events with two muons, with 81 < myy, < 101 GeV, and no muon or isolated
track vetos. In this region the two muons are treated as if they were neutrinos.

The first scale factor, Ryorm, is an overall normalization factor for the Z — vv simulation that is
derived in a tight dimuon control region in data. This tight dimuon control region has the same
selection as the search region pre-selection, apart from the muon requirement and without any
requirements on b-tagged jets. This region is selected for its kinematic similarity to the signal
region, but lacks the statistical precision required for shape comparison. The scale factor is
computed by comparing the expected event yield in the tight region in the Drell-Yan (DY)
simulation with the observed event yield in data after subtraction of the other SM processes.

The second scale factor, Spy, depends on the number of jets (N;) in the event and is designed
to correct the mismodeling of the jet multiplicity distribution in simulation. The scale factor
is derived in a loose dimuon control region in which the signal region requirements on Er,
N; and M, are removed, and the Hr requirement is relaxed to Hr > 200GeV. This region
provides a data sample that is close to the signal region in terms of kinematic requirements,
e.g. the number of jets, but is also loose enough to have sufficient events to do a shape com-
parison for the main analysis variables. The Spy scale factor is derived for each (Nj) bin as
the ratio between the data, with non-DY backgrounds subtracted, and the DY MC. Due to tt
contributions similar to the DY processes for larger jet and b-tagged jet multiplicities, the tt MC
is similarly reweighted using a control region selected to have an electron and a muon with
81 < myy, < 101 GeV before subtraction from the dimuon data. The Ny, and Er distributions in
the loose control region after applying the Spy(N;j) scale factor are shown in Fig. 12. The N,
distribution agrees very well between data and simulation, whereas some discrepancies remain
for the Fr distribution.

The systematic uncertainties for the Z — vv background prediction can be divided in two
broad categories: uncertainties associated with the use of MC simulation and uncertainties
specifically associated with the background prediction method. The first category includes
systematic uncertainties on PDF and renormalization/factorization scale choices, jet and Et
energy scale uncertainties, b-tag scale factor uncertainties and trigger efficiency uncertainties.
The second category includes uncertainties from the method used to determine Rporm and the
Spy(Nj) scale factors, and uncertainties based on the residual shape disagreement between
data and DY MC in the loose dimuon control region. The uncertainty in Rnorm results in a
19.4% uncertainty in the predicted Z — vv event yield for each search bin. The uncertainties
associated with Spy are the dominant uncertainties and are related to residual shape uncer-
tainties (after applying the Spy scale factor) in the search region variables £, M1y, N, and Nj.
These uncertainties are evaluated in the loose control region with the additional requirement
that N; > 1 so that M, is well-defined. Comparisons between data and simulation for each
considered variable are made and any observed differences are propagated to the prediction
of the event yields for each signal bin. The resulting shift of the central value of the search bin
predictions is used as the systematic uncertainty from residual shape disagreements. Depend-
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Figure 12: Ny, (left) and Er (right) distribution in data and simulation in the loose control region
after applying the Spy(Nj) scale factor to the simulation. The lower panels show the ratio
between data and simulation. Only statistical uncertainties are shown.

ing on the search bin, this uncertainty ranges between 10 and 82%. The statistical uncertainties
in the ratios between data and simulation, as well as in Spy, are also included as a 15-75%
systematic uncertainty in the prediction.

4.6 Estimation of the QCD multijet background

One of the challenging consequences of the strong reduction of the QCD multijet contribution
in the signal region when applying the selection criteria is that the QCD multijet contribution is
also very small in control regions that are kinematically close to the signal region. Furthermore,
these control regions are frequently dominated by tt processes, making it difficult to directly
extract a QCD multijet prediction for the signal region using the control regions. The procedure
adopted here consists in selecting a signal-depleted data control sample, rich in QCD multijet
events, from which significant contributions of other SM backgrounds, such as tt, W+jets, and
Z+jets, are subtracted. Following that, a translation factor, partly determined by data and
partly by simulation, is used to convert the number of QCD multijet events measured in the
data control region into a QCD multijet prediction for each search region bin.

The signal-depleted, QCD multijet-enriched control sample is defined by applying the full set
of pre-selection cuts, described in Sec. 4.2, except that the A¢(Er, j123) requirements are in-
verted. High-Er QCD multijet events are usually the result of an undermeasurement of the pr
of one of the leading jets, which results in Et being aligned with that jet and A¢(FEr, j123) being
small.

The estimated number of QCD multijet events in the inverted-A¢ region is computed by sub-
tracting the contributions from lost leptons, hadronic 7’s, and Z+jets processes from the number
of data events observed in that region,

CR CR CR CR CR
Ngcp = Npata — N — Ng" — Nz 5, - (13)
The same methods as described in the previous sections are used to estimate N\ X and N%\R,

but applied to this QCD multijet-enriched control region. Simulation is used to estimate NS¥
since the contribution is expected to be small.
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The translation factor between the QCD multijet-enriched control region and the search re-
gion bins may depend on some of the kinematic observables used to define the search bins.
However, since the translation factor is a ratio, any such dependence is expected to be mild.
Because of the small size of the data control sample in the high-Ft regions, the value of the
translation factor is constrained to a data measurement in a sideband of the pre-selection re-
gion, defined by the requirement 175 < E1 < 200 GeV, where the amount of data is sufficiently
large to make an accurate measurement. Any possible kinematic dependence on Et or Mr; is
accounted for by using a linear approximation derived from simulation. Its slope in Er and
M, is taken from simulation and its offset is fixed by the data measurement in the low Et side-
band. The translation factor, Tocp, scales the number of QCD multijet events measured in the
QCD multijet-enriched control region into a QCD multijet-prediction for a given search region
bin:

Naep = Tacp X N&&b - (14)

A closure test is performed in simulation to assess how well the method works. In this clo-
sure test the expectation for the signal region event yields as obtained directly from the QCD
multijet simulation is compared to the prediction obtained by applying the QCD multijet back-
ground determination procedure to simulated event samples. The result of this test is shown in
Fig. 13, and any observed non-closure is taken into account as a systematic uncertainty in the
QCD multijet prediction. The dominant sources of systematic uncertainty in the QCD multijet
prediction are the uncertainties in the Tocp factors, uncertainties from the closure test, and the
trigger efficiency.
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Figure 13: The QCD multijet background in the 37 search regions of the analysis as determined
directly from QCD multijet simulation (points) and as predicted by applying the QCD multi-
jet background determination procedure to simulated event samples (histograms). The lower
panel shows the same results following division by the predicted value. Only statistical uncer-
tainties are shown. The labeling of the search regions is the same as in Fig. 11.

4.7 Results

The predicted number of SM background events and the number of events observed in data
for each of the search regions defined in Section 4.2 are summarized in Figure 14 and Table 4.
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Typically, the most significant background across the search regions comes from the SM tt pro-
duction or W-boson production, where either W — /v and the lepton (¢ = e, i) is not detected
or W — tv and the 7 lepton decays hadronically. Generally, the next largest contribution comes
from Z — vv production in association with jets (including heavy-flavor jets) in which the neu-
trino pair gives large £t and the top quark conditions are satisfied by an accidental combination
of the jets. The QCD multijet contribution and the contribution from other rare SM processes
are sub-dominant 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. This background is esti-
mated in an identical way to that described in Section 3.5.
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Figure 14: Observed event yields in data (black points) and predicted SM background (filled
solid area) for the 37 search bins of the HETT analysis. The bottom plot shows the ratio of
data over total background prediction in each search bin. Only statistical uncertainties are
propagated to the ratio.

5 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 expected signal yields with their uncertainties in each bin. The
extraction of exclusion limits is based on a modified frequentist approach [63] using a profile
likelihood ratio as test statistic. Signal models for which the 95% upper limit on the production
cross section falls below the theoretical cross section (based on NLO+NLL calculations [55]) 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 (up to 100%), luminosity determination (2.7%),
lepton and isolated track veto (up to 6%), b tag efficiency corrections used to scale simulation
to data (up to 36%), trigger efficiency (< 1%), QCD renormalization and factorization scales
(up to 3%), initial-state radiation (up to 30%), jet energy scale corrections (up to 47%), and the
modeling of the fast-simulation compared with the full-simulation for top quark reconstruction
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Table 4: Observed yields from the data compared to the total background predictions for the
search bins of the HETT analysis. Uncertainties are listed & stat. & syst.
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and mistagging (up to 5%). The HPTT analysis also considers uncertainties from the pileup
description (up to 30%). All these uncertainties, apart from those arising from the simulation
sample size, are treated as fully correlated between search bins when computing exclusion
limits.

For the HPTT analysis, all 50 search region bins, as well as the 21 single-lepton control region
bins, are fit simultaneously in order to evaluate the cross section excluded at 95% confidence
level for each benchmark signal point. The inclusion of the single-lepton control regions in the
simultaneous fit ensures that any potential signal contamination in these regions, 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.

Signal contamination is treated in a different, but equivalent, way for the HETT results. The
expected contribution of a potential signal to the single-lepton control regions is translated
to an expectation for the search regions in the same way as done for the backgrounds. The
yields per search region obtained in this way are then subtracted from the nominal signal yield
predictions. As such, the effect of signal contamination in the control regions is to reduce the
signal efficiency.

Figures 15 and 16 show the 95% CL exclusion limits obtained by the HPTT and HETT analyses,
respectively, for simplified models in the pure T2tt scenario, and in the mixed T2tb scenario
assuming a 50% branching fraction for each of the two decay modes t— t}f(l) /t— b)ff) In the
latter case, the X7~ and X! are assumed to be nearly degenerate in mass, with a5 GeV difference
between their masses. The limits obtained by the two analyses are comparable. Using the
2.3 fb~'dataset, stop masses up to 780 GeV and LSP masses up to 260 GeV are probed in the
T2tt scenario. In the T2tb scenario, stop masses up to 750 GeV and LSP masses up to 280 GeV
are probed.
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Figure 15: HPTT (left) and HETT (right) exclusion limits at 95% CL for simplified models
of top squark pair production in the T2tt scenario. The solid black curves represent the ob-
served exclusion contours with respect to NLO+NLL cross section calculations [55] and the
corresponding +1 standard deviations. The dashed red curves indicate the expected exclusion
contour and the +1 standard deviations with experimental uncertainties. The white diagonal
band corresponds to |m; — mi| < 25GeV.
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Figure 16: HPTT (left) and HETT (right) exclusion limits at 95% CL for simplified models of
top squark pair productlon in the T2tb scenario, assuming a 50% branchmg ratlo for each of
the t — t)(l /t— b)(1 modes and a 5 GeV mass difference between the x° )(1 and x? Xj (right). The
solid black curves represent the observed exclusion contours with respect to NLO+NLL cross
section calculations [55] and the corresponding +1 standard deviations. The dashed red curves
indicate the expected exclusion contour and the +1 standard deviations with experimental
uncertainties.

6 Summary

The results of a search for direct top squark pair production in the all-hadronic final state have
been presented. The search uses events with jets and large Er, selected from a data sample
corresponding to an integrated luminosity of 2.3 fb! collected in proton-proton collisions at
a center-of-mass energy of 13 TeV with the CMS detector. Two complementary analyses that
are optimized to provide sensitivity for a variety of different signal topologies are performed.
No statistically significant excess of events above the expected standard model background is
observed, and exclusion limits are set at the 95% confidence level in the context of simplified
models of direct top squark pair production. For simplified models in which both top squarks
decay to a top quark and a neutralino, top squark masses up to 780 GeV and neutralino masses
up to 260 GeV are probed. In the case of models that assume 50% branching fractions for top
squark decays to a top quark and a neutralino, or to a bottom quark and a chargino that is
nearly degenerate in mass with respect to the neutralino, top squark masses up to 750 GeV and
neutralino masses up to 280 GeV are probed.
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