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1 Introduction

The standard model (SM) of particle physics is the most successful theoretical description
of the fundamental particles of nature and their interactions. However, it has various short-
comings. Several theories have been proposed to address these deficiencies, among which
Supersymmetry (SUSY) [1-9] is one of the most widely studied. It assumes a new symme-
try between bosons and fermions, thereby introducing a bosonic (fermionic) superpartner
for every SM fermion (boson). The fermionic superpartners of the SU(2)xU(1) gauge fields
of the SM, known as gauginos and higgsinos, are combined resulting in mass eigenstates
that are referred to as charginos and neutralinos, or collectively as electroweakinos. In
R-parity conserving SUSY models [10], the weakly interacting lightest neutralino 3~C(1) can
be interpreted as a dark matter candidate. The superpartners of the left- and right-handed
top quarks are the top squarks, t;, and ER, respectively. The combination of these bosonic
fields results in mass eigenstates t; and to, where t; is defined to be the lighter of the two.
The top squarks play an important role in stabilizing the Higgs boson (H) mass calculation
by canceling the dominant top quark loop corrections [11-13]. Depending on the mixing



scenario [14, 15], the mass of t; can be within the reach of the CERN LHC for the top
squark to effectively cancel the divergent contributions of the top quark to the Higgs boson
mass. Hence it is important to search for top squark production at the LHC.

The minimal supersymmetric standard model (MSSM) is the simplest SUSY exten-
sion of the SM, and it incorporates a wide variety of SUSY phenomenologies. Both the
gauge and Yukawa components [9] of the chargino ¥ and neutralino are involved in their
interaction with fermion-sfermion pairs. As a result, higgsino-like chargino and neutralino
preferentially couple to third-generation fermion-sfermion pairs through the large Yukawa
coupling. Moreover, the Yukawa coupling to tau lepton-slepton pairs can be large for a
high value of tan 8 even if the higgsino component is relatively small. Here the quantity
tan § is defined as the ratio of the vacuum expectation values of the two Higgs doublets in
the MSSM. For a large value of tan 3, the lighter state of the superpartner T; of the tau
lepton can be significantly less massive than the superpartners of the first and second gen-
eration leptons. Consequently, the chargino decays predominantly as X3 — T3V, or T- Vg,
where V. is the superpartner of the tau neutrino. The decay probabilities of the electron
and muon channels are thus greatly reduced [16, 17]. Throughout this paper, charge con-
jugation symmetry is assumed and equal branching fractions are considered for %T decays
to %]LVT and ‘c+\71.. Since the tau lepton decays to hadrons more often than to electrons
and muons [18], and the hadronic decay mode has lower background contribution relative
to the signal, searches for SUSY signals in electron and muon channels are less sensitive
to higgsino-like and high tan § scenarios. In this search, we focus on the signal of top
squark pair production in a final state with two tau leptons, at least one of them decaying
hadronically, probing part of the MSSM parameter space where the lightest charginos and
neutralino preferentially couple to third-generation fermions.

To address both the gauge hierarchy problem and the possibility of preferential cou-
plings between electroweakinos and third-generation particles, we focus on the top squark
decay chains t; — bY; — bt Vv, — bt %5V, and t; — bx; — bt'v, — bt %'V, and
their charge conjugate reactions. We assume R-parity conservation and consider )Ng(l) to
be the lightest SUSY particle (LSP). Being neutral and weakly interacting, 9~C(1) leaves no
recorded signal in the detector. The decay chains are depicted by the four diagrams in fig-
ure 1 within the framework of simplified model spectra (SMS) [19, 20], where a branching
ratio of 50% is assumed for both X1 — T; v; and 1 — t1V,.

This search is performed using proton-proton (pp) collision events at a center-of-mass
energy of 13 TeV, recorded by the CMS experiment at the LHC. The data sample corre-
sponds to integrated luminosities of 36.3, 41.5, and 59.8 b~ " collected during the 2016,
2017, and 2018 operating periods of the LHC, respectively. Signal-like events are charac-
terized by the presence of at least one hadronically decaying tau lepton 1, jets identified as
likely to have originated from the fragmentation of b quarks, i.e., b-tagged jets, and a large
missing transverse momentum. The other tau lepton decays either hadronically or lepton-
ically, T,, to an electron or a muon. Events with both tau leptons decaying leptonically
are not considered as they constitute about only 13% of the final states. The semileptonic
final states are referred to as et;, and ut;, (or collectively as ¢1y,) categories, and the fully
hadronic final state as the 7,7, category. Contributions from SM processes are estimated
using a combination of Monte Carlo (MC) simulated samples and control samples in data.
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Figure 1. Diagrams of top squark pair production in pp collisions at the LHC, and the decays
that lead to final states with pairs of b quarks and tau leptons accompanied by neutrinos and LSPs,
within the framework of SMS.

Both the CMS [21-28] and ATLAS [29-33] Collaborations have performed searches for
top squark pair production in leptonic and hadronic final states, establishing limits on top
squark masses in the framework of SMS models. The final state used in this search has also
been studied by the ATLAS Collaboration [34, 35]. However the results are not directly
comparable as the ATLAS searches were optimized for a gauge-mediated SUSY-breaking
scenario, where the top squark decays as t; — b%fvt, resulting in different kinematics of
the final state particles. A search performed by the CMS Collaboration [36] using 2016 and
2017 data has studied the same signal model as this study, albeit in the 7,1, final state
alone. This study expands upon the search in ref. [36] by including the 2018 data and the
¢t final states, and employs improved 7, identification and b tagging algorithms. Since we
interpret the results in the framework of simplified models, previous constraints from direct
chargino and tau slepton production searches by LEP, and LHC experiments have not been
imposed in this analysis. The HEPDATA record for the analysis can be found in ref. [37].

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter that provides a magnetic field of 3.8 T. Within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity (7) coverage provided by
the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded



in the steel flux-return yoke outside the solenoid. A more detailed description of the
CMS detector, together with a definition of the coordinate system used and the relevant
kinematic variables, is reported in ref. [38].

Events of interest are selected using a two-tiered trigger system [39]. The first level,
composed of custom hardware processors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within a fixed latency of less than
4 ps [40]. The second level, known as the high-level trigger, consists of a farm of processors
running a version of the full event reconstruction software optimized for fast processing,
and it reduces the event rate to around 1kHz before data storage.

3 Event simulation

Simulated samples are used to estimate several SM backgrounds as well as to predict signal
rates. The background and signal samples are generated with representative distributions
of additional pp interactions per bunch crossing, referred to as pileup. These samples
are produced for each year of data taking separately to account for different pileup and
detector conditions in the three years. Additionally, the simulated samples for each year
are reweighted such that their pileup profiles match that measured in the data of the
corresponding year.

For background processes, the POWHEG v2 [41-45] MC event generator is used for
the pair production of top quarks (tt) and the single top quark ¢-channel process, whereas
POWHEG V1 [46] is used for the tW process. The MADGRAPH5__aMC@NLO (v2.2.2 for 2016,
v2.4.2 for 2017 and 2018) [47] event generator is used at leading order (LO) for modeling
the Drell-Yan+jets (DY+jets) and W-+jets backgrounds; these two LO MC samples are
normalized to cross sections calculated with the FEWZ v3.1 program [48] at NNLO order in
pQCD. The MADGRAPH5__aMCQNLO event generator is also used to simulate the diboson
(VV and VH) and ttV (V = W or Z) processes at NLO in pQCD. For the 2016 analysis, the
parton showering and hadronization are simulated with PYTHIA v8.212 [49]. All samples
use the CUETP8M1 [50] underlying event tune, except for tt simulation, which uses the
CUETP8M2T4 [51] tune. For the 2017 and 2018 analyses, PYTHIA v8.230 with the CP5 [52]
tune is used. The CMS detector response is modeled using GEANT4 [53], and simulated
events are then reconstructed in the same way as collision data.

The signal is simulated based on simplified SUSY models. The signal process of top
squark production, shown in figure 1, is simulated at LO using MADGRAPHH_aMC@NLO
followed by PYTHIA v8.212 with the tune CUETP8MI1 for 2016 and tune CP2 [52] for the
2017 and 2018 analyses. The signal cross sections are evaluated using NNLO plus next-
to-leading logarithmic (NLL) calculations in QCD [54-58]. The detector response for the
signal sample is simulated using the fast CMS detector simulation (FAsTSIM) [59]. For all
simulated signal and background events, small discrepancies observed between simulation
and data are corrected by adding several scale factors, as discussed in section 7. Addi-
tional corrections are applied to the signal to account for differences between FASTSIM and
GEANT4 simulations.
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Figure 2. A graphical representation of the mass parameterization described in eq. (3.1).

We assume a branching fraction of 50% for each of the two decay modes of the chargino,
X1 — T v; and 1 — ©7V,. Bach of the four diagrams in figure 1 therefore contributes to
25% of the generated signal events. The masses of SUSY particles appearing in the decay
chain are parameterized as
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where x € [0.25, 0.5, 0.75],

and my. =My

In this parameterization, the chargino mass is fixed to have the mean of the top squark and
76(1) masses. The masses of the leptonic superpartners are set by the value of x for a given
pair of top squark and %(1] masses. A graphical representation of the mass parameterization
is presented in figure 2.

Therefore, the kinematic properties of the final state particles in each of the decay
chains depicted in figure 1 depend on the choice of x:

e x = 0.25: the mass of the lepton superpartner is closer to that of the %(1] than to that
of the )zli Hence, the upper left diagram in figure 1 produces tau leptons with lower
energy with respect to the ones produced in the upper right. The lower two diagrams
both typically produce two tau leptons with a large difference in energy.

e x = 0.75: the masses of the ﬁc and the ﬁt are relatively close, so the upper left
diagram in figure 1 produces more energetic tau leptons than the upper right. The
lower two diagrams produce the same energy asymmetry as in the case of z = 0.25.

e z = 0.5: the tau leptons in all four diagrams have similar energies.

In fact, when all four diagrams are taken into account, the distributions of the kine-
matic properties are found to be very similar for the three different values of z, for a given
set of chargino and LSP masses. It is important to note, however, that parameterizing the
chargino mass to a point other than halfway between the t; and %(1) masses does affect the
overall sensitivity of this search. These cases are not explored in this paper.

4 Event reconstruction

The particle-flow (PF) algorithm [60] reconstructs each individual particle in an event, with
an optimized combination of information from various components of the CMS detector.



The energies of electrons and photons are measured in the ECAL. The momentum of
electrons is determined by a combined measurement of the track momentum in the tracker,
the energy of the matching ECAL supercluster, and the energy of all bremsstrahlung
photons consistent with originating from the track. The momentum of muons is obtained
from the bending of the corresponding tracks in the tracker and the muon spectrometer,
which comprises three technologies: drift tubes, cathode strip chambers, and resistive-plate
chambers. The energy of charged hadrons, which is corrected for zero-suppression effects
and for the response function of the calorimeters to hadronic showers, is determined from
a combination of the momentum measured in the tracker and the energy of the matching
ECAL and HCAL clusters. Finally, the energy of neutral hadrons is obtained from the
corrected energies in the corresponding ECAL and HCAL clusters.

Vertices reconstructed in an event are required to be within 24 cm of the center of
the detector in the z direction (along the beam), and to have a transverse displacement
from the beam line of less than 2cm. The primary vertex (PV) is taken to be the vertex
corresponding to the hardest scattering in the event, evaluated using tracking information
alone, as described in section 9.4.1 of ref. [61].

Reconstruction of jets is performed by clustering PF objects using the anti-kp algo-
rithm [62, 63] with a distance parameter of R = 0.4. Jet momentum is determined as the
vector sum of all particle momenta in the jet, and is typically within 5-10% of the momen-
tum of the particle level jet over the entire pp spectrum within the detector acceptance.
Pileup interactions contribute to spurious tracks and calorimetric energy deposits, increas-
ing the apparent jet momentum. To mitigate this effect, tracks identified as originating
from pileup vertices are discarded, and an offset is applied to correct for the remaining con-
tributions [64]. Jets are calibrated using information from both simulation and data [64].
Additional selection criteria are applied to remove jets that are potentially dominated by in-
strumental effects or reconstruction failures [65]. Only jets with pp > 20 GeV and |n| < 2.4
are considered in this analysis.

Jets originating from the fragmentation of b quarks are identified as b-tagged jets [66]
using the DEEPJET algorithm [67, 68]. The algorithm employs properties of reconstructed
secondary vertices and charged and neutral particle constituents of the jet as inputs to
a convolutional deep neural network. The “medium” (“loose”) selection or working point
(WP) of this algorithm corresponds to a signal efficiency of about 80 (90)%, with a mistag-
ging probability of about 1 (10)% for light jets (from gluons and up, down and strange
quarks) and about 11 (50)% for jets originating from charm quarks. The medium DEEPJET
WP is used to identify b-tagged jets in the search regions, whereas the loose WP is used
to veto events in control regions (CRs), as described in section 6.2.2.

Electrons are identified using the “tight” WP of a boosted decision tree algorithm [69]
that uses inputs based on the spatial distribution of the shower, track-cluster matching
criteria, and consistency between the cluster energy and the track momentum. This WP
corresponds to a signal efficiency of 80%, with a mistagging probability of about 1.0 (1.8)%
for hadrons in the barrel (endcaps). The relative energy resolution ranges 0.8-5.2% for
electrons with pp between 10 and 300 GeV; it is generally better in the barrel region than
in the endcaps, and also depends on the bremsstrahlung energy emitted by the electron as it



traverses the material in front of the ECAL [69, 70]. Only electrons with pp > 30(36) GeV
and || < 2.4 are considered in this analysis of the 2016 (2017 and 2018) samples. The
stricter requirement on the electron p in 2017 and 2018 samples is because of increased
pileup in those years, which necessitated a higher single-electron trigger threshold.

Muon reconstruction uses a global fit combining information from the tracker and
muon spectrometers. Muon candidates are required to pass the “medium” WP of the
algorithm that uses criteria on the geometrical matching between the tracks in the tracker
and the muon spectrometers, and on the quality of the global fit. This WP corresponds
to a signal efficiency of more than 98%, with a misidentification probability of about 0.15
(0.40)% for pions (kaons) [71]. Muons with pp between 2 and 100 GeV, matched to the
tracks measured in the silicon tracker, results in a pr resolution of 1% in the barrel and
3% in the endcaps. The muons are measured with a pp resolution better than 7% in the
barrel with a pr of up to 1TeV [71].

The present search considers only muons with pp > 28GeV and |n| < 2.4. The
requirement on the muon pt is determined by the single-muon trigger threshold.

Isolation criteria are imposed on the lepton (electron and muon) candidates to reject
leptons originating from hadronic decays. The isolation variable used for this purpose is
defined as the scalar pp sum of reconstructed charged and neutral particles, excluding the
lepton candidate, within a cone of radius AR = V/(An)* + (A¢)* = 0.3 (0.4) around the
electron (muon) candidate track, divided by the p of the lepton candidate, where ¢ is the
azimuthal angle in radians. Charged particles not originating from the primary vertex are
excluded from this sum, and a correction is applied to account for the neutral components
originating from pileup, as described in ref. [70]. This relative isolation is required to be
less than 15 (20)% for electrons (muons).

Hadronic tau lepton candidates are reconstructed from one charged hadron and up to
two neutral pions, or three charged hadrons and up to one neutral pion, consistent with
originating from the decay of a tau lepton, using the hadrons-plus-strips algorithm [72]. To
distinguish between jets originating from quarks or gluons and genuine hadronic tau lepton
decays, the discriminant of a deep neural network algorithm called DEEPTAU [73] is used.
The 1, candidates are selected with the “tight” WP of the above discriminant, which has
an efficiency of ~60% and a misidentification probability of ~0.5%. The “loose” (“very
loose”) WP, which has an efficiency of ~80 (~90)% and a misidentification probability of
~1.5 (~3.5)% is used for estimating the background from misidentified T}, candidates in
the 1,7y, (¢13,) category. In this analysis, only Ty, with pp > 30 (40) GeV and |n| < 2.3 (2.1)
are used for the £t} (1,7),) category. The stricter requirement on the pp and || of the Ty,
candidate in the T, T, category is because of a higher double-1,, trigger threshold.

The missing transverse momentum vector, pp ), is computed as the negative vector

Pp sum of all the PF objects in an event, and its magnitude is denoted as p1™ [74]. The
pr > is modified to account for the energy calibration of all the PF candidates in an event,

clustered into jets or not.



5 Event selection

The sources of p%ﬁss in the signal events are the neutrinos and the weakly interacting
neutralinos, whose kinematic properties are correlated with those of the visible objects (in
particular the T, and 1, candidates). In contrast, pp in the SM background processes
is primarily due to neutrinos. This difference can be exploited by first constructing the

transverse mass mr, defined as follows:

mr (1", ™) = mi + min, + 2(BYERY — pp - pp™), (5.1)
where E% =m?+ pgf for either visible or invisible particles. Here the masses of the visible
(vis) and invisible (inv) particles are denoted by my and my,,, respectively. The value
of mp has a maximum at the mass of the parent of the visible and the invisible particles
when there is only one source of missing momentum in the system. To account for pair-
produced particles where both have visible and invisible decay products, the “stransverse
mass (mro)” [75, 76] is defined as:

min max{m3(pr ", ™), mi (51", pp ™) 1.

- invl - inv2__ _miss
(5.2)

pr  +pPr  =Pr
—miss .

Since the momenta of the individual invisible particles in eq. (5.2) are unknown, pp is

2 . . i
mg(visl, vis2, pr ) =

divided into two components (p+™" and p3"™"?

) in such a way that the value of mpy is
minimized. If mry is computed using the two T, candidates (or the 1, and T, candidates
for the {1, category) as the visible objects, “vis1” and “vis2”, then its upper limit in the
signal will be at the chargino mass. This is different from the SM background processes.
For example in tt events, the upper limit is at the W boson mass. In searches where the
masses of the invisible particles are unknown, the calculation of mr4 requires an assumption
on their masses. For this analysis, it was chosen to consider them as massless [77].

The signal and background processes can be further separated by utilizing the total
visible momentum of the system. This is characterized using the quantity Hr for the 1,7},
category, defined as the scalar sum of the pr of all jets and the 1;, candidates in the event.
Jets lying within a cone of AR = 0.3 around either of the two selected T, candidates are
excluded from this sum to avoid double counting. Since Hrt is a measure of the visible
transverse momentum of the system, it is sensitive to the mass of the top squark. For
the /1, category, we construct an analogous quantity St, which includes the additional
contribution from the lepton pr.

Events in the t),7) category are selected using T, 7, triggers where both 1, candidates
are required to have |n| < 2.1, and pt > 35 or 40 GeV depending on the trigger logic. The Ty,
Ty, trigger has an efficiency of ~95% for t;, candidates that pass the offline selection. For the
eTy, (UTy,) category, single-electron (single-muon) trigger is used, with the trigger efficiency
of ~90 (~95)% for electron (muon) candidates that pass the offline selection. The single-
electron and single-muon triggers have pp thresholds of 27 (34) GeV and 24 (27) GeV respec-
tively, in 2016 (2017 and 2018). The triggers described above are emulated using simulation,
and the efficiencies measured therein are corrected to match those measured in the data.



For the offline selection, events are required to have pt™ > 50GeV, Hy > 100 GeV
(for the Ty,7), category only), St > 100 GeV (for the /1, category only), and at least one
b-tagged jet with |n| < 2.4 and pp > 25 (20) GeV for the ¢t} (t,7y,) category. The ety
(uty,) categories require exactly one electron (muon) and exactly one Ty, of opposite-sign
charge, while the t,7), category requires two 7T, of opposite-sign charges. Additionally,
events in the 1y, T}, category having 40 < m(t,7;,) < 90 GeV are vetoed in order to suppress
the contribution from DY-jets events. Here m(ty,7;) is the invariant mass of the two Ty,
candidate system. Events in the /1, category are vetoed if they have any extra e, u, or T}, to
avoid any overlap between the ety, Wty,, and Ty,T;, categories. This veto also helps to reduce
the contribution from rare SM background processes like VV and tt V. The requirements on
p%iss and the number of b-tagged jets (ny,) help to reduce the contributions from DY +jets
and SM events comprised uniquely of jets produced through the strong interaction, referred
to as multijet events.

Distributions of the variables p*°, mo, and Hr (or St) after this selection are shown
in figures 3-5 for data and the predicted background, along with representative signal
distributions. The SM backgrounds are estimated using the methods described in section 6.

Signal events with different top squark and LSP masses have decay products with
different kinematics and populate different regions of the phase space. For example, regions
with low pP™, mpe, and Hy (or St) are sensitive to signals with low top squark masses.
On the other hand, events with high p%™5, mro, and Hy (or St) are sensitive to models
with high top squark and low LSP masses. To obtain the highest sensitivity over the entire
phase space, the selected events are categorized in 15 bins as a function of the measured

miss

pr, Mg, and Hp (or St), as illustrated in figure 6.

6 Background estimation

The most significant backgrounds contributing to the SR are single top quark and tt
processes in which the top quark decays to a lepton and a neutrino. With the p%iss from
the neutrino, these events have a final state that is very similar to that of the signal model.
Events from tt and single top quark production having two genuine t,, decays (one lepton
and one genuine T;, decay) account for about 47 (75-78)% of the total SM background in the
T, Ty, (¢14,) category. The contribution from these processes is estimated from simulation.
The predicted yield in each SR bin is multiplied by a correction factor derived from CRs
in data and simulation.

Events with one or two jets that are misidentified as T}, candidates arise mostly from
single top quark and tt processes. The contribution from multijet events is significantly
diminished because of the requirements p't™ > 50 GeV and n;, > 1, the latter of which
also reduces the contribution from W+jets events with a misidentified T, candidate. The
contribution from processes with one or more jets misidentified as a T, candidate, estimated
using data CRs, is about 42 (18)% of the total background in the 1,1}, (¢1},) category.

The background contribution from DY+jets events via Z/y" — 1t decays is typically
small in the most sensitive bins, amounting to about 9% in the 1,71, category and a few
percent in the ¢ty category. This background is estimated using simulation for both the
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Figure 3. Distributions of the search variables p*, myy, and Hy after event selection described
in section 5 for data and predicted backgrounds, corresponding to the 1,71, category. The
histograms for the background processes are stacked, and the signal distributions expected for a
few representative sets of model parameter values are overlaid: x = 0.5 and [mtvl, mi?] = [300,
100], [500, 350], [800, 300], and [1000, 1] GeV. The lower panel indicates the ratio of the observed
number of events to the total predicted number of background events. The shaded bands indicate
the statistical and systematic uncertainties in the predicted backgrounds, added in quadrature.
The last bin includes the overflow.
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Figure 4. Distributions of the search variables p%ﬁss, mmrq, and St after event selection described
in section 5 for data and predicted backgrounds, corresponding to the et, category. The
histograms for the background processes are stacked, and the signal distributions expected for a
few representative sets of model parameter values are overlaid: = 0.5 and [Tn‘{:’l, mi(f] = [300,
100], [500, 350], [800, 300], and [1000, 1] GeV. The lower panel indicates the ratio of the observed
number of events to the total predicted number of background events. The shaded bands indicate
the statistical and systematic uncertainties in the predicted backgrounds, added in quadrature.
The last bin includes the overflow.
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Figure 5. Distributions of the search variables p%ﬁss, mmrq, and St after event selection described
in section 5 for data and predicted backgrounds, corresponding to the pt, category. The
histograms for the background processes are stacked, and the signal distributions expected for a
few representative sets of model parameter values are overlaid: = 0.5 and [mftvl, mz(l)] = [300,
100], [500, 350], [800, 300], and [1000, 1] GeV. The lower panel indicates the ratio of the observed
number of events to the total predicted number of background events. The shaded bands indicate
the statistical and systematic uncertainties in the predicted backgrounds, added in quadrature.
The last bin includes the overflow.
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Figure 6. The 15 signal regions defined in bins of p™**, mr,, and Hy. The bin boundaries for S
are the same as those for Hy.

categories. To account for residual discrepancies between data and the LO DY +jets sample,
correction factors for simulated events are derived as functions of the dimuon invariant mass
and pr from a DY-enriched dimuon CR in data and simulation [78]. Other less significant
backgrounds, such as W-jets, VV, VH, and ttV can also contribute to the SR via vector
bosons decaying to leptons and the Higgs boson decaying to a pair of tau leptons. The
total contribution from these processes, which is estimated from simulation, is below 1%.

6.1 Tau leptons from top quark production

The estimation of the background from tt and single top quark processes (collectively called
top quark events) with two genuine tj, decays (or one genuine T, decay and a lepton) is
extrapolated from an ep CR, based on the method described in refs. [36, 79]. The single top
quark events contributing to this final state are mostly from the tW process. The contribu-
tion from these processes in the SR is obtained by multiplying the predicted yield in each
SR bin from simulation by correction factor derived from a CR enriched in top quark events.
The CR enriched in top quark events is identified by selecting events with an eu pair
with opposite-sign charge. These events are selected with ep triggers, and are required to
satisfy the same requirements on p%iss, St, and ny, as those of the SR. The eu triggers
are ~95% efficient for lepton candidates. To reduce possible DY contamination in this CR
coming from the tail of the el invariant mass distribution in the process Z/y" — 1t — el,
events are vetoed if the invariant mass of the ey system is 60 < mg, < 120GeV. This
selection on the dilepton invariant mass is more useful for reducing the DY contribution
in the up CR (discussed later), but is also applied here to be consistent. The purity of
top quark events in the CR, i.e., the fraction of top quark events in most of the bins is
285% in simulation, as shown in figure 7, in the upper panels of each subfigure. The small
contamination from other processes is found to have no significant effect on the results.
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Residual differences between data and simulation are quantified by scale factors (SFs).
For a given SR bin (i) we define
Nep. CR

SF, = #fﬁ;, (6.1)
i, MC

where the numerator and the denominator represent the yields in the CR in data and
simulation, respectively. The contamination from the signal process in the CR is found to
be negligible. The single top quark and tt backgrounds are treated together when deriving
and applying the SFs since it is difficult to find a CR that is highly pure in single top quark
events alone, and also has sufficient event count to obtain the SFs bin by bin. The ratio of
single top quark to tt yields in the CR bins is very similar to that in the corresponding SR
bins, that is, the relative kinematics of the two processes are similar in the CR and SR. The

corrected tt and single top yield in simulation in each bin of the SR is then obtained as:

en CR SR

NiS,P}:orr. top — NEl:Eop MC SFz == data L top MO

ep CR ’
Ni, MC

(6.2)

where stiop Mc is the prediction from simulated tt and single top events in the SR. Only
the contribution from events with two genuine T, candidates (or one genuine T, candidate
and a lepton) is corrected using the procedure described above. The SFs in different bins,
shown in figure 7 (middle row) for 2016, 2017, and 2018 data, are mostly found to be within
~10% of unity. We note that bins 14 and 15 in the CR are merged and a single SF is used
for both bins in subsequent calculations to reduce the statistical uncertainty.

To cross check the validity of this method, the same technique is applied to an in-
dependent top-quark-enriched CR with an oppositely charged pup pair in the final state.
These events are selected with single-muon triggers that reach ~95% efficiency. The event
selection for the pp CR is the same as that for the ew CR. This cross check evaluates the
effect of possible contamination from DY events, since the branching fraction of Z /y* — uu
is much higher than that of Z/y" — 1t — ep. It is also useful for checking any depen-
dence of SFs on lepton reconstruction. The differences between the SFs calculated in the
main and cross check CRs, shown in figure 7 (lower row) are small (within ~10% in most
cases), and are taken as an uncertainty in SFs. These are added in quadrature to the
statistical uncertainty in SFs, and propagated to the uncertainty in the final top quark
background prediction. The different sources of systematic uncertainties in the terms esti-
mated from simulation in the numerator and denominator of eq. (6.2), are included in the
final prediction. These uncertainties are described in section 7.

6.2 Misidentified hadronically decaying tau lepton candidates

A major component of the total background originates from processes with a quark or gluon
jet that is misidentified as a T;, candidate. The largest sources of such events in the SR are
semileptonic tt and single top quark decays. Events with one genuine electron (muon) and
a jet misidentified as a T, candidate contribute to the et; (Uty,) category whereas those
with one or two misidentified 1, candidates contribute to the 1,71, category. These back-
ground contributions are estimated from CRs in data and simulation, which are obtained
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Figure 7. The purities in top quarks, the scale factors SF from simulation to data, and the
SF* — SF* differences in the various bins (as defined in figure 6) of the top enriched CR, where
the purity is estimated from simulation. The upper left, upper right, and lower subfigures correspond
to 2016, 2017, and 2018 data, respectively. To mitigate the effect of statistical fluctuations, bins 14
and 15 are merged to provide the same SF in both bins for subsequent calculations.

by requiring T, candidates to pass a looser WP but fail the tight requirements. The yields
observed in the CRs are extrapolated to the SR in a way described next for the 1,1, and (1,
categories. The Ty T, category receives contributions from events with one or two misiden-
tified t,, candidates, whereas the 1, category contains events with only one misidentified
T;, candidate. Hence different extrapolation methods are used for the two categories.

6.2.1 Estimation for the 7,7}, category

The misidentified T, background in the 7,71, category is estimated following the strategy
described in refs. [36, 80]. For a genuine (misidentified) t;, passing the loose identification
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requirements, we define g (f) as the probability that it also passes the tight identification
requirements. The number of 1, T, events where the 1, candidate with the highest pr is gen-
uine and that with the second-highest pt is misidentified, is denoted as Ny Other terms,
Nigs Negg,
with the highest p1 passes the tight identification criteria and that with the second-highest

and Ng are defined similarly. The number of 7,7, events where the candidate

pr fails, but passes the loose criteria, is denoted as Np,. Other terms, Ny, Nyp,, and Npp
are defined similarly. The events are required to satisfy the selections described in section 5.
If N is the total number of events, the following set of equations can be established:

N = Ngg+ Nig + Ngg+ Ng = Npp + Nyp+ Npp, + N,
Nip, = (1-91)(1=g2) Ngg + (1= f1)(1 = g2) Ng + (1 —g1) (1 = fo) Ngg+ (1 — f1) (1 — f2) Ng,
Nip=(1-91)92Ngg + (1= f1)g2Ngg + (1 —g1) foNgs + (1 — f1) fo Vg, (6.3)
Nrpp, = g1(1=92) Ngg + f1(1 = 92) Neg + g1 (1 = fo) Ngg + f1 (1= fo) Ng,
Nrr=9192Ngg + f192Ntg + g1 fo Nt + f1 fo Ng,

where the subscripts 1 and 2 on g and f refer to the 1, candidates with the highest and
second-highest pt, respectively. The above equations can be inverted to give the numbers
of genuine and misidentified T, T, candidate events in the SR:

Npp = NP + NEP, (6.4)
where

N’%"eII‘I = ngQNgg7
i
Nrr'© = f192N¢g + g1 foNge + f1.f2Ng.

Here N%7' represents the number of events in the SR with two genuine T, candidates in
the final state and N%%Sid stands for the number of events in the SR with one or two
misidentified T}, candidates.

The probability g is evaluated using tt simulation for different decay modes of the
reconstructed T, candidate, as a function of its pp. It is observed to be about 80% with
a mild dependence on the pr of the 1, for the decay modes containing either one charged
hadron and up to two neutral pions, or three charged hadrons and no neutral pions. For the
decay mode with three charged hadrons and one neutral pion, g is found to vary between
50 and 70% depending on the pr of the 7, candidate.

The misidentification rate f is estimated from data using a multijet-enriched CR. This
CR is defined by requiring a same-sign T;, pair (satisfying the T, selection criteria used in
the SR), and by requiring p%liss < 50GeV. There can be small correlations between the
probabilities of the two T} candidates to pass the tight criteria. This causes the value of f
to differ by a few percent depending on which of the two T}, candidates is required to pass
the tight criteria. This difference is included as an uncertainty in f. The misidentification
rate is measured as a function of its pp for different decay modes of the reconstructed
Ty, candidate; it varies between 25 and 45%. In simulation studies [80] we find that the
misidentification rate also depends on the flavor of the parton corresponding to the jet that
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is misidentified as a T;, candidate. Since the jet flavor cannot be reliably determined in
data, an additional 30% uncertainty in f is included [81]. This uncertainty is evaluated
as the relative difference between the average and the maximum of the misidentification
rates corresponding to the different jet flavors being up, down, strange, charm, and bottom
quarks, and gluons, estimated using simulated W+jets events.

6.2.2 Estimation for the ¢7;, category

The misidentified T}, background in the /1, category is estimated by selecting a sideband
region (SbR) where all the SR selections are applied, except that the T, candidate is
required to pass the very loose (VL) WP but fail the tight (T) identification criteria. This
identification requirement is indicated as “VL & !T” in the following discussion. The yields
from this SbR are extrapolated to obtain the contribution from misidentified T}, candidates
to the ¢t SR. The extrapolation factor is determined in a CR [78] enriched in W+jets
events containing a misidentified t;, candidate. This CR is obtained from data by requiring
exactly one W, exactly one T,, p™ > 50 GeV and 60 < my < 130 GeV where my is the
transverse mass computed using F="* and the transverse momentum of the p. Events with
any b-tagged jet passing the loose WP are vetoed to remove any overlap between this CR
and both the SR and SbR. The fraction of W+jets events in this CR is calculated to be
~83% using simulation. The remaining contribution from non-W +jets events is estimated
from simulation and subtracted from the data. The ratio, R, of the number of misidentified
T}, events in SR to that in SbR is defined in the W+jets CR as:

CR ,.T CR T
R— Ndata(Th) - Nnon—W+jets MC (Th) (6 5)
- CR /. VL & IT CR VL & T\ ° :
Ndata(Th ) - Nnon—W+jets MC (Th )

Here N(gfa is the number of events in the W+jets CR obtained from data and
Nﬁ%, non-Wjets 18 the number of simulated events except W+jets in the same CR. The
value of R is calculated as a function of the 1, candidate’s pr and 7, and it varies between
15 and 30%. A variation of 50% in the non-W-jets contribution is found to change the
value of R by up to 10%, which is included as an uncertainty in R. Similar to f in sec-
tion 6.2.1, R is also found to vary by ~30% in simulation depending on the flavor of the
parton corresponding to the jet that is misidentified as a t,. Hence an uncertainty of 30%
in R is included. The contribution from misidentified t, candidates to each of the /1, SR
bins is then evaluated as

misid, SR misid, SbR __ SbR SbR
N =RN =R [Ndata — {VMC, genuine ‘ch]a (66)

where Ngfti{ is the number of events obtained in the sideband region from data, and
N&%} genuine t, Tepresents the contribution to the sideband region from simulated events

where the T, candidate is genuine. The contribution to N misid, SPRp.om events with Ty
candidates in a particular pp and 7 range is multiplied by R measured in the same range.
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7 Systematic uncertainties

There are several sources of systematic uncertainties that are propagated to the prediction
of the final signal and background yields. For the t,7T; category, the most significant
is the uncertainty in the modeling of the T, trigger (8-12%). The uncertainty due to
Ty, identification and isolation (ID-iso) requirements [72] is 6-8%. In the (1, category, the
major uncertainty arises from t; ID-iso requirements (3-4%), followed by the uncertainty in
the SF for top quark events (~4%). The other sources of uncertainty affecting all processes
include the jet energy scale (JES) and jet energy resolution (JER), the T, energy scale, the
effect of unclustered components in calculating p™°, pileup reweighting, and the b tagging
efficiency. The simulation is reweighted to make its pileup vertex distribution identical
to that of the data. The uncertainty in estimating the number of pileup interactions is
estimated by varying the total inelastic cross section by +4.6% [82]. This is propagated as
an uncertainty in the pileup reweighting factor applied to the simulation.

Since the tt and single top quark contribution in the SR is obtained by multiplying the
simulated yield by SFs (eq. (6.2)), several MC uncertainties cancel in the ratio. However,
some small residual effects arising from JER, JES, and unclustered energies may remain
after the first order cancellation. This is because the p%liss spectrum in ey and puu CRs is
different from that in t,T;, SR where extra neutrinos exist. These small uncertainties are
also included in the estimation of the tt and single top quark contributions. As mentioned
earlier, the difference between the SFs obtained in the ey and pp CRs, added in quadrature
with the statistical uncertainty, is assumed to be the uncertainty in this method. The
flavor dependence of the t), misidentification rates f and R is accounted for by including
an uncertainty of 30% in the rates. The T, misidentification rate in the T, 71, category has
an additional uncertainty of about 4%, which arises from small correlations between the
probabilities of the two T, candidates to pass the tight identification criteria.

The factorization (up) and renormalization (ugr) scales used in the simulation are
varied up and down by a factor of two to account for missing higher order corrections,
while avoiding the cases in which one is doubled and the other is halved. The SysCALC
package [83] is used for this purpose. The resulting uncertainty is estimated to be less than
6% for both signal and background processes estimated from simulation. The uncertainty
in the measured integrated luminosity amounts to 1.2, 2.3, and 2.5% in 2016, 2017, and
2018 [84-86], respectively. The uncertainty in the Z boson pr correction applied to DY +jets
events is assumed to be equal to the deviation of the correction factor from unity. This
correction is derived as a function of the Z boson pp. A normalization uncertainty of 15%
is assigned to the production cross sections of the background processes that are evaluated
directly from simulation [87-92].

Since the simulation of the detector for signal events is performed using FASTSIM, the
signal yields are corrected to account for the differences in the e, 1, and 7, identification
efficiencies with respect to the GEANT4 simulation used for the backgrounds. The statistical
uncertainty associated with this correction is propagated to the final results as a part of
the systematic uncertainties. The FASTSIM package has a worse p%iss resolution than the
full GEANT4 simulation that can potentially result in an artificial enhancement of the
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signal yields. Therefore the signal yields are corrected, and the uncertainty in the resulting
correction to the yield is estimated to be less than ~8%.

The region with pt™ > 400 GeV (mpy > 110 GeV) in the background MC simulation
was not adequately modeled in 2017 (2018). To account for this, an additional uncertainty
of 40 (38)% is applied to background MC events with pF™*> > 400 GeV (mpy > 110 GéV) in
2017 (2018) samples. These uncertainty values correspond to the sizes of the discrepancies
observed in those regions, in the ey and pp CRs.

The uncertainties in the signal and background from all sources are presented in ta-
bles 1, 2 and 3 for the 1,71, et;,, and W7, categories respectively. Upper and lower numbers
correspond to the relative uncertainties due to the upward and downward variations of the
signal or background yields due to the variations of the respective source within uncer-
tainties. These values are the weighted averages of the relative uncertainties in the various
search bins with the weights being the predicted yields in the respective bins. The uncer-
tainty from a given source is considered to be correlated across the 15 search bins, whereas
the different sources are treated as uncorrelated with each other. In addition, the statistical
uncertainties are also included and are considered to be uncorrelated across the bins.

8 Results

We present the observed and expected yields along with their uncertainties in all 15 search
bins in tables 4, 5, and 6 for the Ty 7T, et},, and put, categories, respectively. Figure 8
shows the observed data in all search bins compared with the signal and background pre-
dictions. As expected, the dominant contributions in the sensitive signal bins are from tt
and misidentified T}, backgrounds. In cases where the background prediction of a process in
a given bin is negligible, the statistical uncertainty is modeled by a gamma distribution [93]
in the likelihood function used for the statistical interpretation, and the Poissonian upper
limit at 68% confidence level (CL) is shown as a positive uncertainty in the tables 4, 5
and 6. The number of events observed in data is found to be consistent with the SM
background prediction.

The test statistic used for the interpretation of the result is the profile likelihood ratio
qy = —2In(L,/Lyax), where £, is the maximum likelihood for a fixed signal strength
modifier p, and L,,,, is the global maximum of the likelihood [93]. The systematic uncer-
tainties discussed in section 7 are modeled by log-normal distributions [93] in the likelihood
function. We set upper limits on signal production at 95% CL using a modified frequentist
approach with a CLg criterion [94, 95] that is implemented through an asymptotic approxi-
mation of the test statistic [96]. In this calculation all the background and signal uncertain-
ties are incorporated as nuisance parameters and profiled in the maximum likelihood fit [93].

Final results are obtained by simultaneously fitting all the SR bins in the t,7,, €Ty,
and WUty categories from the 2016, 2017, and 2018 data sets. The contributions from tt,
single top quark, DY+jets, and misidentified T, candidates are modeled separately in the
fit, whereas the rest of the minor SM backgrounds are treated as a single component.
The uncertainty in the integrated luminosity is treated as partially correlated between the
three data sets. The systematic uncertainties due to JES, factorization and renormalization
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Uncertainty source =05 =05 2=05 x=05 tt+singlet DY+jets Other SM Misid. T,
£1(300)  £1(500)  ©1(800)  t;(1000)
71(100)  %1(350) %9(300) ¥3(1)

Signal cross section +6.7%  £75% +95%  £11% — — — —
FASTSIM p= resolution +78% 6%  +45%  +2.3% — — — —
T, FASTSIM/GEANT4 +4.0%  +31% +6.3%  +15.9% — — — —
-39% -3.0% —-61% —145%
JER <0.1% -11% <01%  +0.23% +1.3% +8.4% +1.7% —
<0.1% 4+0.8% +0.11% <0.1% -1.3% —3.6% —3.0%
2018 my uncertainty — — — — <0.1% +0.29%  +0.38% —
< 0.1% —0.29% —0.38%
Pileup -0.3% +0.57% +02% < 0.1% — +1.7% —1.8% —
+0.3% —-0.62% -02% <0.1% -1.8% +1.9%
JES +1.4%  4+0.54% <0.1% <0.1% +2.6% +8.5% +2.4% —
—05% —012% <01% <01%  —26% = —6.0%  —1.9%
T, ID-iso +6.5% +6.4%  +6.6% +6.6% +6.6% +6.5% +6.8% —
-81% —-8.1% —8.1% —8.2% —8.1% —8.1% —8.1%
PR unclustered energy +0.47% —0.46% +0.13% <0.1% +1.2% +4.9% +1.7% —
+0.33% —0.26% <0.1% <0.1% —-1.2% —4.6% —0.2%
Background normalization — — — — — +15% +15% —
Ty, energy scale +25%  4+24%  +1.1% +1.1% +1.7% +3.6% +1.7% —
—2.7%  -3.5% -1.3% —-1.1% —1.8% —3.4% —4.6%
ug and pp scales +0.8% +1.7% +0.57% +0.41% — +2.1% +4.1% —
—08% —-1.8% —0.64% —0.46% —2.9% —3.4%
Luminosity +2.1% £21% +21%  +2.1% — +2.1% +2.1% —
b tagsing <01% <01% <0.1%  +0.14% — Y% +T.9% —
<01% <0.1% <01% —0.15% —7.8% —8.0%
2017 P& uncertainty — — — — <0.1% <0.1% +1.2% —
<0.1% <0.1% —-1.2%
Trigger +79%  +7.8%  +80%  +8.1%  +118%  +116%  +11.6% —
—-75% —-7.5% —7.7% —7.8% —-11.2% —10.9% —10.9%
tt + single t SF — — — — +3.4% — — —
7 pr reweighting — — — — — +2.0% — —
—2.0%
T, misid. rate (parton flavor) — — — — — — — +36.5%
—31.8%
Ty, misid. rate (correlations) — — — — — — — +3.7%
-3.8%

Table 1. Relative systematic uncertainties for the 1, T, category from various sources in signal and
background yields. These values are averages of the relative uncertainties in the different search
regions, weighted by the yields in the respective bins. For the asymmetric uncertainties, the upper
(lower) entry is the uncertainty due to the upward (downward) variation, which can be in the same
direction as a result of taking the weighted average. In the header row, the top squark and LSP
masses in GeV are indicated in parentheses. The uncertainty values shown here are prior to the
maximum likelihood fit described in section 8.
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Uncertainty source z2=05 z2=05 =05 2=05 tt Single t  (DY+jets) Misid. T},
t1(300)  ©,(500) t;(800) t;(1000) + Other SM
Z(100)  ¥1(350) X1(300) ¥1(1)
Signal cross-section +6.9% £75% £9.5%  £11% — — — —
FASTSIM p'™™ resolution +0.6% +0.5% <0.1%  <0.1% — — — —
7y, FAsTSIM/GEANT4 +0.9%  +08% +1.1%  +1.6% — — — —
e FASTSIM/GEANT4 +1.7% +14% +£31% +3.1% — — — —
JER +0.1%  +0.2% <0.1%  +0.1% — — +2.5% +0.1%
-04% -15% -0.1% +0.1% +0.3% —0.4%
2018 my uncertainty — — — — <0.1% <0.1% <0.1% <0.1%
JES +0.2% -02% 4+0.1% +0.1% — — +3.2% +0.4%
-02% —-0.3% —0.1 —0.1% — — —2.0% —0.4%
ug and pp scale +0.5% +1.02% +0.5%  +0.3% — — +3.2% +5.5%
-04% -11% -0.5% —0.4% — — —4.6% —5.5%
1y, Id-iso +32%  +32%  +32%  +32% +3.1% +3.1% +3.1% +1.7%
-3.9% —-43% —41% —-41% -3.7% -3.9% —-3.7% -1.4%
Pileup +0.3%  +1.3%  +0.7%  +0.7% — — +0.2% +0.5%
-03% -13% -0.7% —0.7% — — —0.2% —0.5%
PP unclustered energy +0.6% +0.8% +02% <0.1% — — +3.6% +0.2%
-04% -071% —0.2% -0.1% — — -1.9% —0.4%
Background normalization — — — — — — +15% —
Luminosity +2.1% +2.1%  +£2.1% +2.1% — — +2.1% —
b tagging +01% <01% +02% +05% = — — +4.9% +0.8%
2017 pP™ uncertainty — — — — <0.1% <0.1% <0.1% <0.1%
Trigger <0.1% <01% <01% <0.1% <01% <0.1% <0.1% <0.1%
T, energy scale -0.6% -01% -0.1% <0.1% <01% +40.1% +1.5% <0.1%
-0.7% —04% —-01% <01% <01% -0.1% —3.4%
tt + single t SF — — — — +3.8%  +4.0% — —
Ty, misid. rate (parton flavor) — — — — — — — + 30%
Non-W +jets background
modeling in R — — — — — — — +10%

Table 2. Relative systematic uncertainties for the et category from various sources in signal and
background yields. These values are averages of the relative uncertainties in the different search

regions, weighted by the yields in the respective bins. For the asymmetric uncertainties, the upper
(lower) entry is the uncertainty due to the upward (downward) variation, which can be in the same
direction as a result of taking the weighted average. In the header row, the top squark and LSP
masses in GeV are indicated in parentheses. The uncertainty values shown here are prior to the
maximum likelihood fit described in section 8.
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Uncertainty source z2=05 2=05 2=05 2=05 tt Single t  (DY+jets) Misid. T},
t1(300)  t1(500) t,(800) t;(1000) + Other SM
Z1(100)  X1(350) 1(300) X1(1)
Signal cross-section +6.9% £7.5% £9.5% +11% — — — —
FASTSIM p® resolution +1.6% +1.6%  +0.3  +0.1% — — — —
7y, FAsTSIM/GEANT4 +0.7%  +£0.7%  +£0.9%  +1.3% — — — —
W FasTSiM/GEANT4 +1.7% £14% £2.9% +3.1% — — — —
JER +0.6% +0.3% <0.1%  +0.1% — — +4.2% +0.1%
-0.1% -0.5% <0.1% <0.1% -1.5% -0.4%
2018 mpy uncertainty — — — — <0.1% <0.1% <0.1% <0.1%
JES +0.1%  4+02% <0.1%  +0.1% — — +4.7% +0.4%
-0.3% -0.5% <0.1% -0.1% — — -3.0% -0.4%
ug and pp scales 0.5% +0.8% +0.2%  +0.2% — — +4.0% +4.9%
-0.5% -0.8% -0.3% -0.3% — — -5.1% -5.1%
1y, Id-iso +32%  +32%  +32%  +32% +31% +3.1% 3.1% +1.6%
-3.9% -3.8% -4.1% -4.1% -3.8% -3.9% -3.6% -1.3%
Pileup +1.1%  +0.2% +0.5 +0.7% — — +0.7% +0.3%
-1.1% -0.2% -0.5 -0.7% — — -0.7% -0.3%
PR unclustered energy <0.1% <01% +01% <0.1% — — +5.0% 0.2%
<0.1% 0.1% <0.1% -0.1% — — -3.2% -0.3%
Background normalization — — — — — — +15% —
b tagging <01% +0.1% +0.14% +0.4% = — — +5.3% +£0.7%
Luminosity +2.1%  +21% +21%  £2.1% — — +2.1% —
2017 pP™ uncertainty — — — — <0.1% <0.1% <0.1% <0.1%
T, energy scale -0.6%  -0.05%  -0.3% <01% +01% +0.1% +2.5% +0.1%
-0.1% -0.6% -0.1% <0.1% -0.1% -0.1% -3.8% -0.1%
Trigger <0.1% <01% <01% <0.1% <0.1% <0.1% <0.1% <0.1%
tt + single t SF — — — — +3.8% +3.9% — —
Ty, misid. rate (parton flavor) — — — — — — — +30%
Non-W +jets background
modeling in R — — — — — — — +10%

Table 3. Relative systematic uncertainties for the ut, category from various sources in signal and
background yields. These values are averages of the relative uncertainties in the different search
regions, weighted by the yields in the respective bins. For the asymmetric uncertainties, the upper
(lower) entry is the uncertainty due to the upward (downward) variation, which can be in the same
direction as a result of taking the weighted average. In the header row, the top squark and LSP
masses in GeV are indicated in parentheses. The uncertainty values shown here are prior to the
maximum likelihood fit described in section 8.
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scales, misidentification rate measurement, and FASTSIM pp" correction are assumed to

be correlated, and the rest of the uncertainties are treated as uncorrelated among the three
data sets. All sources of systematic uncertainties that are common to the 7,71 and /1,
categories, are assumed to be correlated among the categories.

The observed and expected exclusion limits are presented in the plane of the top
squark and LSP masses, in figure 9. Top squark masses up to 1150 GeV are excluded for a
nearly massless LSP, and LSP masses up to 450 GeV are excluded for a top squark mass of
900 GeV. The exclusion limits are not very sensitive to the choice of the T, mass parameter
x because of the complementary nature of the signal diagrams, as discussed in section 3.

The final limits are generally driven by the yields in the t, 7, category because of
its higher signal-to-background ratio compared with the ¢1, category. The most sensi-
tive search bin for the higher top squark masses (=~ TeV) is bin 15, which is the highest
PP mre and Hp bin. The observed 1,7, yield in this bin is greater than the total
background prediction, resulting in the observed limit being lower than the expected one
by approximately one standard deviation in that region of the m;l—m%? plane. The total
background predictions in bins 9 and 10 of the 1,1, category and bin 9 of the et category
are greater than the observed yields by about 1-2 standard deviations. These correspond
to the highest p%ﬂss and intermediate mr o bins. However, these bins are not among the
most sensitive ones and hence do not affect the final limits to any appreciable degree. The
limits become weaker with decreasing Am = my mﬁ), corresponding to a parameter
space with final-state particles having lower momentum.
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Figure 8. Event yields in the 15 search bins as defined in figure 6, for the 1,1, (upper), et,, (lower
left), and pty, (lower right) categories . The yields for the background processes are stacked, and
those expected for a few representative sets of model parameter values are overlaid: « = 0.5 and
[mgl, mi?] = [300, 100], [500, 350], [800, 300], and [1000, 1] GeV. The pt™** and m-py bin definitions
are shown in GeV. The lower panel indicates the ratio of the observed number of events to the
total predicted number of background events in each bin. The shaded bands indicate the statistical
and systematic uncertainties in the background, added in quadrature. The predicted yields and
uncertainties shown here are prior to the maximum likelihood fit described in section 8.
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SR tt + single t  DY-+jets  Other SM  Misid. T, Total bkg.  Data
1 40779188 12073013 351 0Y e127iitiEE 11427078 1955
2 568711140 oqF10F2 qot3t2 23972700 g11tHiTIl 882
3 51751 135315 9. gtD 800 ogtEtR 957511 94
4 4815+ 6.8121 121 1470704 15TOHLT 7108 67
5 23722 35173109 2.3 1 H0E 467550 337719 46
6 11672173 135318 15120 104tAtES 324753 977
7 12972118 9743520 15t T s1tEtEE 2217 18T3Y 219
8 72712108 g8t it02 g g0 l0L gt 9961 17
9 7455 00%GpTes 02753Ten  67TEENE 1nT 7
10 1afggtey 04fpifon LofoET0Y 490hBTSE 77IENST 2
11 880 g rtpdt02 50302 g HTHID 97+9+10 30
12 9.8 1LY G gt23HASs 7 H02H02  gpATH22 5ot T2 37
13 13hETE 21%ahes 0sToafor 67%nTss 105w
14 0.5502 0 <35 02101100 g tlorsT g 0T
15 1.179:8+02 <35  0.1700F00  0.7tAtteS  19tgitol 4
Total 13807771738 270735785 26711S 1261729710 203773852 2953

Table 4. Predicted background yields along with uncertainties for the 7,71, category in the 15
search bins, as defined in figure 6. The number of events observed in data is also shown. The
first uncertainty value listed is statistical and the second is systematic. The uncertainties smaller
than 0.05 are listed as 0.0. The background yields and uncertainties shown here are prior to the
maximum likelihood fit described in section 8.
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SR tt Single t (DY +jets) Misid. <, Total bkg. Data
+Other SM
1 11574720703 1210012108 79331700 26467597818 162227031100 15744
2 12239150008 799350 717t30tE 26197501808 16374752 TI02E 15605
3 1151755487 905" s! gqtItE 27710704 1601150710 1524
4 779115t 12373130 557018 9275+3} 1048110127 1039
5 381 15+3d 65742 307213 391T3+18 514111798 520
6 698414035 77atiates 787135 1989T24TE3S  9go5TIOTT2Y 9372
7 482271351251 29077115 52700 1395751700 6559 50t 6222
8 o878+ 187212 9.21 5162 104178154 4187154 435
9 2517111 o7t2+2 3.2F1 5428 6275720 34315125 303
10 70H4+8 12F1+! 11703403 qgt2645T gg+4-8+10 95
11 8007134 87HiTe 59131152 25715182 1150717457 1131
12 57571115 373t 6.4721181 254158 87311915 921
13 447346 5770159 6.8738199 4075113 97314 114
14 2412+ 9670703 o 7412406 13+2+12 4215109 49
15 ossfgehs  1s5ETes  0sfnten 9shighyy 17N 17
Total 399857937209 35437201211 1844 TI5TITL 98117355152 5518311207510 53122

Table 5. Predicted background yields along with uncertainties for the et, category in the 15
search bins, as defined in figure 6. The number of events observed in data is also shown. The
first uncertainty value listed is statistical and the second is systematic. The uncertainties smaller
than 0.05 are listed as 0.0. The background yields and uncertainties shown here are prior to the
maximum likelihood fit described in section 8.
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SR tt Single t (DY +jets) Misid. =, Total bkg. Data
+Other SM
1 2094777011138 21527511108 23407817508 53917011 I0S 3080171041 005 29475
2 18973183818 1206715772 1359757192 434073511300 2586115511557 25055
3 1624715180 1267315 151710t 4247 13T039 232312301162 2973
1258177179 18218+13 9811115, 16315732 1700135795 1678
5 579110722 95413 4516+ 47Het2s 764715703 800
6 130941307883 135871708 193113150 4132731T 13T 18752100 TISs 18412
7 77547430 453710739 855129 23981208 106852 TS 10441
8 444170138 3347573, 177518 ¢ 1721738 66611550 638
9 414710429 gq 5TROESE 7 o F30FL8 8875129 55411514 565
10 1071218 167512 9r1ered 247518 1491810 132
11 1332115767 153789, 1274%6 435T11IPL39 1931 P22HI88 9027
12 905115159 597018 297318 3911101156 13837191030 1333
13 7074+ 6.772519-6 59711106 4614112 12878+17 111
14 397516 31109103 2.3107403 257518 707419 69
15 8113133 27108402 08793103 83T} EtRe 207214 18
Total 675487 12275595 589052550 4348 TI3THI0 180837 IS TR 95870 T1r TETAS 93072

Table 6. Predicted background yields along with uncertainties for the put, category in the 15
search bins, as defined in figure 6. The number of events observed in data is also shown. The
first uncertainty value listed is statistical and the second is systematic. The uncertainties smaller
than 0.05 are listed as 0.0. The background yields and uncertainties shown here are prior to the
maximum likelihood fit described in section 8.

_97 —



-1 -1
1000CMS 138 fb" (13 TeV) _ 1000 CMS 138 b7 (13 TeV) _

ppoif, [obY, BE-TV) = BE V1) =50% = ppotif, [obY, BE-TV) = BE—V1) =50% =
900 PO ~0 o 900 pors =0 o ~0 o
Ty VoV, = Tl—n’*xl, VoV, -
800|mz— mi,=0.5 (mr—mi,), mﬁf mi..=0.25 (mi,— mi‘,), va=mEI 10 g 800| my— m;n=0.5 (mi—mi.,), mff mz‘.=0.5 (mf— mil.), m, = m?[ 10 g
700 Observed -~ Observed * 1o, § 700| Observed - Observed + 16y, §
— E d Exf d + 1o, & —— Expected =~ ------ Exp + 1o, 3
> 600F = =1 £ > 600 =1 £
] E = ° o = 3 o
O, s00F- = 5 O, s00F = 5
£ 400 = i £ a00f = T
£ E g £ E g
300 B — g 300 : — g
E . 3 = E i = =
200F : = <1020 200 i = =1020
E B 2 E B 2
100 [ — Yol 100 = - Yol
= 3 (o2} = ) El (o2}

L 103 R 103

200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
m- [GeV] m- [GeV]
-1
1000 CMS 138 b7 (13 TeV) _ o

ppotg, bR, B(iﬁ’ﬁv): B(i}ﬁrz*):so%

900 %Tar*i':, V,avi:
800 mi,‘— mf: =0.5 (mi‘— mi’.), m.— mi‘[ =0.75 (mi:— mi:), m_ =m, 10
700 Observed ~ ------ Observed * 1oy,

—— Expected =~ ------ Expected * 1o,

107

102

95% CL upper limit on cross-section [pb]

vl b b b b b

i I I W

200 400 600 800_ 1000 1200 1406
m: [GeV]
]

107

Figure 9. Exclusion limits at 95% CL for the pair production of top squarks decaying to T,Ty
or 1,7y, final states, displayed in the My, =M plane for z = 0.25 (upper left), 0.5 (upper right)
1

and 0.75 (lower), as described in eq. (3.1). Branching fractions are denoted by B. The color axis
represents the observed upper limit in the cross section, while the black (red) lines represent the
observed (expected) upper mass limits. The signal cross sections are evaluated using NNLO+NLL
calculations. The solid lines represent the central values. The dashed red lines indicate the region
containing 68% of the distribution of limits expected under the background-only hypothesis. The
dashed black lines show the change in the observed limit due to variation of the signal cross sections
within their theoretical uncertainties.
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9 Summary

Top squark pair production in final states with two tau leptons has been explored in data
collected by the CMS detector during 2016, 2017, and 2018, corresponding to an integrated
luminosity of 138 fb~'. This search improves upon the previous publication [36] by analyz-
ing the entirety of the Run 2 data, adding the ety and ut,, final states, and utilizing im-
proved algorithms for identifying hadronically decaying tau leptons and b quark jets. The
dominant standard model backgrounds originate from top quark pair and single top quark
production and processes where jets were misidentified as T;, decays. Control regions in
data are used to estimate these backgrounds, whereas other backgrounds are estimated us-
ing simulation. The simulated objects (leptons, jets, etc.) are corrected using scale factors
to account for differences between their performance in simulation and collision data. No
significant excess is observed, and exclusion limits on the top squark and lightest neutralino
masses are set at 95% confidence level within the framework of simplified models where the
top squark decays via a chargino to final states including tau leptons. A branching fraction
of 50% is assumed for each of the two considered decay modes of the chargino, x{ — ffvt
and 1 — ’c+\7T. These decay modes are motivated by high-tan 5 and higgsino-like sce-
narios where decays to tau leptons are enhanced. In such models, top squark masses are
excluded up to about 1150 GeV for a lightest supersymmetric particle (LSP) of mass 1 GeV,
while LSP masses up to 450 GeV are excluded for a top squark mass of 900 GeV. These are
the most stringent exclusion limits to date for the signal models considered in this study.
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