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Abstract A search is presented for the pair production of
new heavy resonances, each decaying into a top quark (t) or
antiquark and a gluon (g). The analysis uses data recorded
with the CMS detector from proton—proton collisions at a
center-of-mass energy of 13 TeV at the LHC, correspond-
ing to an integrated luminosity of 138 fb~'. Events with
one muon or electron, multiple jets, and missing transverse
momentum are selected. After using a deep neural network to
enrich the data sample with signal-like events, distributions
in the scalar sum of the transverse momenta of all recon-
structed objects are analyzed in the search for a signal. No
significant deviations from the standard model prediction are
found. Upper limits at 95% confidence level are set on the
product of cross section and branching fraction squared for
the pair production of excited top quarks in the t* — tg
decay channel. The upper limits range from 120 to 0.8 fb for
at™ with spin-1/2 and from 15 to 1.0 fb for a t* with spin-3/2.
These correspond to mass exclusion limits up to 1050 and
1700 GeV for spin-1/2 and spin-3/2 t* particles, respectively.
These are the most stringent limits to date on the existence
of t* — tg resonances.

1 Introduction

The standard model (SM) of particle physics has proven to
be a highly accurate and successful theory. It describes the
properties of all elementary particles and their interactions
with a small number of free parameters. However, several
observations indicate that it is not a complete theory and has
to be extended. For example, the naturalness problem arises
because of quadratically divergent contributions to the Higgs
boson mass from the top quark and the W and Z bosons.
In the SM, an unnaturally large fine-tuning is required to
explain the measured Higgs boson mass of around 125 GeV
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[1-3]. This motivates searches for possible extensions of the
SM, particularly for theoretical models proposing that the
top quark is not a fundamental but a composite particle [4—
10]. A composite top quark would result in excited states
that could be observed at the CERN LHC, providing a way
to confirm or exclude these models. Excited top quarks t*
are predicted to decay instantly after their production into a
top quark by the radiation of excess energy in the form of
a gluon or a photon, t* — tg or t* — ty. Other models
of physics beyond the SM propose the existence of vector-
like fermionic top quark partners, for example little Higgs
models [11-14], models with extra dimensions [15-17], or
composite Higgs models [18]. Usually, searches for these
types of models are performed targeting decays including
W, Z, or Higgs bosons [19-25]. However, in the case of
a small mixing between the top quark partner and the top
quark, these decay modes are suppressed and the quantum
loop induced decays t* — tg andt* — ty become dominant
[26]. Top quark partners can provide an elegant solution to the
naturalness problem, introducing additional terms cancelling
out the quadratic divergences [27].

In this article, we present a search for the pair production
of heavy excited top quarks or top quark partners, generi-
cally labeled t* in the following. We target the t*t* — tgtg
channel with an experimental signature that is independent of
which underlying theory is predicting it. The t* is predicted
to carry the same weak isospin, color and weak hypercharge
as the top quark, but could exist with different spins: spin-1/2
or spin-3/2 [26]. For a spin-1/2 t*, the field can be described
in a similar way to those of heavy SM quarks. The spin-3/2
case is described by a Rarita—Schwinger Lagrangian [28],
adapting the Dirac equation to a spin-3/2 particle. Assuming
equal couplings to the strong and electroweak sectors com-
pared with the SM top quark leads to a branching fraction B
of 97% for the decay t* — tg in both spin scenarios [26].
This motivates a search where both t* decay into a top quark
and a gluon.

@ Springer
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Fig. 1 Representative Feynman diagram of the signal process at lead-
ing order

We search for the t“t* — tgtg process in final states con-
taining a single lepton, a neutrino, four light jets from two
gluons and two light quarks, and two jets originating from b
quarks. A representative Feynman diagram of a signal pro-
cess is shown in Fig. 1. Data collected between 2016 and
2018 with the CMS detector in proton—proton (pp) colli-
sions at a center-of-mass energy of 13 TeV at the LHC are
used in this analysis, corresponding to an integrated lumi-
nosity of 138 fb~'. Previous searches in the same final state
have been performed by the CMS Collaboration using 8 TeV
[29] and 13 TeV [30] pp data. In comparison to the previous
13 TeV result, which is based on data corresponding to an
integrated luminosity of 35.9 fb_l, the analysis presented in
this article achieves a substantial increase in sensitivity from
the larger data set and from improved analysis techniques.
In particular, machine-learning techniques are used to sup-
press backgrounds from known SM processes, and a more
inclusive observable for the signal extraction results in an
improved signal efficiency compared to the previous 13 TeV
analysis [30].

Tabulated results are provided in the HEPData record for
this analysis [31].

2 The CMS detector and simulated samples

The central feature of the CMS apparatus is a supercon-
ducting solenoid of 6 m internal diameter, providing a mag-
netic field of 3.8 T. Within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromag-
netic calorimeter (ECAL), and a brass and scintillator hadron
calorimeter (HCAL), each composed of a barrel and two end-
cap sections. Forward calorimeters extend the pseudorapid-

@ Springer

ity () coverage provided by the barrel and endcap detectors.
Muons are measured in gas-ionization detectors embedded in
the steel flux-return yoke outside the solenoid. More detailed
descriptions of the CMS detector, together with a definition
of the coordinate system used and the relevant kinematic
variables, can be found in Refs. [32,33].

Events of interest are selected using a two-tiered trigger
system. The first level, composed of custom hardware pro-
cessors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within
a fixed latency of 4 us [34]. The second level, known as the
high-level trigger (HLT), consists of a farm of processors
running a version of the full event reconstruction software
optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage [35].

Considering both the spin-1/2 and spin-3/2 scenarios,
we produce Monte Carlo (MC) simulated samples of the
pp — t't" signal process at leading order (LO) in per-
turbative quantum chromodynamics (QCD), using MAD-
GRAPH5_aMC@NLO 2.6.5 [36]. We consider different values
of resonance masses m x between 700 and 3000 GeV, in steps
of 100 GeV below 2000 GeV and in steps of 250 GeV above.
The interactions with the SM particles are simulated using
an effective field theory (EFT) [26,37], with the assumption
that the t* couplings in the strong and electroweak sectors
are identical to the top quark couplings. The predicted pro-
duction cross sections for the pair production of spin-3/2
t* particles is larger than for spin-1/2 particles of the same
mass, as the cross section for spin-3/2 grows with energy as §°
[37], where § is the partonic center-of-mass energy squared.
This violates unitarity at high energies, but is regulated by
some large scale of new physics A >> m x at which the EFT
approach becomes invalid. Differences in the kinematic dis-
tributions of t* systems with different spins are observed in
angular correlations, as well as in the t* momenta and the
invariant mass of the t*t" system, where the momenta and
mass are larger on average for spin-3/2 compared to spin-1/2
fermions. These spin-dependent differences become smaller
with increasing m x.

Relevant SM background processes for this search are top
quark pair (tt) and single top quark production, as well as the
production of a W boson in association with jets (W+jets).
Less important background processes include the produc-
tion of two weak gauge bosons (diboson), the production
of multiple jets from the strong interaction (QCD multi-
jet) and the Drell-Yan process. The tt production is simu-
lated at next-to-LO (NLO) with POWHEG v2 [38-42]. The
cross section of the tt process is corrected to a prediction
at next-to-NLO (NNLO) precision, using a next-to-next-to-
leading-logarithmic soft-gluon approximation, obtained with
the ToOP++ 2.0 program [43]. The production of single top
quarks is simulated at NLO using POWHEG for the tW and
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t channels, and MADGRAPH5_aMC@NLO for the s chan-
nel. The W+jets production is simulated at LO with four
additional partons with MADGRAPHS_aMC@NLO. Diboson,
QCD multijet production, and the Drell-Yan process are sim-
ulated at LO with PYTHIA 8.240 [44]. For all generated sam-
ples, the NNPDF 3.1 [45] NNLO parton distribution function
(PDF) sets are used.

For all generated collision events, parton shower and
hadronization are simulated using PYTHIA with the CP5 tune
[46]. The CMS detector response is simulated using GEANT4
[47]. Additional inelastic pp collision events are simulated
using PYTHIA and superimposed on simulated events to
model the effect of additional pp collisions within the same
or adjacent bunch crossings (pileup). We use a total inelastic
cross section of 69.2 mb [48] to estimate the expected number
of pp interactions per bunch crossing and correct the simula-
tion to match the corresponding distribution to that observed
in data.

3 Event reconstruction

A particle-flow (PF) algorithm [49] aims to reconstruct and
identify each particle in an event, with an optimized combi-
nation of information from the various elements of the CMS
detector.

The energy of muons is obtained from the curvature of
the corresponding track. These are measured with a recon-
struction and identification efficiency greater than 96%. For
muons with transverse momentum pr up to 100 GeV, a rela-
tive transverse momentum resolution of 1% in the barrel and
3% in the endcaps is obtained. The pr resolution in the barrel
is better than 7% for muons with pt up to 1 TeV [50]. A set of
selection criteria, different for low-pr [51] and high-p [52]
muons, is used to select prompt muons. Scale factors are used
to correct for observed differences between data and simula-
tion in the muon reconstruction and selection efficiencies.

The energy of electrons is determined from a combination
of the electron momentum at the primary interaction vertex
as determined by the tracker, the energy of the correspond-
ing ECAL cluster, and the energy sum of all bremsstrahlung
photons spatially compatible with originating from the elec-
tron track [53]. The momentum resolution for electrons with
pr ~ 45GeV from Z — ee decays ranges from 1.6 to 5%.
It is generally better in the barrel region than in the end-
caps, and also depends on the bremsstrahlung energy emit-
ted by the electron as it traverses the material in front of
the ECAL [53,54]. A multivariate selection with a 90% effi-
ciency to identify prompt electrons is used. Correction scale
factors ensure that the electron reconstruction and selection
efficiency is well modeled in MC simulation.

For both muons and electrons, we define an isolation vari-
able I, as the py sum of nearby PF candidates relative to the

lepton pr, after accounting for pileup contributions [50,53].
For the calculation of I, PF candidates within AR < 0.4
and 0.3 for muons and electrons, respectively, are consid-
ered. The angular distance AR between two PF candidates
i and j is defined as AR = \/(ATH,]‘)Z + (Aqbi’j)z, where
An; j and A¢; ; denote the distances in pseudorapidity and
azimuth, respectively.

The energy of photons is obtained from the ECAL mea-
surement [53]. The energy of charged hadrons is determined
from a combination of their momentum measured in the
tracker and the matching ECAL and HCAL energy deposits,
corrected for the response function of the calorimeters to
hadronic showers. The energy of neutral hadrons is obtained
from the corresponding corrected ECAL and HCAL ener-
gies. Two different types of hadron jets are reconstructed
from PF candidates, referred to as small-radius and variable-
radius jets.

Small-radius jets are clustered using the anti-ky algo-
rithm [55] as implemented in the FASTJET package [56]
with an angular distance parameter of 0.4. Jet momentum
is determined as the vectorial sum of all particle momenta
in the jet, and is found from simulation to be, on average,
within 5 to 10% of the true momentum over the entire pr
spectrum and detector acceptance. Pileup interactions can
contribute additional tracks and calorimetric energy depo-
sitions, increasing the apparent jet momentum. The pileup-
per-particle identification (PUPPI) algorithm [57,58] is used
to mitigate the effect of pileup at the reconstructed-particle
level, using local shape information, event pileup properties,
and tracking information. Jet energy corrections are derived
from simulation studies so that the average measured energy
of jets becomes identical to the truth information from the
simulation. In situ measurements of the momentum balance
in dijet, y+jet, Z+jet, and multijet events are used to deter-
mine any residual differences between the jet energy scale in
data and in simulation, and appropriate corrections are made
[59]. Additional selection criteria are applied to each jet to
remove jets potentially dominated by instrumental effects or
reconstruction failures [58].

The second jet reconstruction algorithm, used to recon-
struct variable-radius jets, is the Heavy Object Tagger with
Variable R (HOTVR) algorithm [60], which is also imple-
mented in FASTJET. It combines jet clustering with subjet
finding and a soft-cluster rejection. Resulting jets have an
angular size between 0.1 and 1.5 in the jet distance param-
eter, where the active jet area [61] decreases with increas-
ing momentum. This jet reconstruction algorithm has been
developed for the reconstruction of fully hadronic decays of
Lorentz-boosted top quarks, where each decay results in a
single jet reconstructed with an optimal jet size [62]. The
top quark momentum, and therefore its Lorentz boost, varies
depending on m x in this search. Variable-radius jets are thus

@ Springer
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better suited to capture the kinematic properties of the top
quarks with reduced dependence on the assumed signal mass
[63]. Jets originating from gluons of the t* decay are recon-
structed with the HOTVR algorithm as well, where the vari-
able size of these jets helps to capture wide-angle radiation,
which would result in out-of-cone effects for small-radius
jets. The substructure of variable-radius jets is analyzed using
the N-subjettiness variables t,, which provide a measure of
the degree to which jets contain N or fewer localized regions
of high energy density [64,65]. Pileup is accounted for using
the PUPPI algorithm, following a similar procedure to that
used for the small-radius jets. Momentum corrections are
applied to the individual subjets of each HOT VR jet. Recom-
bination of the corrected subjets gives the corrected variable-
radius jet. This procedure was first applied in Ref. [66] and
has been validated again for this analysis.

Jets originating from the fragmentation of b quarks are
identified using the multiclassification algorithm DEEPJET
[67-69], based on a deep neural network (DNN). It uses
information from jet constituents, charged and neutral parti-
cles, secondary vertices, and global event variables to define
a score for each jet. This score quantifies how likely the jet is
to have originated from the decay of a b quark. Small-radius
with a DEEPJET score above a certain threshold, correspond-
ing to a 1% misidentification probability of light-quark and
gluon jets, are referred to as b jets. This working point has
an efficiency between 70 and 80% for correctly identifying b
jets, depending on the data-taking era. Differences between
data and simulation in the shape of the DEEPJET score distri-
bution are accounted for by applying correction factors, and a
secondary correction ensures that no change in normalization
is introduced. _

The missing transverse momentum vector py is com-
puted as the negative vector sum of the transverse momenta
of all PF candidates in an event, and its magnitude is denoted
as pr " [70]. The PUPPI algorithm is applied to reduce the
pileup dependence of the py' observable. The pp' is mod-
ified to account for corrections to the energy scale of the jets
in the event.

4 Event selection

We use HLT algorithms requiring the presence of a single
muon, electron, or photon. These select events with at least
one muon having pr above 50 GeV or an electron with pp
above 115 GeV, with no isolation requirements. Complemen-
tary triggers requiring an isolated lepton extend the reach of
the analysis to lower pr, requiring a muon with pr of at least
24 or 27 GeV in 2016 or 2017-2018, or an electron with pr
of at least 27, 35, or 32 GeV in the years 2016, 2017, and
2018, respectively. The different p thresholds were intro-
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duced because of different instantaneous luminosities dur-
ing the three years of data taking. To recover inefficiencies at
high electron pr, events selected using photon triggers with a
photon with py larger than 175 or 200 GeV in 2016 or 2017—
2018, respectively, are considered as well. The muon trig-
ger efficiency exceeds 90% over the full momentum range,
and the electron trigger efficiency is greater than 80% and
increases with momentum. The same trigger selection crite-
ria are applied to simulated events, and scale factors ensure
that the trigger efficiency in simulation matches that in data.

A further correction factor is applied to simulated events to
account for a trigger inefficiency in 2016 and 2017, caused by
a timing shift in the ECAL. An issue in some HCAL modules
during 2018 resulted in a loss of efficiency in a specific n-
¢ region of the detector. Therefore, any event in data that
has a muon, electron, or jet in the affected region during this
period in time is rejected. The effect is accounted for in MC
simulations using event weights.

To select events matching the expected topology of the
signal process, we require events to have a single lepton ¢
(muon or electron) within |n| < 2.4, and pt > 30 or 40 GeV
for muons or electrons, respectively. Events are assigned to
a muon or an electron channel based on the flavor of the
selected lepton. Muons or electrons with pr smaller than
55 or 120 GeV, respectively, are referred to as low-pt lep-
tons. Low-pt muons need to fulfill /,; < 0.15. For low-
pr electrons, isolation is ensured by including relevant vari-
ables in the multivariate electron selection. High- pt leptons
with pp above these thresholds are required to satisfy one
of two looser isolation criteria: either AR(Z, jet) > 0.4 or
P1rel > 25 GeV, to suppress contributions from QCD multi-
jet production [71]. The angular distance A R (¢, jet) is calcu-
lated between the selected lepton and the closest small-radius
jet in the n-¢ plane, and pr . is the pr component of the
lepton perpendicular to the axis of the closest small-radius
jet.

For a hadronically decaying top quark, we require at least
one variable-radius jet with pt > 200GeV and |n| < 2.4,
aiming to reconstruct the decay products in a single jet. Addi-
tionally, events must contain at least four small-radius jets
with pr > 30GeV and || < 2.4, at least one of which
must be a b jet. In this selection, the variable-radius jets and
small-radius jets are treated separately and are independent
of each other. We do not test for a potential overlap between
the small-radius and variable-radius jets in an event. Further-
more, p1 > 50 GeV is required to account for the neutrino
from the W boson decay.

A scalar momentum sum variable St is defined as

. . .
St=pr +pr o+ Z P )]
i

where the sum runs over all variable-radius jets with pt >
200 GeV and |n| < 2.4. This variable is useful for discrim-
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Fig. 2 Distributions in St for t“t" signal samples with different simu-
lated values of m s for spin-1/2 (solid lines) and spin-3/2 (dashed lines)
resonances. Each signal distribution is normalized to 100

inating signal from SM background events, as t“t* produc-
tion results in a higher value of St on average. In Sect. 8,
we use the measured distribution in St for the statistical
interpretation of the results. All events are required to have
St > 500 GeV to further reduce trigger inefficiency effects
from events with low- p leptons and jets.

Depending on the spin and mass of the t*, around 50%
of signal events remain after the above requirements, with
higher efficiency for spin-3/2 compared to spin-1/2 t*, and
increasing efficiency towards higher m x. In contrast, the
contribution of SM background processes is substantially
reduced, with efficiencies below 1%. In Fig. 2 we show the
St distributions of various simulated signal samples. The
spin-3/2 signals feature a peak in St around 2m x, shifted to
smaller values for spin-1/2 signals. The spin-3/2 signals have
higher St on average, a difference that is more pronounced at
lower t* masses. This behavior results from higher t* momen-
tum and invariant mass of the t“t* system for spin-3/2 signals
compared to spin-1/2. Because the SM background contribu-
tions monotonically decrease with increasing St, we expect
better sensitivity for spin-3/2 signals compared to spin-1/2.
These differences become smaller for higher t* masses.

5 Event classification

We use a DNN to classify events as signal like and back-
ground like. It is designed to output a single DNN score
spnN»> Where signal-like events are given a high score and
background-like events a low score. We pass 33 input fea-

tures to the DNN, which are derived from the reconstructed
PF candidates in signal events:

e pr, 1, ¢, and I of the lepton,

e pr, 1, ¢, the number of subjets, 7, 75, and 75 of the three
pr-leading variable-radius jets,

e pr, 11, ¢ and the DEEPJET score of the small-radius jet
with the highest DEEPJET score,

e prrand ¢ of py o, and

o the multiplicities of the small-radius and variable-radius
jets in the event.

Zero padding is used in case features cannot be defined, for
example for events containing less than three variable-radius
jets. We find that jet multiplicity and substructure variables
are especially relevant for the DNN performance, together
with information on the variable-radius jet that is third in the
pr hierarchy. The DNN uses a fully connected feed-forward
architecture with four hidden layers and 25 nodes each. We
trained it on simulated tt events and a balanced mixture of
spin-1/2 signal events with m x between 700 and 3000 GeV.
We verified that no m x bias arises, by investigating the effect
of repeating the training with one m x sample removed. The
DNN is used for both spin scenarios, as we observe no sub-
stantial sensitivity increase when testing a separate, dedicated
DNN for the spin-3/2 signals.

Some of the DNN input variables are used to calculate
St, which results in an output strongly correlated with St.
To prevent this and coerce the network to learn auxiliary
features that differ between signal and background events,
background events are reweighted to have an St distribu-
tion identical to that of the signal events used in the training.
Aside from ensuring balance of the signal and background
classes during training, this reduces the correlation between
St and spnn . At the same time, it facilitates the exploitation
of information other than the pr, such as angular correlations,
jet multiplicity, and the substructure of variable-radius jets.
The importance of these features for the network decision
increases after the St reweighting. However, some correla-
tion between St and sppy remains, which is alleviated in a
second decorrelation step. We use the “designing decorre-
lated taggers” (DDT) technique [72], where we shift spyy
by an St-dependent value f(St, €) for each event,

sppT = SpNN — S (ST, €)- )

To determine the function f(St, &), a set of spny selection
thresholds are found in intervals of 100 GeV in St. In each
interval, the threshold value corresponds to a given efficiency
€. for selecting tt background events. To obtain the continu-
ous function f (ST, €;7), we fit the selection thresholds using
an analytic function. The two-dimensional distribution in St
versus 1 — spyy and the resulting function f(St, €;) are
shown in Fig. 3 for €;; = 30%.

@ Springer
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Fig. 3 Two-dimensional distribution in 1 — spyy versus St for sim-
ulated tt events. The function f(St, 30%) (red line) is determined by
specifying a 30% selection efficiency for tt events, i.e., 30% of the tt
events are below this function in each bin of St

The resulting score sppr is uncorrelated with St, i.e., a
selection based on sppy results in a constant tt background
efficiency as a function of St. This is crucial for the back-
ground estimation described below. We define a signal region
(SR) with sppr > 0 and a validation region (VR) with
sppr < 0. While the SR is used in the statistical analysis
in the search for a signal, the VR is only used to validate
the background estimation presented below. We find that a
tt selection efficiency €; = 30% results in the best sensi-
tivity of this analysis, while ensuring that the split of events
between the SR and VR only minimally changes the shape
of the St distributions for the SM backgrounds. By construc-
tion, the SR contains 30% of all tt events after the analysis
selection and the VR contains 70%. The efficiency for signal
events to enter the SR varies between 55 and 75%, depending
on the spin and m x.

6 Background estimation

The SM processes that can result in a final state similar
to the one expected from signal events can be divided into
two classes: backgrounds containing top quarks, tt and sin-
gle top quark events, and backgrounds without on-shell top
quarks (non-t backgrounds), mostly consisting of events
from W+jets, Drell-Yan, QCD multijet, and diboson pro-
duction.

@ Springer

We estimate backgrounds with top quarks using simu-
lation, for which the correction factors described in Sect.3
ensure a good description of the data. In addition to these
corrections, a reweighting as a function of the parton-level
pr of the top quark is applied to background events. These
weights correct for a top quark pr-dependent mismodeling
in simulations at NLO precision [73,74].

We estimate the contribution from backgrounds without
top quarks with a method based on control samples in data,
because the production of weak vector bosons with multi-
ple jets and QCD multijet production are not modeled with
sufficient accuracy. We define a control region (CR) that con-
tains events passing all the requirements described in Sect. 4,
except for the b jet selection. Only events without a b jet
enter the CR. No requirement on sppy is imposed in the CR.
The CR is enriched in non-t backgrounds, with top quark
background contaminations amounting to 10-20%, and is
statistically independent of the SR. We use simulated events
to construct an St-dependent ratio between the non-t back-
ground contributions in the CR and SR. We fit the ratio with
two functions, a Landau distribution and a Gaussian distribu-
tion with a constant offset. The average of these two functions
then defines a transfer function grr(St). The ratios between
the St distributions in the SR and CR are shown in Fig. 4,
together with the fits of the transfer functions.

The function gr(St) is used to estimate the non-t back-
ground contribution in the SR as

Ngg (non-t bkg)
= grr(St) (Ncr (data) — Ncg (top bkg)) , (3)

where Ncg(data) and Ncg (top bkg) are the event counts
in the CR for data and for the simulated samples with on-shell
top quarks, respectively. The event counts are obtained in
intervals of St. For the muon and electron channels, the num-
ber of events in the CR is multiplied by grg(St), after sub-
tracting contributions of simulated top quark backgrounds.
Since the composition of non-t backgrounds differs between
the muon and electron channels, the method is applied to each
channel individually. We verify the estimation of the back-
ground in the SR using the VR. Results from the background
estimation for the VR are shown in Fig. 5 for the muon and
electron channels. The bin widths increase with increasing
St so that each bin is appropriately populated in data and
simulation. The uncertainty arising from the limited size of
the simulated background samples becomes non-negligible
towards high S, but its impact on the sensitivity of the anal-
ysis is small compared to other uncertainties. The predicted
backgrounds describe the measured data within the uncer-
tainties in both channels.
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Fig. 4 The simulation-based ratios between the St distributions in the
SRs and CRs for the muon (upper) and electron (lower) channels. Two
functions are fit to each ratio, and the final transfer function used for the
non-t background estimation is taken to be their average. The statistical
uncertainties in the transfer functions are shown as grey bands. In the
lower panels, the simulation-based ratios, fit functions, and statistical
uncertainties are shown relative to the final transfer function

7 Systematic uncertainties

Several systematic effects introduce uncertainties affecting
the normalization and shape of distributions in St. We sum-
marize these in the following, split into experimental and
theoretical uncertainties. All uncertainties, which can affect
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Fig. 5 Distributions of St in the VR for the muon (upper) and electron
(lower) channels. The total uncertainties are shown as hatched bands.
The signal distributions are scaled to the cross sections predicted by
theory. Ratios of data to the expected backgrounds are shown in the
lower panels

either the rate or both the rate and the shape of St, are included
as nuisance parameters in the statistical analysis presented
below. Details on the implementation of nuisance parameters
are provided in Ref. [75]. To give an estimate of the relevance
of the systematic uncertainties, we provide an approximate
size of each source for the largest SM contribution it affects.
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7.1 Experimental uncertainties

Systematic uncertainties arise from the selection of b jets and
the corresponding efficiencies. The b jet selection uncertain-
ties are split into different sources, depending on the jets they
affect: jets originating from b quarks, ¢ quarks, or light jets.
Furthermore, these are split into statistical and systematic
components, where the former are not correlated between
eras of data taking, but the latter are. The uncertainty from
each source corresponds to variations of up to 10% for tt
events. An additional b tagging related uncertainty is con-
nected to normalization differences before and after apply-
ing the b tagging correction factors. Separate corrections
to the normalization are derived for the electron and muon
channels. The differences between these and the correction
obtained for a combination of the two channels is taken to
be the associated uncertainty. This uncertainty can reach up
to 5% for simulated tt events and is correlated between the
years of data taking.

The impact of uncertainties associated with the jet energy
scale and jet energy resolution corrections on small radius
jets, variable-radius jets and pp  is estimated by vary-
ing the corresponding corrections within their uncertainties.
The resulting uncertainty is correlated between all affected
objects and treated as uncorrelated between years. This
uncertainty has an impact of up to 4% in tt events.

Uncertainties connected to correction factors for the lep-
ton reconstruction, identification, isolation, and triggers are
of the order of 1% or smaller for tt events, and are not cor-
related between years of data taking. An uncertainty in the
correction factor accounting for the 2016 and 2017 trigger
inefficiency is considered as well.

The total inelastic cross section of 69.2 mb, used to correct
the pileup distribution in simulation, is varied by £4.6% [48],
resulting in an uncertainty of around 2% for tt events.

A total uncertainty of 1.6% in the integrated luminosity
of 138 b~ ! is considered [76-78]. This uncertainty affects
only the normalization of simulated samples.

Another source of uncertainty, specific to this analysis,
arises from the DNN decorrelation procedure. We take the
residual differences between the shapes of the St distribu-
tions in the SR and VR for top quark backgrounds as an
estimate of the associated uncertainty. The resultant impact
corresponds to variations of up to 10% for tt events.

Separate uncertainties are considered on the results of
the data-driven background estimation. The procedure is
repeated for each of the two functions used to construct
gT1r(ST). The resulting distributions are used as a systematic
variation around the nominal non-t background prediction.
The effect is treated as fully correlated between years and is
below 8% for the non-t background. The effect of the statis-
tical uncertainty in gpp(St) amounts to around 5%. We esti-
mate the systematic uncertainty connected to the b tagging

@ Springer

veto in the definition of the CR by repeating the background
estimation for variations of the b tagging corrections, where
the individual sources are combined. The resulting uncer-
tainty can reach up to 15% for the non-t background and is
treated as fully correlated between years.

In summary, the dominant experimental systematic uncer-
tainties in this analysis are from the b tagging corrections and
the decorrelation procedure for the background estimation.

7.2 Theoretical uncertainties

The largest systematic uncertainty in the modeling of SM
background processes results from missing higher-order
effects in the simulation. We estimate this effect by varying
the renormalization and factorization scales in the simulation
by factors of 2 and 1/2. An envelope is constructed from the
possible variations, except for variations where one scale is
varied by 2 and the other by 1/2. This uncertainty is taken to
be fully correlated between data-taking years. It includes a
normalization effect covering uncertainties in the production
cross sections of the SM background processes and varies
between 20 and 60% for tt events, with the larger values
at high St. For signal samples, we remove uncertainties in
the normalization from scale variations and consider only
acceptance and shape effects.

The uncertainty in the correction of the pt of the parton-
level top quark is estimated from the difference in the St
distribution before and after applying this correction. For tt
events, it amounts to below 20%.

An uncertainty resulting from the choice of PDFs is
obtained using the standard deviation of 100 different MC
replicas, following the procedure described in Ref. [79]. The
uncertainty has an unimportant effect on the analysis. For
signal samples, only the acceptance and shape effects are
considered for the PDF uncertainties.

Other sources of uncertainties related to the modelling of
background processes, like uncertainties in the simulation of
initial and final state radiation, the matching of matrix ele-
ments to the parton shower, or the modelling of hadroniza-
tion, are small compared to the ones considered here.

8 Results

The St distribution in the SR, measured in the muon and
electron channels, is the main observable of this analysis.
The backgrounds from tt and single top quark production are
taken from simulation, with the appropriate correction factors
applied. The St distributions of the non-t backgrounds are
extrapolated from the CR. Signal distributions are taken from
simulations. We combine all years of data and include the
uncertainties described in Sect. 7 as nuisance parameters.
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A statistical analysis is performed to probe for the exis-
tence of t*t* production with a binned maximum likelihood
fit. The modified frequentist approach [80-82], known as the
CL criterion with the profile likelihood ratio as the test statis-
tic, is used in this search to set 95% confidence level (CL)
upper limits on the product of the production cross section for
pp — t*t" and the branching fraction squared B (t" — tg).
We use the asymptotic approximation to the profile likeli-
hood test statistic [83]. The statistical analysis is performed
using the CMS statistical analysis tool COMBINE [75], which
is based on the ROOFIT [84] and ROOSTATS [85] frameworks.

We show the St distributions in the SR for the muon and
electron channels in Fig. 6 after the background-only maxi-
mum likelihood fit to the data. No significant deviation from
the SM predictions is observed. The resulting upper lim-
its on the product of the production cross section and the
branching fraction squared are presented in Figs. 7 and 8 for
spin-1/2 and spin-3/2 resonances, respectively. For the spin-
1/2 case, the limits are found to be between 120 fb (190 fb
expected) for mex = 700 GeV, and 0.8 fb (0.8 fb expected)
for mx = 3000 GeV. For the spin-3/2 case, the upper lim-
its are between 15 fb (18 fb expected) at 700 GeV and 1.0 fb
(0.9 fb expected) at 2750 GeV.

As expected from the differences in the St distributions
between spin-1/2 and spin-3/2 t* signals, the analysis is more
sensitive to spin-3/2 signals at low m x. At high m x, the
sensitivity is comparable, with the analysis being slightly
more sensitive to spin-1/2 signals. This is a result of the
efficiency of the DNN-based SR definition, which decreases
with increasing m «. This effect is more pronounced for spin-

3/2 than for spin-1/2 t* signals.

For both spin scenarios, we compare the results to theory
predictions of the t*t* pair production cross section. These
are determined as described in Sect. 2, using an EFT approach
to describe the interaction of the t* and SM particles. We
assume a branching fraction of 100% for the t* — tg decay.

The existence of a spin-1/2 t* is excluded up to m o+ val-
ues of 1050 GeV, with 990 GeV expected. These are the first
mass exclusion limits on a spin-1/2 t* in the t* — tg decay
channel at 13 TeV, made possible by the improvements in
this analysis compared to the previous analysis [30]. For the
spin-3/2 case, the lower mass limit is considerably higher
because of the higher predicted cross section and the better
sensitivity of the analysis to spin-3/2 t* resonances below
2 TeV. The existence of a spin-3/2 t* is excluded below m o
of 1700 GeV, with 1690 GeV expected.

When comparing the exclusion limits to the ones from
the previous CMS result, based on 13 TeV data correspond-
ing to an integrated luminosity of 35.9fb™ ~, a substantial
improvement is visible. The increased size of the analyzed
data set yields an improvement in sensitivity to the cross
section limit of about a factor of two. In addition, the sensi-
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Fig. 6 Distributions in St in the SR for the muon (upper) and electron
(lower) channels, after a background-only fit to the data. The signal
distributions are scaled to the cross section predicted by the theory. The
hatched bands show the post-fit uncertainty band, combining all sources
of uncertainty. The ratio of data to the background predictions is shown
in the panels below the distributions

tivity is increased by improvements of the analysis strategy.
We impose looser lepton and jet multiplicity requirements
and use variable-radius jets to access the Lorentz-boosted
t* decay products. This, combined with the addition of an
event classification DNN and the usage of St instead of a
reconstruction of the t* system, leads to an increased signal
efficiency: the fraction of signal events reaching the SR is
about five times higher compared to the previous analysis. In
contrast, background yields in the SR only increase by about
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10%. Overall, we achieve an increase in sensitivity by about
a factor of five on top of the factor of two from the larger data
set, resulting in a total improvement in sensitivity by about
an order of magnitude compared to the previous analysis.

9 Summary

A search for the pair production of heavy top-quark partners
t* has been presented, where the t* couples predominantly to
gluons and decays to a top quark and a gluon, t* — tg. Both
spin-1/2 and spin-3/2 resonances are considered. The anal-
ysis uses 13 TeV proton—proton collision data collected by
the CMS experiment between 2016 and 2018, correspond-
ing to an integrated luminosity of 138 fb~'. The final state
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analyzed consists of a lepton with high transverse momen-
tum, missing transverse momentum and several jets. A deep
neural network is used to identify potential signal events.
With a two-step decorrelation procedure, independence of
the deep neural network output from the main observable St
has been achieved, where St is the scalar sum of the trans-
verse momenta of the selected lepton and jets, and the missing
transverse momentum. No statistically significant deviation
from the background prediction was found. Upper limits at
95% confidence level are derived on the product of the t*t*
production cross section and branching fraction squared for
t* — tg. These are between 120 and 0.8 fb for a spin-1/2 t*
and between 15 and 1.0 fb for a spin-3/2 t*, depending on the
t* mass. A comparison of these limits with the theory pre-
dictions results in mass limits for the t* resonances, where
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the existence of a spin-1/2 t* is excluded below a mass of
1050 GeV and for a spin-3/2 t* below a mass of 1700 GeV.
These are the most stringent limits to date and the first exclu-
sion limit for a spin-1/2 t* resonance at 13 TeV. The results
also substantially improve the spin-3/2 exclusion limits com-
pared to previous results.
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