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A search for the pair production of heavy spin-1/2 or spin-3/2 resonances (t*) in proton-proton
collisions at /s = 13 TeV is presented. Data collected with the CMS detector at the CERN LHC from
2016 to 2018 corresponding to an integrated luminosity of 138 fb~! are used. The analysis targets
benchmark signal scenarios where one t* decays into a top quark (7) and a photon (y), and the other into a
t quark and a gluon (g), i.e., pp — t*t* — ttyg. All-hadronic final states from the ¢ pair decay chain are
selected using jet substructure techniques. The signal is probed as a function of the 7* candidate mass,
which is reconstructed using the photon and a top quark candidate jet. No significant deviation from the
background-only hypothesis is found. Observed (expected) upper limits on the signal cross section at
95% confidence level are set, excluding masses of spin-1/2 r* particles below 930 (930) GeV and spin-
3/2 t* particles below 1330 (1390) GeV. This analysis marks the first search for heavy resonances in the
ttyg channel. Exploiting the high-energy photon to reduce the backgrounds, this search achieves
sensitivity competitive with pp — t** — figg searches for spin-1/2 ¢* despite the small expected t* — ty

branching fraction.
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I. INTRODUCTION

The standard model (SM) of particle physics has been
successful in describing a large number of observations.
However, it leaves several fundamental questions unan-
swered. For example, the SM cannot explain the vast
disparity between the strengths of the electroweak (EW)
force and gravity [1]. Additionally, the SM fails to elucidate
the nature of dark matter. Beyond-the-SM theories, includ-
ing those with extra spatial dimensions [2] and composite
Higgs scenarios [3], can address these open questions.
Some of these models predict that the top quark may have
excited states or have vectorlike quark partners.

For a top quark vectorlike partner (7') with an electric
charge of +2/3, the dominant decay modes are expected
to be the tree-level processes T — bW, T — tZ, and
T — tH [4]. Both the ATLAS and CMS experiments at
the CERN LHC have searched for these signatures, placing
lower constraints on the mass of the 7" of up to 1.42 TeV at
95% confidence level (CL), depending on the 7 branching
fractions (B) [5-13]. These decay modes could be sup-
pressed if the mixing angle, which governs the interaction
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strength between T and W, Z, or H, is small. Consequently,
the loop-induced decays T — rg and T — ty can dominate
[14—17]. These decays are similar to those of an excited top
quark (#*), which proceed via dipole operators [18]. Among
these, the decay t* — tg is expected to be dominant because
of the strong coupling, while * — fy would be suppressed
by the electromagnetic coupling. Searches for r* pair
production, assuming the * — zg decay mode, have been
performed by the CMS Collaboration using proton-proton
(pp) collisions at center-of-mass energies of 8 and 13 TeV.
These studies resulted in a 1050 (1700) GeV 95% CL
lower mass limit for a spin-1/2 (spin-3/2) t*, assuming
B(r* — tg) = 100% [19-21]. Despite the expected small-
ness of B(r* — ty) with respect to B(t* — tg), the sensi-
tivity of the #*#* — ffyg channel could be similar to that of
the tfgg channel because of the smaller backgrounds
associated with its photon signature [22].

The interactions of spin-1/2 ¢* with SM particles are
described by a dipole-moment-like interaction between
the t quark and ¢* [22]. The interactions of a spin-3/2 ¢*
are described by the Rarita-Schwinger Lagrangian [23].
Although the spin-1/2 and spin-3/2 t* are both assumed to
be color-triplet particles, the pp — t*¢* cross sections are
not the same because of the spin-dependent couplings to
SM gluon fields. For example, the production cross section
for a pair of spin-1/2 #* with a mass of 1 TeV is x26 tb,
whereas for a pair of spin-3/2 ¢* particles with the same
mass it is £260 fb. The branching fractions of the #* depend
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FIG. 1. Representative LO Feynman diagram for pair produc-
tion of ¢* in the #fyg channel.

on the coupling strength to gluons and photons. Simple
coupling ratio arguments suggest absolute branching frac-
tions of B(t* — ty) = 3% and B(t* — tg) = 97%. These
and other theoretical assumptions adopted in this analysis
follow Ref. [22].

This paper describes the first search at the LHC for pair-
produced ¢* with spin-1/2 or spin-3/2 in the tfyg channel in
pp collisions at /s = 13 TeV. The data used in the analysis
correspond to an integrated luminosity of 138 fb~!, collected
by the CMS experiment at the LHC during 2016-2018. The
large expected mass of the #* implies that the partons pro-
duced in its decay will have very large momenta, resulting in
a photon and top quark of high transverse momentum (pr).
Because of the large Lorentz boost of the top quark, its decay
products are typically expected to be merged into one large
radius particle jet. Thus, events characterized by an isolated
photon with high- pr and multiple large-radius jets are used in
this analysis.

This search utilizes a state-of-the-art machine-learning
algorithm, known as the PARTICLENET tagger, to identify
the large-radius jets as originating from top quarks [24]. In
this study, we employ the reconstruction of the mass of a
single * candidate, using a photon and a top quark jet, to
search for an excess of events in the mass distribution that
would correspond to the presence of a *. The correspond-
ing leading-order (LO) Feynman diagram for the search
channel targeted in this paper is shown in Fig. 1.

II. THE CMS DETECTOR

The CMS apparatus is a multipurpose, nearly hermetic
detector, designed to trigger on [25-27] and identify elec-
trons, muons, photons, and (charged and neutral) hadrons
[28-30]. Its central feature is a superconducting solenoid of
6 m internal diameter, providing 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 end cap
sections. Forward calorimeters extend the pseudorapidity
() coverage provided by the barrel and end cap detectors.

Muons are reconstructed using 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, are reported in Refs. [31,32].

III. DATA AND SIMULATED EVENT SAMPLES

Events of interest are selected using a two-tiered trigger
system. 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 about 4 ps [25]. 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 reduces the event rate to
around 1 kHz before data storage [26]. Collision events are
selected using a high-pt photon trigger. The pt thresholds
for the photon trigger are 175 GeV for data collected during
2016, and 200 GeV for data collected in 2017 and 2018,
reflecting adjustments to account for the changing LHC
luminosity conditions. The trigger efficiencies, measured in
Z — ee samples, are greater than 99% for photons with
pr > 240 GeV [33].

Monte Carlo (MC) simulated events are used to model
most of the background processes and the 7* signals. The
next-to-next-to-leading order NNPDF3.1 [34] parton distri-
bution function (PDF) set is used in event production. Parton
showering and hadronization are performed with PYTHIA
v8.240 [35] using the underlying event tune CP5 [36]. All
the MC generated samples are passed through the full
simulation of the CMS detector based on GEANT4 [37].
Simulated samples include additional p p interactions occur-
ring within the same or nearby bunch crossings (pileup).
Events in these samples are reweighted so that the pileup
distribution matches that of the data.

Signal samples for the pair production of spin-1/2 and
spin-3/2 t* along with their decays, pp — 1t — tiyg, are
generated at LO with the MADGRAPH5_aMC@NLO Vv.2.6.5
generator [38]. The narrow-width approximation is assumed
to be valid in the mass range considered in this analysis [22].
In practice, the signal samples are generated with a fixed ¢*
width of 10 GeV, which is much smaller than the exper-
imental resolution of the reconstructed t* mass (m,-). Under
this approximation, signal samples are produced for m,
values ranging from 700 GeV to 2 TeV in 100 GeV steps,
with four additional mass points at 2.25, 2.5, 2.75, and
3 TeV. All signal samples are normalized to the cross section
of r*t* production, calculated at LO, times the product of
B(t* - tg) = 0.97 and B(t* - ty) = 0.03 [22].

The background processes considered in this analysis
include several key contributions. These encompass SM
top quark-antiquark pair production (¢7), as well as 7
produced in association with a photon (¢7y). Additionally,
single top quark production occuring through the #-channel,
tW-channel (associated with a W boson), and s-channel is
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considered. Other important backgrounds include multijet
production and processes involving the production of a
photon, Z, or W boson in association with jets (y + jet,
Z + jets, and W + jets). Processes where a Z or a W boson
is produced alongside a photon (Zy and Wy) are also
included. The SM ¢7, and single top quark production
processes in the ¢ channel and tW channel are simu-
lated with POWHEG v2.0 at next-to-leading order
(NLO) [39-41]. The MADGRAPH5_aMC@NLO V.2.6.5 gen-
erator is used to simulate other processes. The multijets,
v + jet, W + jets, Wy, and 7y samples are generated at LO;
other MC samples are generated at NLO. Jets produced at
the matrix element level are matched with those generated
by PYTHIA parton shower using the MLM and FxFx
merging schemes for LO and NLO samples, respectively
[42]. Possible overlaps between events with a photon
generated at the matrix element level in the t7y, y + jet,
Zy, and Wy processes and events with a photon generated
by PYTHIA at the showering step in the 77, multijet, Z + jets,
and W 4 jets processes are removed [43].

IV. EVENT RECONSTRUCTION

The global event description based on the particle-flow (PF)
algorithm [44] aims to reconstruct and identify each indi-
vidual particle in an event, with an optimized combination of
all subdetector information. In this process, the identification
of the particle type (photon, electron, muon, charged or
neutral hadron) plays an important role in the determination
of the particle direction and energy. Photons are identified as
ECAL energy clusters not linked to the extrapolation of any
trajectory of a charged particle originating from the primary
vertex. Electrons are identified as a primary charged-particle
track and potentially multiple ECAL energy clusters corre-
sponding to this track extrapolation to the ECAL and to
possible bremsstrahlung photons emitted along the way
through the tracker material. Muons are identified as tracks
in the central tracker consistent with either a track or several
hits in the muon system, and associated with energy deposits
in calorimeters compatible with the muon hypothesis.
Charged hadrons are identified as charged-particle tracks
identified neither as electrons, nor as muons. Finally, neutral
hadrons are identified as HCAL energy clusters not linked to
any charged-hadron trajectory, or as a combined ECAL and
HCAL energy excess with respect to the expected charged-
hadron energy deposit.

The primary vertex (PV) is taken to be the vertex corre-
sponding to the highest-momentum scattering in the event,
evaluated using tracking information alone, as described in
Sec. 9.4.1 of Ref. [45]. The PV is used to associate the
reconstructed objects in the event, such as jets and photons,
and to calculate kinematic variables such as pt and 7
relative to the PV.

The energy of photons is obtained from the ECAL
measurement. The energy of electrons is determined from a
combination of the track momentum at the main interaction

vertex, the corresponding ECAL cluster energy, and the
energy sum of all bremsstrahlung photons attached to the
track. The energy of muons is obtained from the corre-
sponding track curvature. The energy of charged hadrons is
determined from a combination of the track momentum
and the corresponding ECAL and HCAL energies, cor-
rected for the response function of the calorimeters to
hadronic showers. Finally, the energy of neutral hadrons
is obtained from the corresponding corrected ECAL and
HCAL energies.

In the barrel section of the ECAL, an energy resolution
of about 1% is achieved for unconverted or late-converting
photons in the tens of GeV energy range. The energy
resolution of the remaining barrel photons is about 1.3% up
to |y| = 1, changing to about 2.5% at || = 1.4 [28]. A
standard identification (ID) working point, called “medium
ID” in Ref. [28], with an average efficiency of 80% for
selecting genuine photons is used in this analysis. The photon
ID is based on requirements on the ratio of the energy
deposited in the closest HCAL tower to that of the ECAL and
shower profile of the photon (c;,,,). The o;,;, observable,
defined as the energy-weighted root-mean-square of the
electromagnetic shower profile along the # direction, quan-
tifies the lateral spread of the shower in units of the ECAL
crystal size [46]. Selected photons must also satisfy the
photon isolation requirement based on the scalar pt sum of
charged hadron (/,), neutral hadron, and additional photon
candidates reconstructed by the PF algorithm within a cone of
AR = +/(An)? + (A¢)? < 0.3 around its axis [28], where
¢ is azimuthal angle in radians. The photon is distinguished
from identified electrons in the detector by requiring no hits
in the inner tracker layers close to the photon direction. The
photon ID and isolation efficiencies are measured separately
in data and simulation with Z — ee events, with the electron
tracks removed to emulate photonlike ECAL superclusters
except in cases where photon conversions occur. Scale
factors (SF) are applied to simulated events to correct for
differences between the behavior of reconstructed photons in
the simulation and those observed in collision data. The
same Z — ee events are utilized to calibrate the photon
energy scale and resolution [28].

In each event, hadronic jets are formed by clustering the
reconstructed PF candidates using the infrared- and collin-
ear-safe anti-kt algorithm [47], as implemented in the
FASTJET package [48]. Large-radius jets (“AKS jets”), with
a distance parameter of 0.8, are used to reconstruct hadroni-
cally decaying, highly Lorentz-boosted top quark candi-
dates. The jet momentum is determined as the vectorial sum
of the jet constituents, and is found from simulation to be,
on average, within 5% to 10% of the true momentum over
the entire py spectrum and detector acceptance [49]. Pileup
interactions can contribute additional tracks and calori-
metric energy depositions to the jet momentum. The
pileup-per-particle identification algorithm [50,51] is used
to mitigate the effect of pileup at the reconstructed-particle
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level, making use of local shape information, event pileup
properties, and tracking information. A local shape variable
is defined, which distinguishes between collinear and soft
diffuse distributions of other particles surrounding the par-
ticle under consideration. The former is attributed to
particles originating from the hard scatter and the latter
to particles originating from pileup interactions. Charged
particles identified to be originating from pileup vertices are
discarded. For each neutral particle, a local shape variable is
computed using the surrounding charged particles compat-
ible with the PV within the tracker acceptance (|| < 2.5),
and using both charged and neutral particles in the region
outside of the tracker coverage. The momenta of the neutral
particles are then rescaled according to their probability to
originate from the PV deduced from the local shape
variable, superseding the need for jet-based pileup correc-
tions [50].

Jet energy corrections are derived from simulation studies
so that the average measured energy of jets becomes
identical to that of particle-level jets. In situ measurements
of the momentum balance in dijet, y 4+ +jet, Z + —+jet, and
multijet events are used to determine any residual differences
between the jet energy scale in data and in simulation, and
appropriate corrections are made [49]. Additional selection
criteria are applied to each jet to remove those potentially
dominated by instrumental effects or reconstruction fail-
ures [50]. The groomed jet mass is calculated after applying
a modified mass-drop algorithm [52,53], known as the soft-
drop mass (mgp) [54], to AKS jets with parameters = 0,
Zee = 0.1, and Ry = 0.8.

Hadronic decays of top quarks are identified using the
PARTICLENET tagger, a graph neural network based jet
tagging algorithm [24]. The PF candidates and secondary
vertices associated with the AKS jets are used as input to
the algorithm, which is designed to identify different jet
types. In this search, the discrimination of ¢ jets against
other jet types is utilized. The AKS8 jets with a PARTICLENET
tagger score above a specific threshold are classified as
“t-tagged” jets. For the selected thresholds on the
PARTICLENET score, the efficiency for identifying AKS jets
originating from the hadronic decays of top quarks within
the kinematic range 400 < pr < 600 GeV (where pr
denotes the transverse momentum of the AKS8 jet) is
approximately 82%. Meanwhile, the misidentification rate
for jets originating from the hadronization of gluons or
light-flavor quarks (u, d, s) is about 0.1%. The mgp and ¢
tagging SFs are derived using 7 events where one top quark
decays into a lepton, neutrino, and a b jet, while the other
decays to three jets.

Isolated muon and electron candidates are reconstructed
to veto events containing them. Muons are identified using
dedicated selection criteria for high-momentum muons, as
described in Ref. [55]. The electron identification is
performed using a multivariate analysis discriminant that
combines various measured properties from the tracker and

ECAL [56]. Muons (electrons) must satisfy || < 2.4 and
pr > 55(40) GeV. Electrons in the gap between the ECAL
barrel and endcap calorimeters (1.44 < || < 1.56) are
excluded, because the reconstruction of an electron object
in this region is not optimal. Selected leptons must be
separated from the photons and jets by AR > 0.4 and 0.8,
respectively.

V. EVENT SELECTION AND ANALYSIS
STRATEGY

The analysis selection requires exactly one photon in the
ECAL barrel region, i.e., || < 1.44, with pr > 240 GeV.
Events with photons reconstructed in the endcap regions are
excluded due to negligible signal sensitivity. Photons are
required to be separated from AKS jets by AR > (.8. Events
containing muons or electrons are excluded, as described
above. The AKS jets are required to be within the region
|n| < 2.4 and must have pt > 300 GeV. Signal events may
contain three AKS jets originating from the top quark, top
antiquark, and gluon produced in #*#* decays, provided all
jets fall within the defined acceptance. Events in the signal
region (SR) are required to contain at least two AKS jets, of

which one (j;) must be 7 tagged with 125 < my, <

225 GeV and another (j,) must satisfy g, > 50 GeV.
No additional requirement is imposed on the total number of
AKS jets in the event. With these selection criteria, most
background events that do not contain a top quark are
removed. Consequently, additional signal characteristics,
such as the presence of high-pr jets from gluons or b
quarks, are not utilized. This approach maintains generality
and preserves high signal efficiency. The efficiency for the
spin-3/2 signal is up to 5% higher than that of the spin-1/2
case, in the mass range 700-2000 GeV, with absolute
efficiencies ranging from approximately 8% to 15%. This
difference arises because spin-3/2 ¢* events are produced
more centrally than those of spin-1/2.

We search for the top quarks from #* decays by requiring
at least one #-tagged AKS jet. The probability of success-
fully reconstructing both ¢ candidates is less than 20% for
t* particles with masses below 2 TeV in the SR. In events
with one t-tagged AKS jet, there is an ambiguity in the ¢*
reconstruction since the selected top quark and photon
candidates can originate from different ¢* parents. For
events with two t-tagged AKS jets, the 7-tagged jet with the
lower mgp is chosen to associate to the photon and
reconstruct the * mass (m,; ). This approach achieves a
correct pairing efficiency between the ¢ and y candidates of
about 50%—60% for m, < 2 TeV. Importantly, the effec-
tiveness of this assignment choice is largely independent of
the #* mass and spin, ensuring consistency across different
signal scenarios.

Figure 2 shows the m,; distribution for t*t* signal events
in the SR, for different m . The peak shape is similar for
both the spin-1/2 and spin-3/2 signals.
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FIG.2. Shape comparison of the m,; distribution for *1* signal
events generated at different m,., for the spin-1/2 (solid) and
spin-3/2 (dashed) cases.

VI. BACKGROUND ESTIMATION

After applying the selection criteria, the y + jet back-
ground is substantially reduced by requiring a z-tagged
AKS jet, yet it still accounts for approximately 45% of the
remaining total background. The 7y process constitutes
roughly 50%, with all remaining backgrounds contributing
less than 5% in total. Background events are categorized
based on their photon origin into three groups:

(i) events with a prompt photon, mostly from the y + jet

and tfy processes;

(ii) events with hadrons misidentified as photons,
mostly from fully hadronic #7 decays, referred to
hereafter as “h — y”;

(iii) events with electrons misidentified as photons,
mostly from 77 events in the lepton + jets channel,
referred to hereafter as “e — y.”

In simulation, a reconstructed photon is classified as
“prompt” if it is matched to a radiated photon from a
primary lepton, quark, or heavy boson. If the selected
photon is matched to an electron, it is classified as
“e — y.” If it comes from other types of particles (e.g.,
photons from z° — yy decays or any other hadrons), or no
match is found (e.g., photons from pileup interactions), it
is classified as “h — y.”

Nontop quark jets, defined as AKS8 jets not originating
from the hadronic decays of a top quark, can be mis-
identified as z-tagged jets, and thus pass the SR selection
criteria. Among background events with nontop quark AK8
jets in the SR, the y + jet process is dominant, contributing
more than 99% of events. Therefore, we hereafter call the
sum of all background processes with a prompt photon and
nontop quark AKS jets the y 4 jet background. Detector
simulations cannot accurately replicate the top quark
mistag rate observed in data; this mistag rate depends

not only on the detector performance, but also on the event
topology. Additionally, the y + jet sample is generated at
LO, and precise higher-order cross section calculations for
the restricted phase space of our analysis are not available.
Therefore, we estimate the contribution of the y + jet
background directly from data. Similarly, the h — y back-
ground is not precisely simulated in the MC-generated
samples. Thus, we also estimate the h — y background
from data, although it is a small background. Contributions
of other processes are estimated from simulation.

The y + jet background is estimated with the following
strategy. First, the probability of an AKS jet not originating
from a top quark to be ¢ tagged, which is called the top
quark mistag rate (r), is measured. Then, the contribution of
the y + jet background in the SR is estimated using data
events in a y + jet application region (AR). The y + jet AR
is defined by requiring the same selection as the SR except
for the number of 7-tagged jets, which must be equal to
zero. The mistag rate » depends only on the pt and mgp of
the jet. The probability for an event without any top quarks,
containing n AKS jets, to have exactly zero 7-tagged jets is
expressed as,

n

P = Pzerot—taggerjets(pTv mSD) = H(l - ri(pT’ mSD))'

i=1

(1)

The y + jet background in the SR is estimated by applying
a weight of (1 — P)/P to events in the AR.

The top quark mistag rate r is measured using data events
in a region with low signal contamination defined by the
presence of one photon that passes a looser photon ID
condition compared with the medium ID criteria but fails
the medium ID selection, together with an AKS jet. This
region is enriched with multijet events featuring a similar
proportion of b and ¢ quark jets, as well as the combined
contribution from jets originating from light-flavor quarks
and gluons (u, d, s quarks and g), as seen in y + jet events
in simulation. The mistag rate r is defined as the ratio of the
number of events in which the AKS jet is 7 tagged to the
total number of selected events. The contribution from
processes involving top quarks is subtracted from the data
using simulated samples, accounting for less than 10% of
events with one r-tagged AKS8 jet. The mistag ratio r is
extracted in bins of AKS jet pr and mgp.

The y + jet background estimation is validated in a region
with a photon and exactly one AKS jet that is identified as ¢
tagged. We divide this validation region into two subregions
based on the myp: 125 < ml, < 225 GeV (VR1), similar to
the SR, and mY, < 125 GeV or myy > 225 GeV (VR2).
Both VR1 and VR2 have a large y + jet contribution and
minimal signal contamination. The VR2 is used to perform
a closure test of the y + jet estimation, whereas VRI is
included in the final fit to constrain the y + jet background.
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The h — y background consists of fully hadronic /7 decay
events, where energy deposits from hadrons in the detector
are misidentified as originating from a prompt photon. These
hadrons tend to have abnormally high fractions of energy
deposited in the ECAL. This background is estimated from
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normalized to a cross section of 10 fb. The last bins include the overflow. The lower panels show the ratio of the data to the total SM
background, with the total uncertainties indicated by the shaded gray band.
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the photon passes the medium criteria to the total number of
events. The “ABCD” method, a background estimation
technique using data that relies on factorizing signal and
background contributions in independent control regions
(CRs), is used to measure the numerator of f [58]. Since the
Oiyin and Iy, variables are almost uncorrelated, three side-
band CRs are defined by inverting medium ID requirements
on the 6;,;, and /4, variables. The fraction of events with a
nonprompt photon candidate in the CRs is larger than 98%.
The denominator of f is calculated by adding the number of
data events in which the photon fails the medium ID to the
numerator of f. The contribution of events with a prompt
photon that fails the medium ID is subtracted from data
using MC predictions from simulation. The value of f is
measured in bins of the reconstructed photon’s #. The h — y
background contributions in the SR, VR1, and VR2 are
estimated by reweighting data events that satisfy the same
selection criteria, except that the photon is required to fail
the medium ID criteria. Each event is assigned a weight
of £/(1=1).

The contributions from y + jet and h — y backgrounds
are derived from data, and other backgrounds, including 7y
and e — y, are estimated from simulations. All back-
grounds containing a prompt photon alongside a ¢, W,
or Z, except for ffy, are grouped together and labeled as
“other prompt y.” Figure 3 shows the distributions of pr for
y and j; in SR, VR1, and VR2. The estimation of the y + jet
background is in good agreement with the observed data in
both VR1 and VR2. Additional kinematic distributions in
VRI1 and VR2 are examined to validate the mistag-rate
method and to check for possible residual dependencies on
other event variables.

VII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties, both experimental and theoreti-
cal, influence the predicted background yields, distributions,
and signal selection efficiency. Uncertainties affecting only
event yields are modeled using log-normal distributions,
whereas those that impact the shape of distributions are
represented with Gaussian distributions. This dual modeling
approach effectively corrects for variations in both normali-
zation and kinematic distributions.

The integrated luminosities for the 2016, 2017, and 2018
data-taking periods carry uncertainties of 1.2%-2.5%
[59-61], and the combined uncertainty for the entire
2016-2018 period is 1.6%. Pileup modeling uncertainties
are evaluated by varying the total inelastic pp cross section
by +4.6% [62], which directly affects the pileup weight
applied in simulation.

Trigger SFs are derived from the ‘“tag-and-probe”
method [63], using Z — ee events, to correct the simulated
event yields. The associated systematic uncertainties,
extracted from the same method, are 1% for photons with
pr > 240 GeV.

The systematic uncertainties associated with photon
identification SFs are evaluated by varying these SFs
within their respective uncertainties. Additional uncertain-
ties in the photon energy scale and resolution are quantified
using Z — ee events, treating the electrons as photonlike
by ignoring the track information of the electrons. These
events provide a reliable control sample to study discrep-
ancies between measured and simulated photon properties.
All photon-related uncertainties, including those for trigger,
identification, energy scale, and resolution, are treated as
fully correlated across the three data-taking years.

Uncertainties in the jet energy scale and resolution are
evaluated by varying the pt of the reconstructed jets in sim-
ulated events separately for each of the various uncertainty
sources described in Ref. [49]. These uncertainty compo-
nents are treated based on their origin; some are considered
fully correlated across the data-taking eras (e.g., uncertain-
ties from common calibration procedures), whereas others,
such as those arising from year-specific detector conditions
or from a limited event count, are treated as uncorrelated.
For the mgp scale, uncertainties are quantified using the
observed shift in the W boson peak mass in a sample
enriched with #7 events in the lepton + jets channel [64].
Efficiency corrections for the t-tagging working point are
derived from 7 events in the leptons + jets channel and
applied as a function of AKS8 jet pr and 5| for AKS jets
originating from top quarks. Systematic uncertainties are
assessed by varying the correction factors within their
uncertainties. Uncertainties associated with the mgp scale
and top quark tagging SF are treated as correlated across the
data-taking years.

Theoretical uncertainties due to the renormalization and
factorization scales in the matrix element generators are
modeled by varying the scales independently by a factor of
0.5 or 2. We exclude the extreme variations (i.e., variations
of the two scales in the opposite directions), ensuring that
only the relevant variations are included in the uncertainty
estimation. The PDF uncertainty is evaluated using a set of
replicas of NNPDF3.1 [34]. The final PDF uncertainty is
calculated by evaluating distributions for each replica and
determining the spread in the predictions. The standard
deviation of the results across all replicas quantifies the
PDF uncertainty. These theoretical uncertainties are con-
sidered for only the signal and ¢7y samples and are imple-
mented by including their modifications to the shapes of
kinematic distributions that affect the experimental detec-
tion efficiency and signal acceptance. A conservative 30%
uncertainty is applied to the normalization of ¢ — y and
other prompt y backgrounds, which contribute 2% and 3%
to the total background in the SR, respectively [65]. All
sources of theoretical uncertainties are treated as fully
correlated across the data-taking years.

The primary source of uncertainty in the y + jet back-
ground estimate arises from the statistical uncertainty in
the transfer function r(p, mgp). Each bin of r(pr, mgp) is
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treated as an independent source of uncertainty, allowing
for a granular assessment. Additionally, a 15% uncertainty
on the overall normalization of the y 4 jet background is
included to account for systematic variations. This value is
consistent with the level of agreement observed in VR2
between the data and the prediction. The contribution from
the h — y background to the SR is negligible (< 1%), but a
conservative uncertainty of 50% is assigned to this com-
ponent to account for possible variations. Varying this
uncertainty by a factor of two has no noticeable impact on
the results.

VIII. RESULTS

The statistical interpretation of the results in this analysis
is carried out using the CMS COMBINE framework [66]. A
maximum likelihood fit is applied to the m,; distributions
in the SR and VRI, with the systematic uncertainties
discussed in Sec. VII incorporated as nuisance parameters.
To address the finite sizes of the simulated samples, each
bin of the simulated signal-plus-background template is
varied independently within its statistical uncertainty. This
is done following the Barlow-Beeston “lite” approach [67].
While including VR1 in the fit aids in constraining the
y + jet background, adding VR2 does not improve the
results due to its low statistical significance. Therefore,
VR2 is used solely to validate the y + jet background and is
not included in the final results.

The background-only fits to the reconstructed m,+ dis-
tributions are shown in Fig. 4 for the SR and VRI. The
y + jet background describes the data in VR1 within uncer-
tainties. The binning of the m,; distribution is chosen to
ensure a sufficient number of data events in the y 4 jet AR,
while preserving sensitivity to a potential signal resonance.
No notable excess is observed at low masses in the SR.
However, at high masses, the data exhibit a deviation from
the background expectation, reaching a maximum local
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significance of approximately 2.5 standard deviations.
After accounting for the look-elsewhere effect over the
full mass range probed, the global significance is reduced to
approximately 1.8 standard deviations. Variations of the fit
configuration, including changes to the treatment of the
7 + jet background uncertainties, have a negligible impact
on the observed significance. In addition, distributions for
signal samples with m, =900 GeV are shown for both
spin-1/2 (solid lines) and spin-3/2 ¢* (dotted lines). Both
signal samples exhibit distinct peaks at 900 GeV; however,
the spin-3/2 signal features a more pronounced tail
extending toward higher m,., whereas the spin-1/2 signal
shows a broader distribution toward lower m,.

Upper limits on the 7*#* production cross section times the
branching fraction B(¢** — ffyg), are determined for both
the spin-1/2 and spin-3/2 hypotheses. These limits are
obtained using the distributions of the likelihood ratio,
calculated with the asymptotic approximation [68], and
the CL, criterion [69]. The excluded phase space as a
function of m,- obtained from the expected and observed
upper limits at 95% confidence level (CL) is shown in Fig. 5.
The three key sources of uncertainty that strongly correlate
with the signal strength parameter and are consistent across
different * masses are the normalization uncertainty of the
y + jet process, the renormalization and factorization scale
uncertainty in 77y simulation, and the uncertainty in the signal
PDFE. The observed (expected) 95% CL lower limits on the
mass of the spin-1/2 and spin-3/2 r* are 930 (930) GeV and
1330 (1390) GeV, respectively. Although the limits on m
depend on the assumed relative branching fractions of
t* -ty and t* — tg, we compare our results, assuming
B(t* — ty) = 3% and B(t* — tg) = 97%, with the limits
obtained in the pp — t*t* — ffgg search by the CMS
Collaboration, which assumes B(1* — tg) = 100% [21],
as presented in Table I. These limits could vary due to the
dependence of the theoretical prediction on the assumed
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FIG. 4. Background-only postfit m,; distributions for the SR (left) and VR1 (right) are shown. Notations are as in Fig. 3.
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Expected (red solid lines) and observed (black solid lines) 95% CL upper limits on the cross section of the pp — % = fiyg

process as functions of the m,. for a spin-1/2 (left) and spin-3/2 (right) #*. The blue (inner) and yellow (outer) bands indicate the 68%
and 95% coverage of the expected upper limits. The black dashed lines indicate the theoretical expectations [22].

TABLE 1. Observed and expected 95% CL lower mass limits
for * searches comparing this analysis to previous results in the
ttgg channel [21].

Observed (GeV) Expected (GeV)

Channel Spin-1/2  Spin-3/2  Spin-1/2  Spin-3/2
pp = 't = tiyg 930 1330 930 1390
pp — 't — figg 1050 1700 990 1690

values of B(#* — ty) and B(¢* — tg), even though the
pp — t*t* production cross section is identical in both
analyses. Tabulated results are provided in the HEPData
record for this analysis [70].

IX. SUMMARY

A search has been presented for spin-1/2 and spin-3/2
heavy particles in a final state with a photon and large-
radius jets. The data correspond to an integrated lumi-
nosity of 138 fb~! collected between 2016 and 2018 with
the CMS detector at the LHC in proton-proton collisions
at /s =13 TeV. The pair production of excited top
quarks is searched for, considering the decay to (top quark
and antiquark, photon and gluon) signature t*t* — ffyg.
Lorentz-boosted top quark identification techniques are
used to select events containing large-radius jets originating
from top quarks and to suppress standard model (SM)
backgrounds. A small deviation from the SM expectations
with a local significance of 2.5 standard deviations is seen
in the data. Upper limits are placed on the product of the
1*t* cross section and B(¢*t* — ffyg), as a function of the ¢*
mass. A spin-1/2 (spin-3/2) ¢* with a mass below 930
(1330) GeV is excluded at 95% confidence level. These are
the first limits obtained from the *1* — f7yg channel. They

are competitive to the limits obtained from the t*t* — fgg
channel for a spin-1/2¢* using complementary techniques.
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