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A search for new physics in events featuring a single photon and missing transverse momentum is
presented, using proton-proton /s = 13 TeV collision data corresponding to an integrated luminosity of
101 fb~! collected by the CMS experiment at the CERN LHC between 2017 and 2018. This analysis,
combined with a previous study of 36 tb~! of 2016 data (totaling 137 fb~!), reveals no significant
deviations from standard model expectations. The results are then used to establish 95% confidence level
limits on parameters in theoretical models involving dark matter and large extra dimensions. Compared to
the 2016-only analysis, this search achieves up to a 14% improvement in exclusion reach for mediator
masses in simplified dark matter models, along with 11% and 10% enhancements in the limits on the
effective field theory suppression scale and the fundamental Planck scale, respectively. These results are the

most stringent constraints on these parameters to date.
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I. INTRODUCTION

This paper details a search by the CMS experiment at the
CERN LHC for a distinctive signature of new physics:
events with a high-energy photon and a substantial imbal-
ance in transverse momentum. This “monophoton” final
state serves as a crucial probe for various theoretical
scenarios, including those that feature large extra dimen-
sions or contain dark matter (DM).

The Arkani-Hamed, Dimopoulos, and Dvali (ADD)
model [1-3] postulates the existence of a number of large,
compactified extra spatial dimensions (7). This framework
addresses the hierarchy problem by introducing a lower
fundamental Planck scale (Mp) in the higher dimensional
space, while the effective Planck scale (Mp;) observed in
our three-dimensional space is much larger due to propa-
gation of gravity into the extra dimension. This lowering of
the Planck scale allows for the potential production of
Kaluza-Klein (KK) gravitons. The ADD model predicts the
production of a photon and one or more noninteracting KK
gravitons(G) via gg — yG, as shown in Fig. 1 (left), where
each graviton has a mass up to Mp. The undetected
gravitons result in a significant missing transverse momen-
tum (p's) in the detector.
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Atthe LHC, DM particles are expected to be produced in
high-energy collisions and detected indirectly through their
interactions with standard model (SM) particles. Since DM
is expected to be weakly interacting and invisible to the
detectors, these searches typically look for p=is* in asso-
ciation with SM particles [4—6]. Simplified models recom-
mended by Ref. [7] are employed to interpret these
signatures. These models provide extensions to the SM
by introducing a DM particle and a heavy mediator, as
shown in Fig. 1 (center). The mediator can be either a
vector or an axial vector boson. It couples to the incoming
quark through a coupling constant g, = 0.25, and to DM
particles with coupling constant gpy = 1.0, with coupling
to leptons, g;, fixed to zero [8]. These coupling values are
chosen to ensure that the mediator remains within the
narrow-width approximation, where the mediator width is
small compared to its mass. This approximation allows the
mediator to be treated as a short-lived particle with a well-
defined mass, ensuring that the signal modeling remains
valid and enabling consistent comparisons across different
experimental searches.

The DM particles can also be produced through effective
operators involving photons. This interaction is known as
the electroweak dark matter (EW-DM) contact interaction
and is characterized by the process gg — Z/y* — yyj [9],
where y is the DM particle, as shown in Fig. 1 (right). This
interaction is parametrized by two dimensionless cou-
plings, k; and k,, which control the relative strength of
the DM interaction with the EW gauge bosons. The
constants k; and k, are the couplings to the U(1), and
SU(2), gauge bosons, respectively. The overall interaction
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Leading-order diagrams of graviton production in the ADD model (left), simplified DM model (center), and EW-DM effective

interaction (right), with a final state comprising a photon and large p*. Particles y and j are the DM and its antiparticle, and ® in the

simplified DM model represents a vector or axial-vector mediator.

is suppressed by a parameter A, such that the effective
coupling scales as k; /A and k,/A. The parameters defined
in these models are the same as those described in a
previous CMS search analyzing 2016 data [10].

The analysis targets events with a single high-energy
photon and significant p?iss, a characteristic signature of
several new physics scenarios. The dominant SM back-
grounds include Z(— vo) +y, W(— ¢0) + 7, and y + jets
processes, while other minor background contributions are
Z(— ¢€) + v, vy, ty, tty, VVy (where V refers to a W or Z
boson), and beam halo events.

A similar search in pp collisions at /s = 13 TeV, based
on a dataset corresponding to an integrated luminosity of
139 fb~!, has been reported by the ATLAS experiment
[11]. No significant excess over the SM prediction was
observed. In that search, the observed lower limit on the
axial-vector (vector) mediator mass was determined to be
1460 (1470) GeV for low DM masses, assuming the same
9q> 9om»> and g; coupling values.

While the ATLAS search focuses solely on simplified
models for DM, the CMS search also explores the ADD
model of large extra dimensions and the EW-DM frame-
work. The previous search in the same final state by the
CMS experiment [10] was based on data collected during
2016 corresponding to an integrated luminosity of 36 fb~!.
In this paper, we analyze 2017 and 2018 data, and combine
with the previously published result using 2016 data [10].
The combined dataset corresponds to a total integrated
luminosity of 137 fb~!. The results presented here super-
sede those of the previous search.

The structure of this paper is as follows. Section II
provides a description of the CMS detector apparatus,
along with the algorithm employed to reconstruct particles
in pp collision events within the detector. Section III
outlines the criteria that events must meet to be included
in the signal region (SR) and control region (CR).
Section 1V lists the generators used to model signal and
background processes. Section V describes the methods
used to estimate the expected background yields in the SR
and CR. Systematic uncertainties are discussed in Sec. VI.
The results and interpretations are presented in Sec. VII,
and the overall conclusions are summarized in Sec. VIIL

The tabulated results are also provided in the HEPData
record [12].

II. THE CMS DETECTOR AND EVENT
RECONSTRUCTION

The CMS apparatus [13,14] is a multipurpose, nearly
hermetic detector, designed to trigger on and identify
electrons, muons, photons, and charged and neutral
hadrons [15-17]. 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
endcap sections. Forward calorimeters extend the pseudor-
apidity coverage provided by the barrel and end cap
detectors. Muons within the pseudorapidity range |n| <
2.4 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, can be found in Refs. [13,14].

Events of interest are selected in real time using a two-
tiered trigger system. The first level, composed of custom
hardware processors, uses information from the calorim-
eters and muon detectors to select events at a rate of around
100 kHz within a fixed latency of about 4 ps [18]. 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 approximately 1 kHz before data
storage [19,20].

The primary vertex is taken to be the vertex correspond-
ing to the hardest scattering in an event, evaluated using
tracking information alone, as described in Sec. 9.4.1 of
Ref. [21]. The global event reconstruction (also called
particle-flow (PF) event reconstruction [22]) aims to
reconstruct and identify each individual 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 hadron,
neutral hadron) plays an important role in the determination
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of the particle direction and energy. Photons are identified
as ECAL energy clusters not linked to the extrapolation of
any charged-particle trajectory to the ECAL. Electrons are
identified as a primary charged-particle track and poten-
tially many ECAL energy clusters corresponding to the
extrapolation of this track 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 calorimeter
deposits compatible with the muon hypothesis. Charged
hadrons are identified as charged-particle tracks that are
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 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 associated ECAL cluster energy, and the energy
sum of all bremsstrahlung photons attached to the track.
Muon energy is determined from the track momentum. The
energy of charged hadrons is determined from a combi-
nation of the track momentum and the corresponding
ECAL and HCAL energies, corrected for the response
function of the calorimeters to hadronic showers. Finally,
the energy of neutral hadrons is obtained from the corrected
ECAL and HCAL energies associated with those particles.
For each event, hadronic jets are clustered from these
reconstructed particles using the infrared and collinear safe
anti-ky algorithm [23,24] with a 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.
Additional pp interactions within the same or nearby bunch
crossings (pileup) can contribute additional tracks and
calorimetric energy depositions to the jet momentum. To
mitigate this effect, charged-particles identified as origi-
nating from pileup vertices are discarded, and an offset
correction is applied to correct for remaining contribu-
tions [25].

Jet energy corrections are derived from simulation to
bring the measured detector response of jets to that of
particle-level jets on average. In situ measurements of the
momentum balance in dijet, y + jet, Z + jet, and multijet
events are used to account for any residual differences in
the jet energy scale between data and simulation [25]. The
jet energy resolution amounts typically to 15%-20% at
30 GeV, 10% at 100 GeV, and 5% at 1 TeV [25].
Additional selection criteria are applied to each jet to
suppress jets with anomalous energy deposits, noise, or
reconstruction failures in specific subdetector components,
such as the calorimeters or tracker [26,27].

The missing transverse momentum vector pTss is
computed as the negative vector sum of the transverse
momenta of all the PF candidates in an event, and its
magnitude is denoted as p¥iss [26]. The p** is modified to
account for corrections to the energy scale of the recon-
structed jets in the event. Anomalous high-pP'ss events can
arise from a variety of reconstruction failures, detector
malfunctions, or noncollision backgrounds. Such events are
rejected by event filters that are designed to identify more
than 85%-90% of the spurious high-p™iss events with a
mistagging rate of less than 0.1% [26].

In the barrel section of the ECAL, an energy resolution
of approximately 1% is achieved for unconverted or late-
converting photons at energies of O(10 GeV). The energy
resolution of the remaining barrel photons is about 1.3% up
to || = 1, changing to about 2.5% at |n| = 1.4 [28].

III. EVENT SELECTION

The integrated luminosity of the analyzed data sample is
101.3 fb~!. The data sample was collected using a single-
photon trigger that required at least one photon candidate
with pr > 200 GeV. The trigger efficiency is measured to
be about 95% for events passing the analysis selection.
Events are selected from the recorded data by requiring
piiss > 200 GeV and the presence of at least one photon
with E%. > 225 GeV (where EY is the transverse energy of
the photon) within the fiducial region of the ECAL barrel
(|n] < 1.44). The analysis is restricted to the barrel region
due to its superior energy resolution and lower background
contamination compared to the end caps, as well as the
limited expected signal contribution in the end cap region.
The final sample contains no events with more than one
photon meeting the selection criteria.

Photon candidates are identified using calorimetric
information, isolation, and the absence of an electron seed.
The first two criteria help distinguish genuine photon
candidates from electromagnetic (EM) showers originating
from hadrons, while the third criterion ensures the photon
candidates are not misidentified electrons. The calorimetric
requirements for photons consist of the ratio of energy
deposited in the HCAL to that in the ECAL (H/E < 0.023)
and 6;,;, < 0.0103. The variable c;,,,, described in detail in
Ref. [28], represents the width of the EM shower in the 7
direction, which is generally larger in showers from
hadronic activity. For a photon candidate to be considered
as isolated, the scalar sums of the transverse momenta of
charged hadrons, neutral hadrons, and photons within a

cone of AR = +/(An)? + (A¢)* < 0.3 around the candi-
date photon must fall below a set of corresponding bounds
chosen to give 80% signal efficiency. Only the PF candi-
dates that do not overlap with the EM shower of the
candidate photon are included in the isolation sums. The
charged hadron isolation (/) is defined as the scalar sum
of the pr of charged hadrons within the cone. The neutral
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FIG. 2. Distribution of E%/p™s for the 2017 (left) and 2018 (right) datasets. Templates for signal hypotheses are shown overlaid as
light green and magenta dashed lines along with their cross section values. The cross hatched band represents the total systematic and
statistical uncertainties. Events to the right of the red dashed vertical line are excluded.

hadron isolation (/) is the scalar sum of the pt of neutral
hadrons within the cone, and the photon isolation (/) is
the sum of pr of photons within the cone, excluding the
photon itself. Ideally, the isolation sum over PF charged
hadrons should be computed using only the candidates
sharing an interaction vertex with the photon candidate.
However, because photon candidates are not reconstructed
from tracks, their vertex association is undefined. When an
incorrect vertex is assigned, nonisolated photon candidates
can appear isolated. To reduce the rate for accepting
nonisolated photon candidates, the maximum charged-
hadron isolation (/3**) value over all vertex hypotheses
(worst isolation) is used. The above criteria select effi-
ciently both unconverted photons and photons undergoing
conversion in the detector material in front of the ECAL.

Stray ECAL clusters produced by mechanisms other
than pp collisions can be misidentified as photons. Beam
halo muons in particular, which accompany the proton
beams and traverse the detector longitudinally, contribute
significantly to the rate of false photon candidates. To reject
this background, the maximum of the total calorimeter
energy summed along all possible paths of beam halo
particles passing through the cluster (halo total energy),
calculated for each photon candidate, must be below
4.9 GeV. To better constrain this background, the signal
region is split into two parts based on the azimuthal angle ¢
of the photon. The region with |¢| < 0.5 is called the
horizontal region, and the rest is called the vertical region.
This helps in improving the estimation of the beam halo
contribution, as discussed later in Sec. V D.

Events with a high-p; photon and large pTs are
subjected to further requirements to suppress SM back-
ground processes that feature a genuine high-energy

photon, but not a significant amount of p2. One such
SM process is y + jets, where an apparent large pTiss is
often the result of a mismeasured jet energy. In contrast to
signal processes, p'™'ss is typically smaller than E% in these
events, so requiring the ratio of E%. to PSS to be less than
1.4 effectively rejects 63% of the y + jets background while
retaining 99% of the signal efficiency. Figure 2 shows the
comparison of the observed and simulated E%/pwiss
distribution.

Events are also rejected if the minimum opening angle
between piis* and the direction of any of the (up to four)

highest-pr jets, min Agh(priss, ;’t), is less than 0.5 radians.
Only jets with pr > 30 GeV and |n| <5 are considered in

the min Ag(pis, pk') calculation. The expected and
observed numbers of jets in the SR are small, typically
zero or one. For the y + jets process, rare and anomalous
mismeasurement of E/. can also lead to large pRiss_ For this
reason, the photon candidate transverse momentum vector
(p%) and piiss must be separated by more than 0.5 radians.

This 1s illustrated in Fig. 3, which shows the
Agp(piss pr) distribution before any selection on this
variable is applied. This requirement effectively suppresses
backgrounds from QCD multijet events, electron to photon
misidentification and y + jets events.

During the 2018 data-taking period, a section of
the HCAL was not working, leading to irrecoverable
mismeasurement in a localized region of the detector
(—1.57 < ¢ < -0.87, =3.0 < n < —1.3). To avoid con-
tamination from such mismeasurement, events containing
any jet with pp > 30 GeV in this region are rejected.

The SM W(— ¢p) + y process is reduced by vetoing
events in which an electron or a muon with pp > 10 GeV is
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statistical uncertainties. Events to the left of the red dashed vertical line are excluded.

separated from the photon by AR > 0.5. Electrons and
muons are selected using “loose” identification (ID) criteria
that include isolation and other quality requirements
[15,29]. The event selection criteria for the SR are
summarized in Table I.

To estimate the dominant backgrounds and constrain
their normalization in data, several dedicated CRs are
defined. The single-lepton CRs (single-electron and sin-
gle-muon) are designed to constrain the W(— D) +y
background, while the dilepton CRs (dielectron and
dimuon) constrain the yields of Z(— ££) + y events, which
serve as a proxy for the Z(— vD) + y background.

The single-electron (single-muon) CR is defined by a
requirement of exactly one tight electron (muon) with
pr > 30 GeV and || < 2.5(2.4), in addition to a photon
requirement that is identical to the one for the signal
region (SR). To suppress the contributions from large-
p%‘iss processes other than W(— £7) + y, the transverse

mass my = /2pEp4[l — cos Aqﬁ(*"“ss, p5)] must be
less than 160 GeV, where pf denotes the transverse
momentum of the selected lepton (electron or muon).
Additionally, for the single-electron CR, p¥i* must be
greater than 50 GeV to limit the contribution from the y +
jets process, where a ]et is misidentified as an electron.
Finally, the recoil vector U= priss 1 5L which serves as
this region’s analog for pMs in the SR, must satisfy
identical requirements to those for the f)?iss in the SR.

The dielectron (dimuon) CR is defined by exactly two
electrons (muons) of opposite electric charge, in addition to
the photon, with 60 < m,, < 120 GeV, where m,, is the
invariant mass of the dilepton system The recoil vector of
this region is U= p“11SS + pt?, where the transverse
momentum of the dilepton system is given by pf‘ =
pEr + pf> and must satisfy identical requirements to those
for the p™ss in the SR. The event selection criteria for the
CRs are summarized in Table II.

TABLE I. Event selection criteria for the SR. The requirements on the trigger, photon identification, and A¢ are listed.
Category SR
Trigger E% > 200 GeV
y Tequirement E%
passing 80% s1gnal efﬁc1ency selection: ¢,,;, < 0.0103, H/E < 0.023, I < 2.14 GeV,
Ipp < 0.17 GeV + 0.003E%, I, < 7.25 GeV + 0.01E% + 0.00001(E})?/GeV
PSS requirement piiss > 200 GeV

Angular separation Aq[)(*m‘“, pr) > 0.5
Jet requirement
y + Jets suppression EL/phiss < 1.4

Lepton veto

A¢( T?t’ I—’)r;usﬂ) > 0.5 (fOI‘ the leading 4 jets)

No u~ or e~ with py > 10 GeV and passing Loose ID criteria
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TABLE II. Event selection in the CRs.

Category

Single Lepton (W(— £0) +7)

Double Lepton (Z(— ¢€) +y)

Trigger, Photon, A¢(jet, piiss) Same as SR

Lepton pr > 30 GeV, passing tight
ID requirement
Recoil (U) |U| > 200 GeV, A¢(ph. U) > 0.5

Additional requirements mr(prf piss) < 160 GeV,

Same as SR

Leading: pt > 30 GeV, passing Tight ID
requirement Subleading: pt > 10 GeV,
opposite charge, passing loose ID requirement

|U| > 200 GeV, A¢(ph. U) > 0.5

60 < my, < 120 GeV

piiss > 50 GeV [only for W(ev)]

IV. SIMULATED SAMPLES

Simulated predictions for signal and some backgrounds
derive from Monte Carlo (MC) samples, with the
NNPDF3.1 NNLO [30] parton distribution function
(PDF) set and the strong coupling constant value set
to ag = 0.118.

The simulated events for the Z(— i) +y, Z(— ££€)+
v, and W(— £0) + y SM processes are generated using the
MADGRAPH 5_aMC@NLO generator at LO, with up to two
extra partons in the matrix element calculations [31]. These
are then normalized to the next-to-LO electroweak (NLO
EW) and next-to-NLO quantum chromodynamics (NNLO
QCD) cross sections using the correction factors described
in Sec. V.

Parton showering and hadronization are modeled by
PYTHIA 8.240 [32] with the underlying-event tune CP5
[33]. Multiple simulated minimum bias events are overlaid
on the primary interaction to model the distribution of
pileup in data. Generated particles are processed through
the full GEANT4-based simulation of the CMS detec-
tor [34,35].

For the DM signal hypotheses, MADGRAPH 5_aMC@NLO
is used to produce MC simulated samples at NLO in QCD,
requiring E% > 130 GeV and |i7| < 2.5. A large set of DM
simplified model samples are generated, with mediator
mass (M ,.q) ranging from 1-2000 GeV and dark matter
mass (Mpy) ranging from 1-1000 GeV. In the same way,
EW-DM effective interaction samples are generated at LO
in a range of 1-1000 GeV for the DM particle mass. The
ADD signal samples are generated at LO using PYTHIA
8.240, requiring £ > 130 GeV, with no restriction on the
photon 7. Samples are generated in a grid of values for the
n = 3-6 and Mp = 1-6 TeV scenarios. The efficiency of
the full event selection for these signal models ranges from
6 to 29% for the simplified DM models, from 44% to 46%
for the EW-DM model, and from 23% to 30% for the ADD
model, depending on the parameters of the models.

V. BACKGROUND ESTIMATION

The primary irreducible background for the y + piss
signature is SM Z boson production in association with a

photon, Z(— vi) +y. Other SM background processes
include W(— £0) +y (where the charged lepton 7 is
undetected), W — £v (where 7 is falsely identified as a
photon), y + jets, QCD multijet events (with a jet mis-
identified as a photon), yy, ty, tfy, VVy (where V refers to a
W or a Z boson), and Z(— £7) + y. In addition, a small
residual number of events from noncollision sources, such
as beam halo interactions [36], contribute to the total
background. The background estimation and signal extrac-
tion are performed concurrently via a simultaneous maxi-
mum likelihood (ML) fit across the signal region and the
corresponding single-lepton and dilepton CRs. A global
likelihood function is constructed to model the expected
background contributions in each bin of the E% variable in
both SR and CRs, as well as the expected signal yield in
each SR bin. The best-fit background model and signal
strength are obtained by maximizing the likelihood func-
tion. The likelihood function is defined in the same way as
described in Ref. [10]. Separate approaches are adopted to
estimate the dominant Z(— vo)+y and W(— ¢0) +y
backgrounds, and subdominant backgrounds, as detailed
below.

A. The Z(— vo) +y and W(— ¢7) +y background

The estimated per-bin SR yields of the Z(— vr) 4 y and
W(— ¢D) 4+ y backgrounds are scaled by transfer factors
from the observed yields in the dilepton and single lepton
CRs, respectively. The transfer factors are computed
from simulation. In addition, to account for correlations
between Z and W boson production, we compute from
simulation a ratio that normalizes the W(— £7) + y yield to
the Z(— vb) + y yield. Thus, the free background param-
eters in the likelihood function are the Z(— v&) + y SR bin
yields, which account for both V + y processes. This
approach allows cancellation of theoretical uncertainties
common to Wy and Zy production, such as PDF and scale
uncertainties.

The simultaneous likelihood fit used for signal extraction
relies on accurate predictions of the ratios between the
dominant backgrounds in the SR and CRs, as well as on the
absolute normalization and shape of the EY distributions
for the subdominant backgrounds. To achieve the most
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accurate possible predictions for these quantities, multiple
correction factors are applied to each MC simulated sample
of V 4y processes. The first correction uses the selection
efficiency factor p [28], which compensates for minor
variations between simulated and observed reconstruction
and identification efficiencies across different particle
candidates. This p factor typically deviates from unity
by only a few percent. A second adjustment implements
higher-order QCD corrections, aligning the generator-level
E% distributions with NNLO QCD calculations from the
DYRES program [37]. Finally, a third modification incor-
porates NLO-EW effects (as taken from Refs. [38,39]) on
E% distributions, derived from these references and updated
with the LUXqed17 PDF set [40].

B. Electron misidentification background

Another key background originates from W — ev events
where an electron is mistakenly identified as a photon.
Misidentification occurs when hits in the upstream tracker
layers along the electron trajectory are missed. A seeding
efficiency of e for electrons with pt > 160 GeV is mea-
sured in data using a tag-and-probe [41] technique in Z —
e + e— events, and is validated through MC simulation.
Misidentified electron events are modeled using a proxy
sample of electron events, selected from the data by
requiring an ECAL cluster with a pixel seed. These proxy
events must satisfy the same selection criteria as those used
for the signal candidate events except for the substitution of
an electron for a photon candidate. The number of electron
proxy events is then scaled by R, = (1 —€)/¢ to estimate
the contribution from electron misidentification to our
signal candidate selection. The ratio R, was measured to
be 0.030 + 0.003 and was found to be uniform across the
considered E% spectrum. The dominant uncertainty in this
estimate arises from the statistical uncertainty in the
measurement of e.

C. Jet misidentification background

EM showers originating from hadronic activity can be
misidentified as a photon signature. To estimate this
background, the number of events are compared in two
different subsets of a low—pTs* multijet data sample, where
low—piiss is defined as p™is* < 30 GeV. The “first subset”
includes events with a photon candidate that meets the
signal selection criteria, containing both true photons and
jets that are misidentified as photons. The “second subset”
consists of events where the photon candidate satisfies less
stringent shower shape requirements (/,;, > 0.0103) and
inverted isolation criteria compared to the signal candi-
dates. The jet misidentification rate is then defined as the
ratio of misidentified events in the first subset to the total
number of events in the second subset.

The numerator is estimated by fitting the observed o,
distribution of the photon candidate in the first subset using

a combination of simulated distributions and those derived
from the observed data. For genuine photons, the shower
width distribution is created using simulated y + jets
events. For jets that are misidentified as photons, the
distribution is obtained from a sample selected by inverting
the charged-hadron isolation criteria and completely
removing the shower shape requirement as both variables
are correlated with each other.

The jet misidentification rate is measured to be between
0.01 to 0.16 across the E4 spectrum, with relative uncer-
tainties between 1.7 and 18.8%. The systematic uncertain-
ties in this measurement are dominant, comprising the
shower shape distribution fit and shower shape modeling
uncertainty, variations in the charged-hadron isolation
threshold, low—p™i* requirement, and template bin width.

To estimate the background from jets misidentified as
photons in the signal sample, the hadron misidentification
rate is multiplied by the number of events in the high—p'Fiss
CR, defined as pfs* > 200 GeV. These events include a
photon candidate that passes the same selection criteria as

used for the second subset of the low—p¥iss CR.

D. Beam halo background

Beam halo background estimates are obtained by fitting
the angular distributions of the calorimeter clusters. Energy
clusters in the ECAL caused by beam halo muons are
observed to concentrate around |[sin(¢)| ~ 0, whereas
photon candidates from all other collision-related processes
are uniformly distributed around ¢ [36]. This motivates the
split of the SR into two parts according to ¢ to constrain the
beam halo normalization as mentioned in Sec. IIL

The partition of the SR can be thought of as a two-bin fit.
Collision processes occupy the relative fractions of phase
space in the horizontal (H) and vertical (V) SR, Cy = 1/x
and Cy = (7 — 1)/, respectively. For beam halo events,
the corresponding fractions are determined by selecting a
halo-enriched sample where the halo-veto identification
criteria are inverted. Thus, a fit of the two subsets of the SR
provides an estimate of the overall normalization of the
beam halo background.

E. Other minor SM background processes

The SM fty, VVy, Z(— ££) +y, and y + jets processes
together account for about 10% of the background proc-
esses in the SR. Although Z(— #£) + y and y + jets do not
involve high-pt invisible particles, the former can exhibit
large p™is* when the leptons fail to be reconstructed, and the
latter when jet energy is severely mismeasured. These
backgrounds are estimated using MC simulation.

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainty sources taken into account
for the E% distribution ratios among the V + y processes are
PDFs, higher-order QCD corrections, higher-order EW
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TABLE IIL

Summary of systematic uncertainties considered in the analysis. “W/Z Ratio” refers to correlated uncertainties

propagated from W(— £0) +y to Z(— vp) + y background estimation (due to higher-order corrections and PDFs), “TF” denotes
transfer factors, “MisID” represents misidentification backgrounds (electrons or jets misidentified as photons), and “Other” includes

additional minor backgrounds.

Electron Jet
Systematic uncertainty W/Z ratio W TF Z TF Other background  MisID MisID Halo
NNLO QCD, EW, PDF  Shape (1-10%) e
Photon ID SF e Shape (3—-11%)
MisID rate - Shape Shape
(5-8%) (1-10%)
Halo Shape
(2-30%)

Jet energy scale

Photon energy scale
Integrated luminosity
Lepton identification Flat (1-2%)

MC and CR statistical

Flat (1-2%) Flat (1-2%)
Flat (1-2%) Flat (1-2%)

Shape (4-20%)
Shape (5.5-20%)
Flat (1-2%)

Bin-by-bin

corrections, and data-to-simulation efficiency correction
factors p. The PDF uncertainty is determined by varying the
weight of each event using the weights provided in the
NNPDF set, and taking the variance among the resulting E.
distributions. This uncertainty is treated as fully correlated
across different bins of pr in the ratio between the Z(—
vo) +y and W(— £D) + y processes, i.e., the variation of
the ratio is constrained by the ratios of the upward and
downward variations. Uncertainties related to higher-order
QCD corrections are considered uncorrelated in the ratio
between the Z(— wvp) +y and W(— £0) + y processes.
Since EW corrections become more significant at higher E%
but are only known to NLO accuracy, their uncertainties are
estimated using a particular method described in Ref. [42],
by assigning separate nuisance parameters to account for
the uncertainty in the overall scale of the correction and its
residual shape dependence with E%.. Additionally, the full
correction due to photon-induced Z +y and W + y pro-
duction cross sections is considered as an uncertainty.
Finally, the data-to-simulation correction factors p for
lepton identification efficiencies come with associated
uncertainties that do not cancel out when calculating ratios
between regions defined by different lepton selection
criteria. All four uncertainties are treated as correlated
across the E'. bins.

Other smaller experimental uncertainties that affect the
final background estimates include the integrated luminos-
ity, jet and y energy scales, p resolution, and data-to-
simulation scale factors for object identification. Table III
presents an overview of the systematic uncertainties con-
sidered in this analysis. In this table, “shape” indicates
uncertainties that impact the shape of the distributions. This
means that the uncertainty can vary differently among bins
in a histogram. Uncertainties affecting only the overall

normalization (“flat”) are modeled by nuisance parameters
with a log-normal prior. A 3% to 11% uncertainty is applied
to account for the photon identification -efficiency
differences between data and simulation. The electron
misidentification rate uncertainty (5%—-8%) and jet mis-
identification rate (1%—-10%) uncertainty both impact the
shape of the estimated background distribution. Beam halo
effects contribute to the halo background uncertainty (2%—
30%), which is treated as a shape uncertainty due to its
nonuniform distribution in the detector. This uncertainty is
obtained by varying the selection used to construct the
beam-halo control sample. Shape uncertainties are also
considered for the jet energy scale (4%—-20%) and photon
energy scale (5.5%—20%). Lepton identification scale
factor uncertainties (muon 1%, electron 2%) are treated
as flat across both W and Z transfer factors, impacting only
the normalization of the estimated background. The inte-
grated luminosity uncertainty is treated as a flat uncertainty,
uniformly affecting all processes. It is estimated to be
1.2%-2.5%, partially correlated between the data-taking
years [43—45]. Finally, MC and CR statistical uncertainties
are treated bin-by-bin to account for statistical variations in
the background estimation.

Among the listed uncertainties, theoretical uncertainties
and those arising from photon and lepton identification
efficiencies have the most significant impact on the signal
extraction fit. In the combined likelihood for the different
data-taking years, systematic uncertainties are classified as
either correlated or uncorrelated. Correlated uncertainties
include jet energy scale, photon energy scale, and inte-
grated luminosity, while uncorrelated uncertainties include
factors such as photon identification and electron and jet
misidentification rates, as well as theoretical uncertainties
in the transfer factors.
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FIG. 4. Comparison of data and background postfit distributions in the ev + y (left) and puv + y (right) CRs for the combination of
2017 and 2018 datasets. The last bin of the distribution includes the overflow events. The ratios of data to the background predictions are
shown in the lower panels, with the cross hatched uncertainty bands including the combination of all systematic uncertainties.

VII. RESULTS

A. Signal extraction

The potential signal contribution is extracted from the
data by performing a simultaneous fit to the EY% distribu-
tions in the SR and CRs. Uncertainties in several quantities
are modeled as nuisance parameters in the fitting process.

The free parameter of the likelihood function is the
signal strength modifier (x), which, for a given signal
hypothesis, controls the signal normalization relative to the
model cross section.
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FIG. 5.

B. Postfit distributions

The result is extracted using the maximum likelihood
fit approach provided by the CMS statistical analysis
tool COMBINE [46]. Figures 4 and 5 show the observed
postfit distributions of E% in the four CRs, while
Fig. 6 shows the expected E. distributions in the vertical
and horizontal SR using the combined 2017 and
2018 dataset. Table IV shows the corresponding total
yields, categorized by process, in the vertical and hori-
zontal SR.
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Comparison of data and background postfit distributions in the ee + y (left) and pu + y (right) CRs for the combination of

2017 and 2018 datasets. The last bin of the distribution includes the overflow events. The ratios of data to the background predictions are
shown in the lower panels, with the cross hatched uncertainty bands including the combination of all systematic uncertainties.
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along with their cross section values. The last bin of the distribution includes the overflow events.

The final result is obtained by performing a simultaneous
fit that combines the previously published 2016 analysis
[10] with the 2017 and 2018 datasets. These datasets are
fitted using a common likelihood function, while the
systematic uncertainties, including those carried over from
the 2016 analysis, are detailed in Sec. VI.

C. Limits and constraints

No significant excess of events beyond the SM expect-
ation is observed. Upper limits are determined for the
production cross section of three new physics processes
mentioned in Sec. I. For each model, a 95% confidence
level (CL) upper limit is obtained utilizing the asymptotic
CL, criterion [47-49], with a test statistic based on the
negative logarithm of the likelihood in Sec. VII A.

The simplified DM model parameters proposed by the
ATLAS-CMS Dark Matter Forum Ref. [7] are intended to
enable the comparison and translation of various DM
search results. Figure 7 illustrates the 95% CL upper cross
section limits relative to the corresponding theoretical cross
section (Hos = 0959,/ Oineory) Tor the vector and axial-vector
mediator scenarios in the M, .q.—Mpy plane. The solid red
(black) curves represent the expected (observed) contour
where p95 = 1. The dotted line above (or below) the
expected contour indicates the +1¢ uncertainty band on
the expected limit. For the simplified DM NLO models
considered, mediator masses up to 1085 GeV are excluded
for My values less than 50 GeV for both vector and axial
vector mediator. The apparent difference between the good
agreement observed in Fig. 6 and the observed limits shown
in Fig. 7 arises because Fig. 6 presents the 2017-2018

TABLE IV. Total yield in vertical and horizontal regions using the combined 2017 and 2018 dataset.

Prefit Postfit
Process Vertical Horizontal Vertical Horizontal
Z(—» o)ty 621 £33 290 + 16 688 + 20 321+9
W(—¢o)+y 174 £7 81 £3 172+ 5 80+3
Electron misidentification 257 +7 117+3 262 £7 120+ 3
QCD 28+ 1.0 11+0.2 28+1 11+0.2
Beam halo 1.85+0 26 +21 22402 32418
tty/ty 28 +£2 13+1 28 +2 13+1
Other background 96 +5 45+2 94 +5 43+2
Total background 1204 £ 35 583 £27 1275 £22 622 +21
ADD (Mp =3, n=3) 155 72 0 0
DM (M peqg = 1, Mpy = 1) 203 95 0 0
Data 1315 613 1315 613
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FIG. 7. The ratio of 95% CL upper cross section limits to the theoretical cross section (uos), for simplified DM models with vector

(left) and axial-vector (right) mediators, using the full 2016-2018 dataset corresponding to an integrated luminosity of 137 fb~!,
assuming g, = 0.25 and gpy = 1. Expected pgs = 1 contours are overlaid in red. The region below and to the left of the observed
contour is excluded. For simplified DM model parameters in the region below the lower green dash contour, and also above the
corresponding upper contour in the right hand plot, cosmological DM abundance exceeds the density observed by the Planck satellite

experiment.

postfit SR distributions, whereas Fig. 7 is based on the
combined 2016-2018 datasets. The combined observed
limit reflects statistical fluctuations present in the 2016
data-taking period.

Results for vector and axial-vector mediators are then
compared with constraints established by the cosmic
microwave background measurements of the cosmologi-
cal relic density of DM by the Planck satellite experiment
[50]. For each model separately, the expected DM abun-
dance is estimated using the thermal freeze-out mecha-
nism implemented in the MADDM framework [51] and is
then compared to the observed cold DM density, Q. h* =
0.12£0.001 [50], where Q. represents the DM relic
abundance and £ is the dimensionless Hubble constant.

The exclusion contours in Fig. 7 are converted into the
os1, osp—Mpy plane, where o and o represent the spin-
independent and spin-dependent DM-—nucleon scattering
cross sections, respectively, as depicted in Fig. 8. The
procedure for this translation and the presentation of results
follows the prescription outlined in Ref. [8]. Specifically, to
facilitate a direct comparison with direct-detection experi-
ments, these limits are computed at 90% CL [7]. Compared
to direct-detection experiments, this search sets more
stringent limits for DM masses under 2 GeV in the spin-
independent scenario and below 200 GeV in the spin-
dependent case.

For the DM model characterized by a contact interaction
of type yyx¥, upper limits are established on the production
cross section, which are subsequently translated into lower
limits on the suppression scale A for k; = k, = 1.0. The

observed (expected) 95% CL lower limits on A as a
function of the DM mass Mpy are shown in Fig. 9. For
Mpy values ranging from 1 to 800 GeV, A values up to
940 GeV are excluded at 95% CL, with an expected
exclusion up to 1000 GeV, using the dataset corresponding
to an integrated luminosity of 137 fb~!.

Figure 10 shows the upper limit and the theoretically
calculated ADD graviton production cross section for
n = 3 extra dimensions, as a function of M. The lower
limit on My, as a function of n extra dimensions is shown in
Fig. 11. The limit is nearly constant across extra dimen-
sions (n =3 to n = 6), excluding Mp values up to 3.2
(3.7) TeV, observed (expected), with the current analysis,
providing stronger constraints on large extra dimensions
than previous searches.

These limits provide important constraints on simplified
DM models, effective EW-DM contact interactions, and
large extra dimension scenarios using the monophoton final
state at the LHC.

VIII. SUMMARY

Proton-proton collisions producing a high transverse
momentum photon and large missing transverse momen-
tum have been investigated to search for new phenomena,
using a dataset corresponding to 137 fb~! of integrated
luminosity recorded at /s = 13 TeV at the LHC. No
deviations from the standard model predictions are
observed. For the simplified dark matter production models
considered, the observed (expected) lower limit on the
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mediator mass is 1085 (1300) GeV in both cases for a
1 GeV dark matter particle mass. For an effective electro-
weak dark matter contact interaction, the observed
(expected) lower limit on the suppression parameter A is
940 (1000) GeV, which is an improvement of 10% (5%)
over the 2016 analysis, while for the model with extra
spatial dimensions, values of the effective Planck scale M
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FIG. 9. The 95% CL observed and expected lower limits on A
for an effective EW-DM contact interaction, as a function of
My using the 2016-2018 dataset corresponding to an integrated
luminosity of 137 fb~!.

up to 3.2 TeV are excluded between 3 and 6 extra
dimensions, improving upon the 2016 results by 10%
(11%). These results set the most stringent limits to date
on these parameters of the electroweak contact interaction
and extra dimension models in the monophoton final state.
The improvement in the expected limits obtained with
the full 2016-2018 dataset on the parameters of the model
is modest, of the order of 10%-14% (30%—40% in
the expected cross sections limits) compared to 2016.
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FIG. 10. The 95% CL upper limits on the ADD graviton
production cross section as a function of Mp, for n = 3 extra
dimensions.
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2018 datasets with an integrated luminosity of 137 fb~!.

This occurs for two reasons. First, the increased instanta-
neous luminosity of the collider in the later data-taking
years necessitated higher thresholds on ps* and E% in the
trigger. The corresponding adjustments in the event selec-
tion result in a reduction of acceptance, and of the lever arm
for distinguishing signal from background in the shape of
the E% distributions. Second, because systematic uncer-
tainties, mainly the theoretical QCD scale and electroweak
uncertainties in the Z(— vo) +y and W(— ¢0) + y back-
grounds, become more significant relative to the dimin-
ished statistical uncertainties of the full sample.
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