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The results of a search for a standard model-like Higgs boson decaying into two photons in the mass range between
70 and 110 GeV are presented. The analysis uses the data set collected by the CMS experiment in proton-proton
s = 13 TeV corresponding to integrated luminosities of 36.3fb™!, 41.5fb™" and 54.4fb™' during the
2016, 2017, and 2018 LHC running periods, respectively. No significant excess over the background expectation
is observed and 95% confidence level upper limits are set on the product of the cross section and branching

fraction for decays of an additional Higgs boson into two photons. The maximum deviation with respect to the
background is seen for a mass hypothesis of 95.4 GeV with a local (global) significance of 2.9 (1.3) standard
deviations. The observed upper limit ranges from 15 to 73 fb.

1. Introduction

In the standard model (SM) of particle physics [1-3], the masses
of fundamental particles arise from the spontaneous breaking of elec-
troweak symmetry, in the manner of the Brout-Englert-Higgs mecha-
nism [4-9]. In its minimal version, this mechanism introduces a doublet
of complex scalar fields. After symmetry breaking, only one scalar field
remains, giving rise to the physical Higgs boson, that is experimentally
observable. In 2012, the ATLAS [10] and CMS [11,12] collaborations
observed a new boson with a mass of approximately 125GeV whose
properties are at present compatible, within uncertainties [13,14], with
those of the SM Higgs boson. The analyses of data in the diphoton final
state leading to this discovery probed an invariant mass range extending
from 110 to 150 GeV.

Several models for physics beyond the SM (BSM) typically con-
tain multiple scalars with one of them being compatible with the
observed 125GeV boson. The extended parameter space of several
BSM models, for example, generalized models containing two Higgs
doublets (2HDM) [15-19], the next-to-minimal supersymmetric model
(NMSSM) [20-40], and Georgi-Machacek models [41-44], gives rise
to rich and interesting phenomenology, including the presence of addi-
tional scalars, some of which could have masses below 125 GeV. Such
models provide good motivation for extending searches for additional
Higgs bosons with masses my; as far below 110 GeV as possible, where H
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refers to an additional Higgs boson that could also be “SM-like”, mean-
ing that the relative contributions of the production and decay processes
are similar to those of the SM.

The H — yy decay channel provides a clean final-state topology that
allows the mass of a Higgs boson to be reconstructed with high precision.
The primary production mechanism for SM-like Higgs bosons in proton-
proton (pp) collisions at the CERN LHC is gluon fusion (ggH), with
smaller contributions from vector boson fusion (VBF) and production in
association with a W or Z boson (VH), or with a tt pair (ttH). The dom-
inant sources of background are irreducible direct diphoton production,
and the reducible pp — y+jet and pp — jet+jet processes, where the jets
are misidentified as isolated photons. An additional source of reducible
background relevant for the search range my < 110GeV is Drell-Yan
(DY) dielectron production, where electrons might be misidentified as
isolated photons.

The CERN LEP collaborations [45], in the context of the search for
the SM Higgs boson, extensively explored the mass range below 110 GeV
in the VH production modes, in the bb and 11" channels. Several of
the BSM models mentioned above permit a significant region of param-
eter space for enhanced decay rates in the diphoton channel compatible
with the LEP constraints. The “low-mass” searches in the diphoton de-
cay channel by ATLAS, performed in the diphoton invariant mass (mw)
ranges of 65 < m, < 110GeV at a center-of-mass energy of 8 TeV [46]
and 10 < m,, < 70 GeV at a center-of-mass energy of 13 TeV [47], the lat-
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ter targeting boosted resonances, found no significant excess of events.
A CMS search [48] performed at center-of-mass energies of 8 (13) TeV
in the mass ranges of 80(70) < m, < 110GeV reported an excess with
respect to the SM background expectation, maximal for a mass hypoth-
esis of 95.3 GeV, with a local (global) significance of 2.8 (1.3) standard
deviations.

This Letter presents an update of the CMS search in the dipho-
ton channel for an additional Higgs boson in the invariant mass range
70 < m_, < 110GeV; the natural width of this additional Higgs boson is
small compared to the detector resolution. The search is performed with
a data set collected in 2016, 2017, and 2018 with the CMS detector at the
LHC, corresponding to integrated luminosities of 36.3 7!, 41507},
and 54.4fb~", respectively, at a center-of-mass energy of 13 TeV. As part
of this study, the data set of 2016, used in Ref. [48], has been reana-
lyzed with an improved detector calibration. The tabulated results are
provided as HepData records [49].

The analysis is based on a search for a localized excess in the dipho-
ton invariant mass spectrum. We follow the method used in Ref. [48],
which is an extended version of the method developed for the ob-
servation and the measurement of the properties of the 125GeV bo-
son [50,51]. The principal challenges associated with a search in the
diphoton decay channel in the explored mass range are the ability to
trigger on events while maintaining acceptable rates, and the back-
ground from Z bosons decaying to electron pairs that, through misidenti-
fication, could appear as two isolated photons. With respect to Ref. [48],
additional requirements have been introduced to further discriminate
against these surviving electron pairs. To achieve the best possible sen-
sitivity, the events are separated into classes, including, for the data sets
collected in 2017 and 2018, a class requiring the presence of additional
jets targeting the VBF production mode. Multivariate analysis (MVA)
techniques are used both for photon identification and event classifica-
tion, and the signal is extracted from the background using a parametric
fit to the diphoton mass spectrum in all event classes.

2. The CMS detector

A detailed description of the CMS detector, together with a definition
of the coordinate system used and the relevant kinematic variables, can
be found in Ref. [52]. The central feature of the CMS apparatus is a su-
perconducting 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
pseudorapidity (1) coverage provided by the barrel and endcap detec-
tors. Muons are reconstructed in gas-ionization chambers embedded in
the steel flux-return yoke outside the solenoid. The ECAL, surrounding
the tracker volume, consists of 75 848 lead tungstate crystals, which pro-
vide coverage in |5| < 1.48 in a barrel region (EB) and 1.48 < || < 3.0 in
two endcap regions (EE). Preshower detectors consisting of two planes
of silicon sensors interleaved with a total of 3X|, of lead are located in
front of each EE detector. In the EB, 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 |n| = 1, changing to about 2.5% at |n| = 1.4. In the EE,
the energy resolution is about 2.5% for unconverted or late-converting
photons, and between 3 and 4% for the other ones [53]. The dipho-
ton mass resolution, as measured in H — yy decays, is typically in the
1-2% range, depending on the measurement of the photon energies in
the ECAL and the topology of the photons in the event [54].

The particle-flow algorithm [55] aims to reconstruct and identify
each individual particle in an event, with an optimized combination of
information from the various elements of the CMS detector. The en-
ergy of photons is obtained from the ECAL measurement. The energy
of electrons is determined from a combination of the electron momen-
tum at the primary interaction vertex as determined by the tracker, the
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energy of the corresponding ECAL cluster, and the energy sum of all
bremsstrahlung photons spatially compatible with originating from the
electron track. The energy of muons is obtained from the curvature of
the corresponding track. 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. Finally, the energy of
neutral hadrons is obtained from the corresponding corrected ECAL and
HCAL energies.

3. Event reconstruction, selection and categorization
3.1. Simulation and trigger

Monte Carlo (MC) simulations are used to produce SM-like Higgs bo-
son events from all production processes (ggH, VBF, VH, and ttH), with
Higgs boson masses ranging from 70 to 110 GeV in steps of 5 GeV. These
events are the input to the signal modeling procedure, representing a
new resonance decaying to two photons. They are generated at next-to-
leading order (NLO) in perturbative quantum chromodynamics (QCD)
using MADGRAPH5_aMC@NLO 2.4.2 [56] with FxFx merging [57] and
the NNPDF3.0 [58] (NNPDF3.1 [59]) set of parton distribution functions
(PDFs) to simulate the 2016 (2017 and 2018) data. Events produced via
the ggH process are weighted as a function of the Higgs boson p; and
the number of jets in the event to match the prediction from the NNLOPS
program [60]. The parton-level samples are interfaced with PYTHIA
8.226 (8.230) [61] for parton showering and hadronization in the sim-
ulation of the 2016 (2017 and 2018) data, with the CUETP8M1 [62]
(CP5 [63]) tune parameter set used for the underlying event activ-
ity. The cross sections and branching fractions recommended by the
LHC Higgs cross section working group for a center-of-mass energy of
13TeV [64] are used for modeling the signal. After the generation step,
the events are processed by the full CMS detector simulation based on
GEANT4 [65]. Multiple pp interactions in each bunch crossing (pileup)
are simulated. The events are weighted to reproduce the distribution of
the number of interactions observed in data, the average value of which
was 23 in 2016 and 32 for both 2017 and 2018.

Events corresponding to the SM background processes mentioned in
Section 1 are simulated using various generators. The diphoton back-
ground is modeled with the SHERPA 2.2.4 [66] generator; it includes
tree-level diagrams with up to 3 additional jets, as well as box diagrams
at leading order (LO). Multijet and y + jet backgrounds are modeled
at LO with PYTHIA 8.226 (PYTHIA 8.230) for the simulation of the
2016 (2017 and 2018) data, with a filter [50,51] applied at genera-
tor level in order to enhance the production of jets with a large fraction
of electromagnetic energy. DY events are simulated at NLO with MAD-
GRAPH5_aMC@NLO 2.4.2. All background events are generated using
the same PDF sets and simulated under the same conditions as the SM-
like Higgs boson events described above. The simulated background
samples are used in the calculation of corrections and efficiencies, train-
ing and validation of the multivariate boosted decision trees (BDTs) used
in the analysis, and in estimations of systematic uncertainties. In partic-
ular, the DY events are used for modeling the background contribution
from dielectron decays of the Z boson. As in Refs. [50,51], the back-
ground estimation is based on data.

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 us [67]. The sec-
ond 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 [68].

For this analysis, diphoton HLT paths with asymmetric photon trans-
verse momentum (p) thresholds, 30 and 18 GeV, are used for the data
of all three years. For the 2016 data, two paths are used: one path has



The CMS Collaboration

nearly identical requirements to those used in Ref. [51], except that only
events with both photon candidates in the EB are selected. This path re-
quires each of the photon candidates to satisfy criteria on the maximum
value of the ratio of its energy in the HCAL to its energy in the ECAL
(H/E), and on either the compatibility of its shower shape with that of a
photon, or on the maximum value of its isolation energy [69]. The other
path selects events with photon candidates from any part of the ECAL,
but they must satisfy more stringent shower shape requirements, as well
as the requirements on both isolation energy and H/E. Both paths im-
pose a veto on the presence of hits compatible with the photon direction
in the silicon pixel detector, and require that the invariant mass of the
two photon candidates be greater than 55 GeV.

For the other two years of data taking, only one path, a relaxed vari-
ant of the latter path above, is used: for the 2017 data, at least one of
the two photon candidates must satisfy the more stringent shower shape
requirements, and for the 2018 data, the more stringent shower shape
requirements are applied to all photon candidates in the EE, enabling
the removal of the silicon pixel detector hit veto and invariant mass re-
quirements. However, the 2018 version of the path was not introduced
until after the start of that year’s data taking, resulting in a reduction of
the data set by approximately 5 bl

These HLT requirements impose a diphoton invariant mass value of
m,, = 65 GeV as the lower limit of the background modeling range; this
value lies above the portion of the offline diphoton spectrum that is dis-
torted due to turn-on effects from the HLT criteria. Furthermore, in order
to avoid edge effects in the signal modeling, the search range is limited
to values lying between the minimal and maximal simulated Higgs bo-
son masses: 70 < m,, < 110 GeV. The trigger efficiency is measured using

Z — ee” events and the “tag-and-probe” technique [70], except for the
pixel detector hit veto requirement implemented for the triggering of the
2016 and 2017 data; the efficiency of this veto requirement is measured
using diphoton events that have passed a diphoton trigger that does not
require a pixel hit veto. The efficiencies are applied to the simulated SM
Higgs boson events as a correction, and the associated statistical and
systematic uncertainties are propagated to the expected signal yields.
A gradual shift in the timing of the inputs of the ECAL portion of the
first level of the trigger system in the region at |#| > 2.0 caused a spe-
cific trigger inefficiency during the 2016 and 2017 data taking, affecting
photons and, to a greater extent, jets [67].

3.2. Photon and jet reconstruction

The determination of the primary vertex from which the two photons
originate has a direct impact on the diphoton invariant mass resolu-
tion. If the position along the beam axis (z) of the interaction producing
the diphoton is known to better than approximately 10 mm, the invari-
ant mass resolution is dominated by the photon energy resolution. The
diphoton vertex identification method is the same as in Ref. [51]. A BDT
is used to select a diphoton vertex from the set of all reconstructed pri-
mary vertices, incorporating as input variables the sum of the squared
transverse momenta of the charged particle tracks associated with the
vertex, and two variables that quantify the vector and scalar balance of
pr between the diphoton system, and the charged particle tracks asso-
ciated with the vertex. Furthermore, if either photon is associated with
any charged particle tracks that have been identified as resulting from
conversion, the pull between the longitudinal positions of the primary
vertex obtained from the conversion tracks alone and from all associ-
ated tracks is added to the BDT input variable set, as well as the number
of conversions.

The photon reconstruction algorithm is the same as used in Refs. [51,
69]. Photon candidates are reconstructed by the particle-flow algo-
rithm [55]. First, cluster “seed” crystals are identified as local energy
maxima in the ECAL above a given threshold. Second, clusters are grown
from the seeds by aggregating crystals with at least one side in common
with a clustered crystal and with an energy in excess of a certain thresh-
old. The energy of each crystal can be shared among adjacent clusters
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assuming a Gaussian transverse profile of the electromagnetic shower.
Finally, clusters are merged into extended clusters or groups of clusters
known as “superclusters”.

The energy of a photon is computed from the sum of the energy of
the clustered crystals, calibrated and corrected for changes in the ECAL
response over time [71]. The preshower energy is added to that of the
superclusters in the region covered by this detector. To optimize the
resolution, the photon energy is corrected for the containment of the
electromagnetic shower in the superclusters and the energy losses from
converted photons. The correction is computed with a multivariate re-
gression technique [53,69] that estimates simultaneously the energy of
the photon and its uncertainty. This regression is trained on simulated
photons using the ratio of the true photon energy and the sum of the
energy of the clustered crystals as the criterion for optimization. The in-
puts are shower shapes and position variables—both sensitive to shower
containment and possible unclustered energy—preshower information,
and global event observables sensitive to pileup. After the application
of the regression correction, a further set of corrections derived from
Z — ¢'e” events where the electrons are reconstructed as photons, is
applied; these align the mean of the dielectron mass spectrum in data
with the expected value from simulation and also smear the resolution
in simulation to match that observed in data. Additional details con-
cerning this procedure are contained in Ref. [54].

Hadronic jets are clustered from particles reconstructed via the
particle-flow algorithm [55] using the infrared- and collinear-safe
anti-k. algorithm [72,73], with a distance parameter of 0.4. Jet mo-
mentum 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 whole p; spectrum and detector ac-
ceptance. Additional pp interactions within the same or nearby bunch
crossings can contribute additional tracks and calorimetric energy depo-
sitions, increasing the apparent jet momentum. To mitigate this effect,
tracks identified to be originating from pileup vertices are discarded
and an offset correction is applied to correct for remaining contribu-
tions [74]. 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 di-
jet, photon + jet, Z + jet, and multijet events are used to determine any
residual differences between the jet energy scale in data and in simu-
lation, and appropriate corrections are made [75]. Additional selection
criteria are applied to each jet to remove jets potentially dominated by
instrumental effects or reconstruction failures [74].

3.3. Event selection and classification

Photon candidates are subject to a preselection that imposes require-
ments on pp, H/E, and shower shape, and that uses an electron veto to
reject photon candidates geometrically matched to at least two hits in
the pixel detector. The electron veto is reinforced by an additional re-
quirement that no photon candidate be also reconstructed as an electron
candidate, which can happen if the candidate is associated with a track
containing a single hit in the first layer of the pixel detector [69].

This preselection is designed to be slightly more stringent than the
trigger requirements. A photon identification BDT, trained with the
TMVA package [76], combining lateral shower shape and isolation vari-
ables [69], the median energy density, the pseudorapidity, and the raw
energy is used to separate prompt photons from nonprompt photons re-
sulting mainly from neutral-meson decays [50,51]. Each photon candi-
date must satisfy the preselection requirements as well as a requirement
on the minimum value of the photon identification BDT output score.
The efficiencies of the minimum photon identification BDT output score
requirement and preselection criteria (except for the electron veto re-
quirements) are measured with a tag-and-probe technique applied to
Z — e"e” events. The fractions of photons that satisfy the two electron-
veto requirements are measured with Z — pu* 1"y events, in which the
photon is produced by final-state radiation providing a sample of prompt
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photons with purity higher than 99%. The ratios of the efficiencies in
data and simulation are used to correct the signal efficiency in simulated
signal samples and the associated statistical and systematic uncertain-
ties are propagated to the expected signal yields.

The analysis uses all events that contain a diphoton pair where each
of the photons in the pair satisfy a requirement on the ratio of its p
value to the invariant mass of the diphoton system, m,_,, that must lie
within the range 65 < m, < 120 GeV. Specifically, the requirements are

pyrl /mYY > 0.47 and p]Y.Z/m > (.28. Here, y1 (y2) refers to the photon
candidate in the pair with the higher (lower) p; value. The use of p
thresholds scaled by m, is intended to prevent a distortion of the low
end of the diphoton mass spectrum that results if fixed thresholds are
used [50,51]; in particular, the minimum p;. values in the above frac-
tions, 30.6 and 18.2GeV, are chosen to be slightly higher than those
of the HLT paths, i.e., 30 and 18 GeV, to further guard against distor-
tion of the spectrum. To further discriminate against surviving elec-
tron pairs from DY events, we require that the natural logarithm of
the sum of the squares of transverse momenta of all tracks associated
with the chosen diphoton vertex, ln(Zp% / GeVz), satisfies the require-

ment ln(Zp% /Gev?) < 0.016p!7 / GeV + 6.0, where p]/ is the transverse
momentum of the selected diphoton candidate in each event. This re-
quirement, optimized on surviving simulated DY and signal events, acts
against tracks from DY electrons, the squared p; of which are included
in this sum, while preserving the efficiency of signal events, in particular
those where the diphoton system is boosted. The efficiencies of this re-
quirement in data and simulation are measured with Z — e*e” events,
where the tracks matched to each of the two photon candidates have
been removed. As with the preselection requirements, the data/simula-
tion efficiency ratio is used to correct the signal sample efficiency, and
the associated uncertainties are likewise propagated to the expected sig-
nal yields.

A multivariate event classifier [50,51], the diphoton BDT, is used
to discriminate between diphoton events from Higgs boson decays and
those from the diphoton continuum, to further reduce background from
events containing jets misidentified as isolated photons, and to assign
higher scores to events with good diphoton mass resolution. Trained
with the TMVA package, it incorporates the kinematic properties of the
diphoton system (excluding mw), a per-event estimate of the diphoton
mass resolution, and the photon identification BDT output values.

To target events produced via the VBF process, which feature two jets
in the final state separated by a large rapidity gap, an additional mul-
tivariate discriminant [50,51] is trained with the SCIKIT-LEARN pack-
age [771], for the analysis of the 2017 and 2018 data, to identify the dis-
tinctive kinematics of these jets, considering the ggH + jets production
process as background. The output score of this discriminant is given
as input to a further multivariate classifier [50,51] trained with SCIKIT-
LEARN, the “combined” BDT, along with the score from the diphoton
BDT, and the ratio of the p; of the diphoton system to its invariant
mass, pl /m. .

As the first step of the classification process, events from the 2017
and 2018 data sets having two jets identified as not being compati-
ble with pileup [51], satisfying the requirements pjT1 (psz) > 30(20) GeV,
|7 I j2)| < 4.7, where j, (j,) refers to the jet with the highest (next-

highest) p; value, m > 100GeV, and having a minimum combined

J
BDT classifier score vélue, are assigned to a “VBF class”. The remaining
events, as well as all those from the 2016 data set, are separated into
classes based on the diphoton BDT score, with a minimum score below
which they are rejected. The number of these classes and their bound-
aries are determined so as to maximize the expected signal significance
for my; = 90GeV, the midpoint of our search range, while providing a
sufficient number of simulated events from Z boson dielectron decays
for background modeling; different boundaries are used for the analysis
of the 2016 data than for that of 2017 and 2018. Three such classes
are used; they are referred to as 0, 1, 2, where class 0 contains the
events with greatest expected sensitivity. The fraction of events contain-
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ing more than one diphoton candidate is of order 107, In these cases,
the candidate assigned to the highest sensitivity class is selected; should
this class still contain multiple diphoton candidates, the candidate with
the highest value of p}l + p%z is then selected.

4. Signal parametrization

In order to perform a statistical interpretation of the data, it is neces-
sary to have a description of the signal that includes the overall product
of the efficiency and acceptance, as well as the shape of the diphoton
mass distribution in each of the event classes. The simulated SM-like
Higgs boson events are used to construct a parametrized signal model
that is defined continuously for any value of the Higgs boson mass be-
tween 70 and 110 GeV. As mentioned in Section 3.2, the photon energy
resolution predicted by the simulation is modified by a Gaussian smear-
ing determined from the comparison between the Z — ¢*e” line-shape
in data and simulation, where the electron energies have been corrected
with factors developed for photons, using the same procedure as that
described in Refs. [50,51]. The amount of smearing is extracted differ-
entially in bins of |»| and the R, shower shape variable [53], defined
as the energy sum of 3x3 crystals centered on the most energetic crys-
tal in the ECAL cluster divided by the energy of the cluster. The trigger
and preselection efficiency corrections described in Sections 3.1 and 3.3,
respectively, are also applied to the simulated signal events.

Since the shape of the ., distribution changes considerably depend-
ing on whether the vertex associated with the candidate diphoton is
correctly identified, separate fits are made to the distributions for the
correct and incorrect primary vertex selections when constructing the
signal model. Events are considered to have the correct primary vertex
if the z coordinate of the vertex associated with the candidate dipho-
ton is within 1 cm in distance along the beam axis of the true vertex.
For these events the signal shape is dominated by the ECAL response
and reconstruction, and is modeled empirically with a sum of between
two and four Gaussian functions depending on the data-taking period
(2016, 2017, and 2018) and event class. The signal shape for events
with an incorrect primary vertex selection is broadened significantly by
the difference between the z coordinate position of the selected primary
vertex and that of the true Higgs boson production vertex. The signal
shape for these events is modeled with a sum of up to three Gaussian
functions, depending on the data-taking period and event class. In both
the correct and incorrect vertex assignment cases, the number of Gaus-
sian functions is determined using an F-test [78], and the means, widths,
and relative fractions of the Gaussian functions are extracted from the
fits. For each production process, event class, and primary vertex iden-
tification correctness scenario, a simultaneous fit of signal samples [51]
at myy values in the range from 70 to 110 GeV is performed to obtain
parametric variations with my,, described by polynomials, of the Gaus-
sian function parameters. The final fit function for each event class in
each production process and each year is obtained by summing the in-
dividual functions for the two vertex scenarios. The relative size of the
shapes associated with the two vertex scenarios, in each final function,
is determined by the vertex selection efficiency.

The final parametrized shapes for the combination of all production
mechanisms, for all event classes, weighted by their SM cross sections
are shown in Fig. 1 for a Higgs boson mass of 90 GeV for the 2016,
2017, and 2018 data. Also shown are the full width at half maximum
(FWHM) value and the value of the effective standard deviation (0.4,
which is defined as half the width of the narrowest interval containing
68.3% of the invariant mass distribution. The product of efficiency and
acceptance of the signal model ranges from 17.5 (16.0 and 16.9)% for
my =70GeV to 20.8 (19.9 and 20.8)% for my; = 110GeV in the case of
the 2016 (2017 and 2018) data.
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Fig. 1. Full parametrized signal shape, integrated over all event classes, in simulated signal events with m,; =90 GeV for 2016 (upper left), 2017 (upper right), and
2018 (lower). The open points are the weighted MC events and the blue lines the corresponding parametric models. Also shown are the o, values and the shaded
region limited by +o 4, along with the FWHM values, indicated by the position of the arrows on each distribution.

5. Background estimation

In this analysis, as in Refs. [11,50,51], the background is modeled
by fitting analytic functions to the observed diphoton mass distribu-
tions in each of the event classes. The fits are performed over the range
65 < m_, < 120GeV. The model is determined from data with the dis-
crete profiling method [79], which treats the choice of the background
function as a discrete parameter in the likelihood fit to the data and
estimates the systematic uncertainty associated with the choice of a par-
ticular function.

Since the search mass range of this analysis includes the Z boson
peak region, a significant potential background source is DY dielectron
production that, through misidentification, could appear as two isolated
photons. An explicit component intended to describe the background
from the DY process, in which the two apparently isolated photons sur-
vive all the selection requirements stated in Section 3.3, is added to the
smoothly falling function [11,50,51] used to model the background. An
exception is made for the events of the VBF class, where the requirement
on the minimum value of the combined BDT classifier is not imposed in
order to obtain a sufficient number of events for the modeling. This
additional component, referred to as “doubly-misidentified” events, is
modeled with a double-sided Crystal Ball (DCB) function, which is a
modification of the Crystal Ball function [80,81] with an exponential tail

on both sides, summed with an additional exponential function (DCB +
exponential). The DCB function is characterized by seven parameters,
including the number of events for normalization, and six shape param-
eters: the Gaussian mean and standard deviation, «;, n;, ap, and ny

where apr and ng refer, respectively, to the slope and normahzatlon
of the left-hand (L) and right-hand (R) exponential tails. The additional
exponential function contributes two supplementary parameters: p, the
coefficient of the exponential argument and g, the fraction that the ex-
ponential function represents in the total DY process model. The values
of these two parameters as well as those describing the DCB shape are
determined by fitting the diphoton invariant mass distribution in a sam-
ple of simulated doubly-misidentified DY events for each event class.
Because of the small size of the simulated event sample, we fix two of
the six DCB shape parameters, ; and ag, to make the fit more sta-
ble. The fixed values are different in each event class and are obtained
from fits of events where one photon candidate survives all selection
requirements including the electron vetoes, and the other survives all se-
lection requirements but fails the electron vetoes (“singly-misidentified”
events). In each class, the value of the mean, which coincides with the
peak position, lies somewhat below the nominal Z boson mass value.
This bias is due to the fact that the electrons surviving the photon se-
lection requirements (in particular the electron veto) have in general
been poorly reconstructed, for example having undergone wide-angle
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Families and orders of functions chosen as best fit when summed with the DCB + exponential function,
by year and by event class, in the case of background-only fits. The DCB + exponential fractions for
these models in the range 85 < m,, < 95 GeV are also shown.

Event class 0 1 2 VBF

2016 Family/Order Power Law 1 Bernstein 4 Exponential 3 —
DCB + Exp. Fraction (%) 3.0 3.1 3.3 —

2017 Family/Order Bernstein 3 Exponential 3~ Bernstein 4 Bernstein 3
DCB + Exp. Fraction (%) 2.7 1.4 1.9 2.6

2018 Family/Order Laurent 1 Bernstein 4 Exponential 3 Bernstein 2
DCB + Exp. Fraction (%) 0.5 4.1 4.8 0.8

bremsstrahlung of high-energy photons; furthermore, the electron ener-
gies have been corrected with factors developed for photons.

For the application of the discrete profiling method, members of sev-
eral families of analytic functions, including exponential, power law,
polynomials in the Bernstein basis, and Laurent series, are considered,
each summed with the DCB + exponential function. The maximum or-
der term in each series is determined using an F-test [78], and the
minimum order, using a goodness-of-fit test. When fitting these func-
tions to the m_, distribution in the data, the value of twice the negative
logarithm of the likelihood (2NLL) is minimized. A penalty is added to
the 2NLL value to take into account the number of floating parameters,
including the fraction f of background events attributed to the compo-
nent arising from the doubly-misidentified events (DCB + exponential
fraction), in each candidate function.

The normalization of the DY background is determined from the fit.
The shape parameters are fixed to the constant values that are obtained
by fitting the doubly-misidentified DY events, as described above. In par-
ticular, the value of the Gaussian standard deviation in each event class
for these doubly-misidentified events is greater than the corresponding
value of o in the signal model by a factor of up to 2.

Table 1 shows, for each event class in each data-taking year, the
functional family and order of the function chosen by the 2NLL mini-
mization as being the best fit when summed with the DCB + exponential
function, in the case of a background-only fit. Also shown are the DCB +
exponential fractions for these chosen models in the subset of the dipho-
ton mass range extending from 85 to 95 GeV, the mass range where the
expected dielectron background from DY processes is most significant.
These fractions range from 0.5 to 4.8% across the different years and
event classes.

Binned likelihood fits of the chosen background models to the ob-
served m., distributions are performed, using 1 GeV bins and assuming
no signal, and are shown for all the event classes in Figs. 2, 3, and 4 for
the 2016, 2017, and 2018 data, respectively. The one- and two-standard
deviation (¢) bands include only the uncertainty in the background
model normalization associated with the statistical uncertainties of the
fits, and are thus shown for illustration purposes only. These bands are
obtained using an extended likelihood fit parametrized in terms of the
background yield in bins corresponding to those used in Figs. 2, 3, and 4.
The corresponding signal model for my; = 90 GeV, multiplied by 10, is
also shown for illustration purposes.

6. Systematic uncertainties

Many of the systematic uncertainties relevant to the analyses per-
formed in Refs. [11,50,51] also apply to this analysis and are described
briefly below. Additional uncertainties specific to this analysis are de-
scribed in more detail.

6.1. Uncertainties evaluated at the per-photon level
The systematic uncertainties in the shape of the photon identification

BDT distribution and in the per-photon energy resolution described in
Refs. [50,51] are applied in this analysis. These uncertainties propagate

to the multivariate event classifier value, giving rise to the migration
of events from one class to another, and to variations in the per-event
efficiency in each class and for each production process. The uncertain-
ties are evaluated using a signal sample with my; = 90 GeV, the midpoint
of the search range considered. For the 2016 data, the largest variation
in efficiency due to the photon identification BDT distribution shape is
6.9%, for the ttH process in event class 2; for the 2017 data, 6.4%, for
the ggH process in event class 1, and for the 2018 data, 4.1% for the
VBF process, also in event class 1. Otherwise, the variations are below
2.2/5.3/3.7% for the 2016/2017/2018 data sets. The largest variation
in the efficiency due to the per-photon energy resolution applicable to
the 2016 data is 18.2% for the ggH process in event class 1; for the
2017 data, 14.6% for the ggH process in class 1, and for the 2018 data,
13.7% for the ttH process in class 2; otherwise the variations are below
12.9/13.7/11.9% for the 2016/2017/2018 data sets.

For the 2016/2017/2018 data, uncertainties in the trigger efficien-
cies give rise to efficiency variations of less than 0.8/1.8/0.5%. Uncer-
tainties in the scale factors of the preselection give rise to efficiency
variations of less than 3.3/3.2/5.2% in the case of the 2016,/2017/2018
data. The uncertainties in the scale factors of the electron veto, of the
requirement that a photon candidate may not be reconstructed as an
electron, and of the minimum value of the photon identification BDT all
contribute efficiency variations of less than 1% for the data of all three
years.

The uncertainties in the measurement and in the correction of the
photon energy scale in data, and in the correction of the energy resolu-
tion in simulation, arising from the methodology exploiting Z — e*e”
events as described in Section 4 and Refs. [50,51], are calculated in
the same bins as the corrections themselves. Uncertainties arising from
modeling of the material budget and of nonuniformity of light collection
(the fraction of crystal scintillation light detected as a function of its lon-
gitudinal depth when emitted), nonlinearity in the photon energy scale
between data and simulation, imperfect electromagnetic shower sim-
ulation, and vertex finding [50,51], are propagated to the parametric
signal model, where they result in uncertainties in the diphoton effi-
ciency, mass scale, and resolution.

6.2. Uncertainties evaluated at the per-event level

The per-event systematic uncertainty in the total integrated lumi-
nosity, estimated from data [82-84], contributes an uncertainty of
1.2/2.3/2.5% in the signal yield for the 2016/2017/2018 data. The
overall uncertainty for the 2016-2018 period is 1.6%. The uncertain-
ties for each data set are partially correlated to account for common
sources in the luminosity measurement schemes.

For the analysis of the 2016 and 2017 data, an additional uncertainty
in the signal efficiency is introduced to account for the gradual shift in
the timing of the trigger inputs mentioned previously. It is largest for the
VBF class in 2017, and amounts to less than 0.5 (1.9)% for 2016 (2017).

The systematic uncertainties from the theoretical predictions con-
sidered in this analysis are of three types. Firstly, the uncertainties in
the signal acceptance due to changes in particle p; and # values, aris-
ing from variations in the PDF and renormalization and factorization
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Fig. 2. Background model fits using the chosen background model parametrization to the 2016 data in the three event classes. The corresponding signal model for
each class and my; = 90 GeV, multiplied by 10, is also shown. The one- and two-c bands reflect the uncertainty in the background model normalization associated
with the statistical uncertainties of the fits, and are shown for illustration purposes only. The difference between the data and the background model is shown in the

lower panels.

scales, are calculated [50,51] using a signal sample with m;; = 90 GeV.
The NNPDF3.0 (NNPDF3.1) PDF set using the MC2HESSIAN proce-
dure [85,86] is used to estimate the PDF variations for 2016 (2017 and
2018). The effects due to variations of the strong coupling strength,
ag, are also considered, following the PDF4LHC prescription [64,87].
The uncertainties due to PDF variations are negligible for all three
data-taking years. The largest uncertainty due to scale variations in
the 2016 (2017) data is 11.9(10.0)% for the ggH production process
in event class 0. In the 2018 data, the largest uncertainties also occur
for the ggH process, with the maximum of 13.7% occurring in the VBF
class. The uncertainties due to variations in ag are largest for ggH pro-
duction, in event class 0 at 1.9% for the 2016 data, and in the VBF class
at 3.9 (4.1)% for the 2017 (2018) data; otherwise, they are below 0.5%.

Secondly, uncertainties in signal yields due to underlying event and
parton shower modeling are obtained using dedicated simulated sam-
ples for which the choice and specific tune of the event generator have
been modified [88]. For the underlying event, these uncertainties are
largest for the ttH production process in event class 2, amounting to

13.7% for 2016, and for the ZH production process in the VBF event
class, amounting to 26.8(20.4)% for 2017 (2018). In the case of the
parton shower modeling, they are again largest for ttH production in
event class 2 at 9.6% for the 2016 data, for ZH production in the VBF
class at 15.9% for the 2017 data, and for the VBF production process in
the VBF class at 12.0% for the 2018 data. Otherwise, they are typically
below 7% for 2016 and 10% for 2017 and 2018.

Finally, the uncertainties in the production cross section for an SM-
like Higgs boson, at a center-of-mass energy of 13 TeV, are accounted
for by following the recommendations of the LHC Higgs cross section
working group [64]. These uncertainties arise from uncertainties as-
sociated with particular choices of PDFs and QCD model parameters.
They are used in the calculation of the expected and observed limits
on the product of the production cross section and branching fraction
into two photons relative to the expected value for an SM-like Higgs
boson, and in the calculations of the expected and observed local p-
values. The uncertainty in the branching fraction into two photons is
neglected.
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Uncertainties in the scale factor of the requirement on ln(Zp% / GeVz)
give rise to efficiency variations of 0.4/0.9/0.5% in the case of the
2016/2017/2018 data.

For the analysis of the 2017 and 2018 data sets, changes in the pres-
ence or properties of jets affect the classification of events, potentially
causing them to migrate between the VBF class and the other classes. Jet
energy scale corrections account for a maximum uncertainty in signal
yields of 14.9% (2017) and 15.8% (2018) in the VBF class. For the 2018
data, an additional uncertainty in jet energy scale is applied in order to
cover a potential bias in the choice of the leading jets, stemming from a
temporary readout interruption of the HCAL region extending between
—3.0<n<—1.3 and —1.57 < ¢ < 0.87. This uncertainty is greatest for
the VBF event class, ranging between 1 and 3% with a maximum of 3.4%
for the ggH production process. For the other classes, it is in general less
than 0.5%, reaching a maximum of 1.2% for the VBF production pro-
cess in event class 0. For the VBF production process, another specific
uncertainty in signal event yield arising from the implementation of the
matching between matrix element and parton showers in the MC sim-

ulation, affecting jet kinematics, is applied; it ranges from 0.1 to 3%
depending on the event class, reaching a maximum of 2.9 (2.6)% for the
2017 (2018) data in the VBF event class. The jet energy resolution con-
tributes a signal yield uncertainty of less than 1.1% in 2017 and 3.0% in
2018. Finally, an uncertainty in signal yield due to pileup jet identifica-
tion is estimated by comparing in data and simulation the identification
score of jets in events with a Z boson and one balanced jet, and amounts
to less than 4.1% in 2017 and 3.2% in 2018.

An additional source of per-event systematic uncertainty specific to
this analysis is the modeling of the Z boson resonance component of
the background. As explained previously, the parameters of the DCB
function used to model the Z boson resonance are obtained from doubly-
misidentified events, which are simulated DY events with all selection
requirements applied including the electron veto requirements. These
parameters could be different for data and simulation. To estimate these
differences, we study simulated singly-misidentified events from the DY,
diphoton, y+jet, and QCD multijet processes. We fit the invariant dipho-
ton mass of these events in data, in simulation including the sum of all
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background processes, and in simulated DY events alone, with a DCB +
exponential component that describes the additional continuum back-
ground inherent in singly-misidentified events. We consider the pairwise
differences among the DCB mean and standard deviation parameters
extracted from these three types of fits for each event class. The differ-
ences are considered statistically significant if they are greater than the
quadratic sum of the statistical uncertainties from the fit. These differ-
ences contribute to the total systematic uncertainty in the DCB param-
eter values. The nominal parameter values are obtained from doubly-
misidentified events so the differences contributing to the parameter
uncertainties that are estimated from singly-misidentified events are
doubled, to reflect the more conservative case where the parameters
of the two photon candidates in a doubly-misidentified event are com-
pletely correlated.

The total systematic uncertainty in each event class for the mean
and standard deviation parameters is the quadratic sum of: the sta-
tistical uncertainty from the fit to the doubly-misidentified simulated
DY events; the doubled difference between the parameter values from

data and from the sum of all simulated background processes, and the
doubled difference between the parameter values from the sum of all
simulated background processes and from simulated DY events alone,
determined from the singly-misidentified events. In the case of the VBF
class, an additional term, the doubled difference between the parameter
values from simulated singly-misidentified DY events with and without
the requirement on the minimum value of the combined BDT classifier,
is added in the quadratic sum.

An uncertainty is assigned to the fixed values of the DCB parameters
a; and ap for each event class by performing the fits of the doubly-
misidentified simulated Z — e*e” events with these two parameters
allowed to float. The uncertainty is the quadratic sum of the statistical
uncertainty in the fitted values of a; and ap, and the systematic un-
certainty, which is taken as the difference between the fixed and fitted
values for each of the two parameters.

Finally, the analysis takes into account the statistical uncertainties
in the values of the DCB n; and n, parameters, and in the values of the
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The expected number of SM-like Higgs boson signal events (m; = 90 GeV) per event class and the corre-
sponding percentage breakdown per production process, for the 2016, 2017, and 2018 data. The values
of o, and oy, are also shown, along with the number of background events (“Bkg.”) per GeV estimated
from the background-only fit to the data, that includes the number, shown separately, from the DY pro-
cess (“DY Bkg.”), in a 6,4 window centered on m;; = 90GeV.

Event classes Expected SM-like Higgs boson signal yield (my; = 90 GeV) Bkg. DY Bkg.
~1 —1
Total ggH VBF WH ZH H oy oy OV ) GV
(%) (%) (%) (%) (%) (GeV)  (GeV)

2016 0 130 71.9 15.6 6.2 3.6 2.6 1.12 1.00 271 12
36.3fb~" 1 304 87.4 6.6 3.6 2.1 0.3 1.25 1.07 3093 33

2 407 94.7 2.5 1.7 1.0 0.1 1.87 1.51 9190 193

Total 842 88.5 6.0 3.1 1.8 0.6 1.50 1.20 12554 239
2017 0 104 73.4 11.6 7.5 4.3 3.2 1.27 1.13 248 7
41.5fb7" 1 347 88.5 5.6 3.5 2.1 0.3 1.40 1.24 3625 83

2 413 94.4 2.6 1.9 1.1 0.1 1.91 1.64 8169 244

VBF 26 45.6 51.8 1.0 0.5 1.0 1.33 1.15 29 1

Total 890 88.2 6.2 3.1 1.8 0.6 1.60 1.35 12071 338
2018 0 162 75.1 10.2 7.3 4.3 3.0 1.21 1.05 430 3
54.4fb~" 1 585 90.1 4.8 3.1 1.8 0.2 1.34 1.17 6445 378

2 473 94.4 2.5 1.9 1.2 0.1 2.01 1.73 10982 720

VBF 38 45.4 51.9 1.1 0.6 1.0 1.21 1.03 46 1

Total 1258 88.4 6.1 3.1 1.8 0.6 1.54 1.27 17902 1104

additional exponential function p and g parameters, obtained from the
fits to the doubly-misidentified simulated Z — ee” events.

The invariant mass distribution of electron pairs from surviving DY
events has a shape that is similar to that of photon pairs in signal, when
my, is close to the fitted peak of the doubly-misidentified events. The sys-
tematic uncertainty in the fraction, f, of background events attributed
to the surviving DY component, has been adjusted to minimize the po-
tential bias induced by that shape similarity, while at the same time
yielding a negligible effect on the expected limits and expected signifi-
cances.

7. Results

Table 2 shows the expected numbers of signal events corresponding
to the production of a hypothetical additional SM-like Higgs boson with
my, =90 GeV, from the analyses of the 2016, 2017, and 2018 data. The
total number is broken down into the contributions from all the produc-
tion processes in each of the event classes, where the VH processes (WH
and ZH) are listed separately. Also shown are the o, and oy, (defined
as the FWHM divided by 2.35) values, as well as the number of back-
ground events per GeV estimated from the background-only fit to the
data, that includes the number, shown separately, from the DY process,
in the corresponding o, window centered on my = 90GeV, using the
chosen background function.

A simultaneous binned maximum likelihood fit to the diphoton in-
variant mass distributions in all event classes and in all three data-
taking years, with a step size of 0.1 GeV, is performed over the range
70 < m, < 110GeV. The upper limits on the product of the cross sec-
tion o}y and branching fraction B into two photons are set using the
CL, modified frequentist criterion [89-91]. This construction uses the
profile-likelihood ratio as the test statistic [92] under the asymptotic
approximation. All of the experimental systematic uncertainties, except
those pertaining to the integrated luminosity as previously noted, are
assumed to be uncorrelated among the different data sets, as are the the-
oretical uncertainties in the signal acceptance due to PDF variations. The
theoretical uncertainties in the signal acceptance due to scale variations
as well as in the production cross sections at the center-of-mass energy of
13 TeV for an additional SM-like Higgs boson are assumed to be fully cor-
related. Fig. 5 shows the expected and observed 95% confidence level
(CL) upper limits on the product of ¢}; and B into two photons, as a
function of the mass of an additional SM-like Higgs boson in the range
70 < m, < 110GeV, calculated with respect to the background-only hy-
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pothesis, from the statistical combination of the 2016, 2017, and 2018
data sets.

The minimum (maximum) observed upper limit on the product of
the production cross section and branching fraction is approximately
15(73) fb, corresponding to a mass hypothesis of 108.9 (95.4) GeV.

In addition, the expected and observed 95% CL upper limits for the
production of an additional SM-like Higgs boson via the sum of the
fermion-coupled ggH and ttH processes are shown in Fig. 6, for the
combined data set. The limits for production via the sum of the vector
boson-coupled VBF and VH processes are also shown. The production
processes, in each case, are combined assuming relative proportions as
predicted by the SM. The same limits are shown under the assumption
of 100% production via each of the VBF and VH processes.

Fig. 7 shows the observed local p-values as a function of the mass
of an additional SM-like Higgs boson, calculated with respect to the
background-only hypothesis, from the analyses of the data from 2016,
2017, 2018, and their statistical combination. The 2016 data reanalyzed
with the new detector calibration show an excess that has increased in
local significance with respect to the previous analysis [48] from 2.8¢
to 3.30 at a mass of approximately 95.4 GeV. The local (global) signifi-
cance decreases to 2.9¢ (1.30) when the data from 2017 and 2018 are
included. The global significance has been calculated using the method
of Ref. [93].

8. Summary

A search for an additional, SM-like, low-mass Higgs boson decay-
ing into two photons has been presented. It is based upon data samples
corresponding to an integrated luminosity of 132 ! collected in pp
collisions at a center-of-mass energy of 13 TeV in 2016-2018. The search
is performed in a mass range between 70 and 110 GeV. The expected and
observed 95% CL upper limits on the product of the production cross sec-
tion and branching fraction into two photons for an additional SM-like
Higgs boson as well as the expected and observed local p-values are pre-
sented. The observed upper limit on the product of the production cross
section and branching fraction for the full data set ranges from 15 to
73 fb. The results of the statistical combination of the analyses of the
three data sets show no significant excess over the background expec-
tation. The maximum deviation with respect to the background is seen
for a mass hypothesis of 95.4 GeV with a local (global) significance of
2.9 (1.3) standard deviations.
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Fig. 5. Expected and observed exclusion limits (95% CL, in the asymptotic
approximation) on the product of the production cross section and branching
fraction into two photons for an additional SM-like Higgs boson (upper); the
theoretical prediction for the product of the cross section and branching frac-
tion into two photons for an additional SM-like Higgs boson is shown as a solid
line with a hatched band, indicating its uncertainty [64]. The same limits shown
relative to the expected SM-like value (lower). The results correspond to the
combined 2016, 2017, and 2018 data sets. The inner and outer bands indicate
the regions containing the distribution of limits located within +1¢ and +20,
respectively, of the expectation under the background-only hypothesis.
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Fig. 6. Expected and observed exclusion limits (95% CL, in the asymptotic approximation) on the product of the production cross section and branching fraction
into two photons for an additional SM-like Higgs boson, for the ggH plus ttH (upper left) and VBF plus VH (upper right) processes, and assuming 100% production
via the VBF (lower left) or VH (lower right) processes, from the statistical combination of the 2016, 2017, and 2018 data sets. The inner and outer bands indicate
the regions containing the distribution of limits located within +1¢ and +20, respectively, of the expectation under the background-only hypothesis.
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