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1 Introduction

The standard model (SM) of particle physics continues to show excellent agreement with
measurements performed at the CERN LHC [1] and elsewhere. The search for physics beyond
the SM (BSM) has led researchers to look beyond simple decay topologies and towards more
exotic signatures. Since the discovery of the Higgs boson (H) by the ATLAS and CMS
Collaborations [2–4] in 2012, the Higgs sector has remained a key area for BSM searches.
The latest CMS combination of Higgs boson measurements, which uses data from 2015–2018,
limits the Higgs boson invisible (undetected) decay branching fraction to less than 13 (25)%
at 95% confidence level (CL) [5], leaving open the possibility of additional exotic Higgs
boson decays. The Higgs sector is particularly well suited to probe BSM scenarios, as it
may provide direct access to BSM states that do not participate in SM gauge interactions.
The simplest extensions of the Higgs sector include exotic decays of the form H → AA,
where A is a hypothetical new spin-0 particle decaying to a pair of SM particles [6]. Such
decays are found in BSM models containing an additional SM-neutral singlet [6, 7], such
as the two-Higgs-doublet model plus singlet (2HDM+S), and are of interest in searches for
axion-like particle production [8–11].
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Searches for exotic Higgs boson decays of the type H → AA have been performed at
the LHC in several final states. For A masses above the heavy-fermion thresholds 2mτ or
2mb , the A → τ

+
τ
− or A → bb channels, respectively, are expected to become dominant,

as predicted in certain 2HDM+S extensions [12–16]. Below these thresholds, the leptonic
mode A → µ

+
µ
− becomes accessible and provides a clean experimental signature [17]. In

contrast, the decay A → γγ , although loop-induced and generally subdominant, can become
significant in photophilic scenarios where the A couples to new uncolored charged particles,
motivating searches for H → AA → 4γ [6].

In such scenarios, reconstructing the diphoton invariant-mass spectrum becomes challeng-
ing for A particles with masses of a few GeV produced in H → AA decays. In the A mass
range of mA ≲ 1GeV, A has a large Lorentz boost, causing the two photons from the A → γγ

decay to be highly collimated. The separation between them becomes equal to or less than
the Molière radius (rM = 2.2 cm) of the material of the CMS crystal electromagnetic calorime-
ter (ECAL), which, in the barrel region, is comparable to the transverse crystal size. The two
photons are predominantly reconstructed as a single photon-like object by the standard CMS
photon reconstruction algorithms [18], as described in ref. [19]. For mA ≳ 1GeV, the sepa-
ration between the two photons becomes more distinct. For example, for 1 < mA < 2GeV,
the two photons start to become distinguishable, with separations of around 3–5 rM at the
ECAL surface. For mA ≳ 10GeV, the photons are well isolated and fully resolved, allowing
the diphoton invariant mass to be reconstructed from the kinematics of both photon objects.

The CMS Collaboration reported on a search [20] for H → AA → 4γ with four well-
isolated photons in the final state, with both photon pairs being fully reconstructed, enabling
a search in the mA range of 15–62 GeV. The CMS Collaboration also performed a search
in the highly boosted regime, where each pair of photons is reconstructed as one merged
photon-like object, for A masses in the 0.1–1.2 GeV range [21]. This direct search, the first of
its kind in CMS, can directly measure the invariant mass of the merged diphoton candidates
using a novel particle reconstruction technique that employs deep learning algorithms trained
on the energy deposits in the ECAL [19]. The ATLAS Collaboration has also reported on an
inclusive search for H → AA → 4γ decays over the full mA range of 0.1–62 GeV [22].

The analysis presented in this paper focuses on events with three photon-like objects
in the final state, to bridge the gap in the 1 < mA < 15GeV mass range between the two
previous CMS searches mentioned above. The A particle is assumed to decay promptly
into two photons. In this so-called “semi-merged” mass regime, one of the A → γγ decays
produces two well-separated and fully reconstructed photon objects, while the pair of photons
from the other A boson decay is reconstructed as a single photon object. This could occur
either because of the actual merging of the photons, or detector and/or reconstruction energy
thresholds. The merging of the photons is more common at lower masses, where the opening
angle between the two photons is small, and their showers overlap within the ECAL. At
higher mA values, the photons are more separated, but the secondary photon is often too low
in energy to be reconstructed because of the transverse momentum pT > 10GeV threshold
applied in the standard photon reconstruction [23]. A direct measurement of the invariant
mass spectrum in this region by use of traditional methods is thus not possible. Therefore,

– 2 –



J
H
E
P
0
7
(
2
0
2
6
)
1
1
9

a novel end-to-end deep learning technique, called the “mass regression”, was developed to
directly reconstruct mA from the pattern of energy deposits in the ECAL crystals.

The paper is organized as follows. Section 2 provides a brief overview of the CMS detector.
Section 3 outlines the data and simulated samples used in the analysis. The event selection
and object identification criteria are detailed in section 4. The mass regression technique based
on a deep learning approach is presented in section 5. The signal and background modeling
are discussed in section 6. Section 7 summarizes the sources of systematic uncertainty. Finally,
section 8 presents the results and their statistical interpretation, and section 9 provides a
brief summary. Tabulated results are provided in the HEPData record for this analysis [24].

2 The CMS detector

The CMS apparatus [25, 26] is a multipurpose, nearly hermetic detector, designed to trigger
on [27–29] and identify electrons, muons, photons, and (charged and neutral) hadrons [23, 30,
31]. The central feature of the CMS apparatus 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 ECAL, and a brass and scintillator hadron
calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity (η) coverage provided by the barrel and endcap detectors. Muons
are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the
solenoid. A global “particle-flow” (PF) algorithm [18] aims to reconstruct all individual
particles in an event by combining information from the all-silicon inner tracker, the ECAL
and HCAL, and the muon system. The reconstructed particles are used to build τ leptons, jets,
and missing transverse momentum [32–34]. 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 4 µs [27]. 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 a few kHz before data storage [28, 29].

The ECAL consists of 75 848 lead tungstate crystals, which provide a coverage of |η| < 1.48
in the barrel region (EB) and 1.48 < |η| < 3.00 in the two endcap regions. The full azimuthal
range |ϕ| < π is covered for all regions. In the EB, which is the focus of this paper, an energy
resolution of about 1% is achieved for photons in the tens of GeV energy range, for those that
do not convert to an e+e− pair before reaching the EB. The energy resolution for photon
conversions in the EB is about 1.6% up to |η| = 1, rising to about 3% at |η| = 1.48 [26]. Each
EB crystal has dimensions of 2.18×2.18×23 cm3. This corresponds to a transverse granularity
of ∆η ×∆φ = 0.0174× 0.0174 for electromagnetic showers from particles originating in the
center of the CMS detector. Since the crystal Molière radius is comparable to the crystal
width, more than 90% of the energy of photons interacting only in the ECAL is laterally
contained within a 3×3 crystal matrix [23].

The material structure of the inner tracking detectors changes with pseudorapidity. As a
result, the number of radiation lengths (X0) that a photon traverses before reaching the EB
surface varies from 0.4X0 along the central plane (η ≈ 0) up to 1.8X0 on the forward edge
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(η ≈ 1.4). Correspondingly, the amount of energy that a photon loses, and its probability to
convert into an e+e− pair before reaching the ECAL crystals varies with η.

Finally, an important feature of the proton collisions at the LHC is the presence of
additional, soft collisions concurrent with the primary hard-scattering event. Such additional
proton-proton (pp) interactions within the same or nearby bunch crossings, known as pileup,
can contribute additional energy depositions, particularly in the ECAL. Since these energy
deposits may potentially be misidentified as photons, appropriate pileup mitigation techniques
are applied [35]. A more detailed description of the CMS detector, together with a definition
of the coordinate system used and the relevant kinematic variables, is reported in refs. [25, 26].

3 Data samples and simulated events

The analysis is performed using pp collision data at
√

s = 13TeV, collected with the CMS
detector at the LHC from 2016 to 2018, corresponding to an integrated luminosity of 138 fb−1.
Simulated H → AA → 4γ samples generated with mA = 1, 3, 5, 10, and 15 GeV are
used to define the signal model, as discussed in section 6. These values are chosen to
evenly cover the signal mass phase space targeted in this analysis. They are generated with
MadGraph5_amc@nlo (v2.5.5) [36] at leading-order (LO) using the SM + Dark Vector
+ Dark Higgs boson model [6, 7] and a Higgs boson mass of 125 GeV with its SM width,
with up to one associated jet and negligible lifetime of A. While the underlying model can
accommodate different lifetimes of A depending on the couplings, only the prompt scenario
is considered in this analysis. The parton distribution functions provided by NNPDF3.1 [37]
at next-to-next-to-leading order accuracy are used. The generated hard process is interfaced
with pythia (v8.240) [38] to simulate hadronization and the pp underlying event, following
the CP5 [39] tune. The generated samples are processed through the CMS detector simulation
based on Geant4 [40], using the same reconstruction algorithms used on data. The dominant
backgrounds in this search are SM events composed uniquely of jets produced through the
strong interaction, referred to as quantum chromodynamics (QCD) multijet events, as well as
γ + jet and prompt diphoton production. The background contributions are modeled entirely
from data in this analysis, and no simulated events are used to describe them.

Additional simulated minimum bias interactions are overlaid on all simulated events to
account for pileup effects. Along with the simulated samples, interpolated signal shapes
are also used to ensure comprehensive coverage.

4 Event selection and reconstruction

The events in the data are required to pass the diphoton high-level trigger selection used in the
CMS low-mass H → γγ search [41], which requires the triggered diphoton objects to have an
invariant mass greater than 55 GeV, with the photon minimum pT thresholds of 30 and 18 GeV
on the highest and second-highest pT photons, respectively, as well as various calorimeter-
based identification criteria. Photon reconstruction [23] in CMS starts by clustering ECAL
crystal energy deposits. For photons with transverse energy greater than 10 GeV, clusters are
grouped into superclusters to account for shower spread from tracker interactions and the
magnetic field. Below this threshold, or if quality criteria fail, individual clusters may still be
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reconstructed as photon-like PF [18, 42] candidates. Events that pass the trigger are required
to pass the photon reconstruction and kinematic selection requirements similar to those used
in the CMS SM H → γγ search [43]. Each photon candidate is required to satisfy standard
CMS identification criteria that ensure the electromagnetic shower is compact, well-contained
in the ECAL, and largely unaccompanied by hadronic energy or nearby tracks. These
selections are designed to identify prompt, isolated photons and to suppress contamination
from jets and electrons. The leading and subleading photons must have pT > 30 and 18 GeV,
respectively, and satisfy loose isolation and electron veto requirements [44].

To account for the distinct kinematic and topological features of the A → γγ decay,
the photon identification is further refined, following the same strategy as the CMS fully
merged diphoton analysis [21], as described below. Discrimination between signal photons
and background jets is achieved by using the photon vs. electromagnetic (EM) -enriched jet
multivariate discriminator [43]. Here, EM-enriched jets refers to hadronic jets with a large
EM energy fraction, typically originating from neutral meson decays such as π

0, η → γγ . As
the opening angle between photons from A → γγ increases with mA, their showers become
more similar to those produced by EM-enriched jets. To maintain high signal efficiency in this
regime, a looser requirement is applied to the discriminator output than in the CMS H → γγ

search. This relaxation naturally increases the rate of hadronic jet contamination, which is
mitigated by applying a more restrictive requirement on the charged-hadron isolation, Ich,
defined as the transverse momentum of charged particles in a cone around the selected photon.
Selected events are required to contain exactly three reconstructed photons (Γ) that pass
the above photon identification criteria, and have the invariant mass of the triphoton system
within the range 90 < mΓΓΓ < 180GeV, which contains the Higgs boson signal mass window
and sidebands. This analysis only uses photons in the EB (|η| < 1.44). This requirement
retains approximately 80–90% of the signal for mA ranging from 1 to 15 GeV, indicating
that the majority of signal photons are found in the barrel. The use of the endcaps would
require the development of a special strategy for the merged candidate mass regression in
a complicated geometric environment. Studies allowing resolved photons in the endcaps,
while requiring the merged candidate to be in the EB, show only a percent-level increase in
the signal efficiency across the mass range considered. Therefore, the EB-only selection is
adopted to maintain a uniform reconstruction strategy. After applying all of the selection
criteria to the simulated samples, signal events are selected with an estimated efficiency of
2.8–5.6%. The overall signal efficiency is mainly limited by the trigger requirements and
by the requirement of exactly three reconstructed photons in the event, which defines the
semi-merged topology targeted in this analysis. At small mA, where the fully merged topology
becomes more prevalent, this requirement leads to a larger reduction in acceptance. Further
reduction in efficiency arises from the photon identification and isolation requirements that
affect all signal masses.

The three reconstructed photons that pass the preselections are grouped into two classes
of A-particle candidates: merged (A1) and resolved (A2) candidates. The resolved candidates
A2 are reconstructed by choosing the two closest photons and using their momenta to obtain
the invariant mass. From simulation, this is seen to correctly match the photons from the
same parent A particle 97–99% of the time for various mA. The merged candidate A1 in
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semi-merged events is obtained from the third reconstructed photon, for which a direct
measurement of the invariant mass is not possible with the reconstructed objects, and so the
mass is reconstructed from the machine learning (ML) based regression.

Each reconstructed A-particle candidate is used to fill a two-dimensional (2D) mA shape
template, which acts as either a signal or background model. Under the identical mass
hypothesis, mA1 = mA2, the nominal signal would fall on the diagonal of this 2D plane.
In addition, we also define an orthogonal signal region (SR) within the Higgs boson mass
window on the triphoton mass mΓΓΓ, under the assumption that the photon-like objects
come directly from Higgs boson decays, with no additional invisible particles. The SR and
sideband (SB) regions along the mΓΓΓ axis are:

• mH-SBlow: 90 < mΓΓΓ < 100GeV,

• mH-SR: 100 < mΓΓΓ < 135GeV,

• mH-SBhigh: 135 < mΓΓΓ < 180GeV,

while the SR and SB along the 2DmA axis are:

• mA-SB: ∆mA > 2GeV (off-diagonal),

• mA-SR: ∆mA < 2GeV (on-diagonal).

The boundaries of the regions above are optimized using simulation to maximize the signal
efficiency in the SR and minimize the signal contamination in the SBs, while maintaining
a sufficient number of events in the SBs to have a reasonable background estimate. The
shape and yield of the nonresonant background in the final SR are derived using the data
sidebands in the mΓΓΓ and 2DmA regions described above.

5 Signal mass regression using a graph neural network

Several LHC studies have explored the ML-based reconstruction of Lorentz-boosted particle
decays [45–47], most often relying on PF candidates. While these studies show improved
results over the traditional cutoff-based algorithms, their effectiveness in dealing with shower
merging remains limited. This motivates an end-to-end strategy that minimizes intermediate
preprocessing, enabling ML models to train directly on minimally processed detector data
represented as detector images or permutation-invariant graphs, to predict the particle
properties [48–52]. In CMS, data are organized into various tiers according to the level of
processing [53, 54]. While compact, clustered formats are optimized for most analyses, studies
like this one require access to detailed calorimeter information available only in minimally
processed data, which enables the reconstruction of merged-photon candidates using the
mass regression described below.

In the semi-merged regime of the H → AA → 4γ decay explored in this search, one pair
of photons from the A decay is resolved and reconstructed as two separate photons. At the
same time, the other pair could be highly collimated and reconstructed as a single photon,
or the secondary photon in this pair, while identifiable as a separate object, could remain
unreconstructed. This can happen if the secondary photon is well separated from the primary
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photon, but is too low in energy (pT < 10GeV) to be reconstructed by the standard CMS PF
algorithm, or the opening angle is large so that the secondary photon escapes into the endcap
or falls out of the search window. In simulation, we find that at mA = 1GeV, the merged
leg is dominated by true overlaps of the two photon showers, comprising more than 90% of
events. For larger masses, the semi-merged configuration with a soft secondary photon is the
dominant contribution, accounting for roughly 75–95 (65–85)% of events for mA values in
the range 3–5 (10–15) GeV, corresponding to cases where the secondary photon is contained
within the regression window. To handle these cases, the mass regression mentioned above
is used to determine the underlying A mass directly from the crystal-level patterns in the
ECAL, an approach similar to that developed in ref. [19] and used in ref. [21]. For larger mA,
a larger fraction of events have a secondary photon that falls outside the regression window,
resulting in a single-photon-like topology and reduced signal efficiency in the final SR.

While the approach described in ref. [19] employs a convolutional neural network (CNN),
this analysis uses a more advanced graph neural network (GNN), which has been found
to outperform the CNN. The choice of a GNN was motivated by several factors. Graph
convolution operations can naturally learn rotational symmetries present in the energy deposit
patterns in the calorimeter in the presence of soft secondary photon deposits by utilizing
permutation invariance, which is a challenge for CNNs, thus removing one level of complexity
from the problem. The use of a graph format for the input data also enables the use of only
those crystals that have energy deposited in them. This results in a substantial reduction of the
problem size relative to CNNs, where the data are represented by large, very sparse, 2D grids.

5.1 Model architecture and input images

The mass regression is built with a GNN, called a dynamic reduction network [55], with
residual connections added. The inputs to the nodes of the graph are the energy deposit
maps from the EB. A 128×128 matrix of ECAL crystals around the most energetic crystal
(seed) of the reconstructed merged photon candidate is chosen to create an image array. This
corresponds to a window within an angular distance ∆R =

√
∆η 2 +∆ϕ 2 ≈ 1.11 around

the seed. Given that the opening angle between the photons from the A increases with its
mass mA, the width of this window is chosen such that it captures most of the secondary
photon’s energy deposits. More than 90% of events fall inside the window for mA < 5GeV,
and about 60–80% for higher masses up to 15 GeV.

Examples of the ECAL energy deposit maps fed into the network are shown in figure 1,
taken from H → AA → 4γ simulation samples of different signal masses that correspond to
different boosts and opening angles. The maps are plotted in the relative ECAL crystal index
coordinates (iη′, iϕ′), corresponding to the crystal positions along the η and ϕ directions
inside the cropped window around the merged-photon candidate. Every pixel in the image
directly represents the energy deposited in an individual ECAL crystal. These energy deposits
correspond to the interaction between the incoming photon and the detector material.

In figure 1, the merged-photon candidate is shown at the center of each image, with the
generator-level opening angle between the two photons, ∆Rgen(γγ ), printed above in terms of
ECAL crystals. For the lowest mass point (mA = 3GeV, left), a second overlapping energy
cluster is visible near the central deposit, consistent with two closely spaced photons being
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Figure 1. Energy deposit maps in the ECAL from simulated H → AA → 4γ events corresponding to
the 2017 data-taking conditions for the masses mA = 3 (left), 5 (middle), and 15 (right) GeV, shown
in the relative ECAL crystal index coordinates (iη

′

, iϕ
′

). Each image displays the ECAL deposits
from a single A → γγ decay of the merged leg. A close-up of the merged-photon candidate in the
center of each image is shown, and the generator-level photon separation ∆Rgen(γγ ) is indicated above
each panel for the corresponding mass point.

reconstructed as a single merged photon. At higher masses, the photons are more widely
separated (as indicated by the larger opening angles); in the middle image, the secondary
photon corresponds to the cluster to the upper left of the central deposit, while in the
rightmost image, it corresponds to the low-energy cluster at the bottom. These secondary
photon deposits are very low in energy and fall below the reconstruction threshold.

To fully utilize the differences in the EM shower development that result from the
differences in the material budget in the η-direction in the detector, the ECAL energy deposit
map is split into the transverse and longitudinal energy components, defined as ET = E sin θ

and Ez = E cos θ respectively, where E is the energy and θ is the polar angle of the energy
deposit relative to the beam line. Additionally, the position coordinates of the crystals
in x, y, and z are also provided as separate features. These position coordinates, along
with the relative location of energy deposits, aid in defining adjacency relations within the
network and help the model to learn global variations in shower patterns due to differences
in material budget as a function of η.

The architecture of the network is illustrated in figure 2. The input nodes, which encode
the information from the energy deposits, are first projected into a high-dimensional space
using a multilayer perceptron (MLP) [56], a fully connected neural network. The core
of the model consists of edge convolution (EdgeConv) [57] modules. In each module, a
graph is dynamically constructed by connecting each node to its nearest 16 neighbors in the
learned feature space. The EdgeConv operation is then applied to these edges to update
the node features. Following this, the original node features are added to those updated
by the EdgeConv, forming a residual connection, before applying pooling. This residual
connection, combined with pooling, progressively reduces the graph size. After the final
clustering and pooling stage, global max pooling is applied across the remaining nodes, and
the resulting feature vector is passed through an output MLP with a single node. This output
is compared to the true mass of the object responsible for the input energy pattern using
the mean absolute error as the loss function.
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Figure 2. Illustration of the network architecture used for the mass regression. Input energy and
position of the calorimeter deposits are processed by an MLP, followed by EdgeConv and clustering +
pooling layers with residual connections. The final graph representation is passed through an output
MLP to predict the object mass.

5.2 Training

For training, additional sets of simulated samples of A → γγ decays were produced with flat
distributions in mA and pT, within the ranges mA = (0, 18)GeV and pT = (10, 200)GeV,
and restricted to the EB, with |η| < 1.44. The photon selection criteria defined for merged
photon-like candidates preferentially select highly boosted A particles, which tends to sculpt
the pAT vs. mA phase space. To avoid biasing the network, the training samples are produced
to ensure that the (pAT , mA) phase space is uniformly distributed after photon selection
criteria have been applied.

At the boundaries of the training phase space, the performance of any deep neural network
tends to degrade because those regions are underrepresented in the training data, leading
to reduced generalization and biased predictions. To mitigate this effect and better equip
the network to distinguish genuine merged-photon candidates from A decays from single
photons originating from background processes, simulated single-photon samples are also
included in the training set. These single photons are assigned a random negative target
mass value in the range −3 to 0 GeV, following the “domain continuation” method described
in ref. [19]. The minimum value of −3GeV is optimized from training such that the mass
response is linear, and with a minimal contribution of single photons in the mass domain of
interest, mA > 0GeV. By augmenting the training set with true photons not associated with
the A → γγ decays and assigning a nonphysical negative mass value, we effectively reduce
the background contamination by removing the samples that become regressed with masses
below zero during inference, while making the full low-mA region accessible to the network.

After the photon selection criteria are applied, the available samples, corresponding to
the 2017 data-taking conditions, are split into independent training and validation subsets,
with the latter used only to monitor performance during training. In total, about 600k
A → γγ events and 70k single-photon events are used, split in an approximately 4:1 ratio
between the training and validation sets. The number of single-photon events is chosen such
that the density of negative-mass samples is the same as that of the positive-mass samples.
The regressed mass as a function of the true mass is shown in figure 3, demonstrating
that the training works as intended: the regression learns the true mass efficiently over
the entire mass range.
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Figure 3. True vs. predicted mass from the mass regression during training validation using simulated
A → γγ samples corresponding to the 2017 data-taking conditions generated with a continuous uniform
distribution in mass and pT. As discussed in section 5.2, the training includes domain continuation,
which introduces negative target mass labels to improve linearity near the boundary; regions below
and to the left of the solid red lines correspond to these negative mass predictions, which are not
considered in the final selection.

5.3 Validation on simulation and data

The regression model is validated on fixed-mass simulated samples of the signal H → AA → 4γ ,
for various A particle masses. Figure 4 shows the mass regression prediction for the merged
photon candidates that pass the selections, for the signal samples of various masses. It can
be seen that the regression can reconstruct the mass peaks reasonably well for all mA points.
As the mass increases, there is an increasing peak at mA ∼ 0GeV because the “merged
leg” looks more like a single photon, either because the secondary photon is extremely low
in energy or the opening angle is too high, so it goes out of the image window. Figure 5,
which shows simulated samples corresponding to different data-taking periods, demonstrates
that the predicted mass peaks are well aligned for a signal mass of 5 GeV. It highlights the
robustness of the regression network to differences in conditions among different data-taking
periods, given that it was trained exclusively using simulated samples corresponding to the
2017 data-taking period.

Since the signal models are built from simulated events and compared to background
models derived from data, calibration and adjustment of the response of the mass regression
between data and simulation are also performed. Although decays of neutral mesons such as η

and π
0 might seem suitable for this purpose, the selected events often contain highly collimated

QCD jets with multiple mesons, which lead to shifted predicted masses. Additionally, limited
simulation statistics and potential mismodeling of QCD processes make reliable comparisons
with the data challenging. Another candidate, the J/ψ meson, was considered; however,
selecting boosted J/ψ mesons that match the A particle kinematics yielded an extremely low
number of events, rendering it unsuitable for a meaningful calibration.

Instead, we turn to the decays of Z → e+e−, following the approach used in the fully
merged diphoton search [21]. The electrons from the decay are produced in abundance and
are well isolated from hadronic activity, similar to the case of the A → γγ decays. When
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interacting with the magnetic field of the CMS solenoid, the electron shower gets slightly
smeared and can resemble a highly merged photon shower from the A. The regression is
validated on the single electron showers which peak around m ≈ 0GeV. Electron candidates
are obtained using the “tag-and-probe” method [58] and are required to be matched to a
photon candidate passing the photon identification criteria. In addition to this, to better
represent semi-merged-like events characterized by a soft secondary energy deposit near the
primary photon deposit, we examine a specific subset of the selected events. These contain low-
energy photon-like PF candidates mentioned in section 4. The pT spectrum of these deposits
has been verified in simulation to overlap with that of the secondary photon from A → γγ

decays across all signal mass points, confirming the kinematic representativeness of this proxy.
The resulting mass distributions are shown in figure 6: the left panel corresponds to

all selected Z → e+e− events, peaking near zero, while the right panel shows the subset
with a nearby soft PF deposit, producing a shifted distribution characteristic of semi-merged
topologies. The relative response between data and simulation is parameterized using two
components: a mass-scale variation, which adjusts the overall scale of the simulated regressed
mass, and a smearing variation, which introduces extra Gaussian smearing to match the
resolution observed in data. These variations are evaluated separately for each data-taking
year and for three EB pseudorapidity regions: central (|η| < 0.5), middle (0.5 < |η| < 1.0),
and forward (1.0 < |η| < 1.44). A representative example using 2017 data and simulation
over the full EB pseudorapidity range is shown in the figure. The derived variations are
incorporated as systematic uncertainties in the signal model, as discussed in section 7. In
figure 6, the shaded red band corresponds to the uncertainty envelope from the scale and
smearing variations. These are applied as one-sided systematic variations (shift or no shift),
and the resulting envelope spans the possible upward or downward shift of the prediction
relative to the nominal simulation. The data and simulation show agreement within the
assigned uncertainties, with the residual differences at the percent level. This provides a
validation of the calibration in configurations relevant for semi-merged topologies as well.

6 Signal and background models

6.1 Signal model

The final SR is defined as mH-SR ∩ mA-SR. In this region, we construct a signal model that
specifies both the shape of the distribution and its total yield (normalization) with respect
to the data for a given integrated luminosity, for each mA hypothesis. The shape is derived
by creating the 2DmA template using the simulated H → AA → 4γ events passing the
event selection criteria described in section 4. Simulated samples are generated at nominal
A mass points of mA = 1, 3, 5, 10, and 15 GeV, for which a shape template is produced
and compared against the estimated background model.

The yield or normalization N(mA|mH-SR ∩ mA-SR) in the final SR for a particular mA
hypothesis with the data corresponding to a given integrated luminosity

∫
L dt is given by:

N(mA|mH-SR ∩ mA-SR) = σ(pp → H)B(H → AA → 4γ ) ε(mA|mH-SR ∩ mA-SR)
∫
L dt,
(6.1)
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Figure 6. Regressed mass for Z → e+e− electrons in the 2017 data vs. simulation for all events
passing the selections (left), showing a peak at zero, and for a subset of those events with a soft
photon-like deposit near the electron (right), showing a peak away from zero. The variable f denotes
the fraction of events per bin. The area of each distribution is normalized to unity. In the upper
panels of each plot, the coverage of the best fit scale and smearing estimates in simulated events (“MC,
stat ⊕ syst”), plus statistical uncertainties added in quadrature, are plotted as the red bands around
the original simulated sample, which are shown as the blue lines (“MC”). The data events are shown
as black points, with statistical uncertainties indicated by the error bars. In the lower panels of each
plot, the ratio of data to simulation is shown with the black points, where the error bars represent
the statistical uncertainties in the data. The red-filled area represents the combined statistical and
systematic uncertainty in the best fit corrected simulation, shown relative to the nominal prediction
as an uncertainty envelope around unity. The gray hatched regions correspond to events that do not
enter the selection.

where σ(pp → H) is the production cross section of the Higgs boson, B(H → AA → 4γ) is
the branching fraction of H → AA → 4γ , and ε(mA|mH-SR ∩ mA-SR) is the efficiency of
selection of the H → AA → 4γ events into the final SR, for a given mA hypothesis. For ease of
calculation, we choose a hypothetical signal cross section σ(pp → H)B(H → AA → 4γ ) = 1 pb
to normalize the templates. If we consider the SM Higgs boson production cross section
σ(pp → H) = 55.6 pb [59], this is equivalent to B(H → AA → 4γ ) = 1.8×10−2. Intermediate
signal mass models are constructed by interpolating both the shape and normalization between
the generated mass points with ∆mA < 2GeV, ensuring smooth signal coverage across the
full mA mass range. We validate the interpolation method using generated signal mass points
and find the shapes to be comparable. Figure 7 shows the 2DmA distribution of the signal
model from simulation for the mA = 5GeV hypothesis. The region enclosed by the jagged
lines defines the mA-SR region, while the area outside corresponds to the mA-SB region.
The 2DmA distributions are binned using variable bin widths, chosen to maintain sufficient
statistical power in each bin. Within this binning scheme, the final template contains 119
bins, with the nominal signal lying along the diagonal within the mA-SR, centered around
the expected value of 5 GeV for both axes.
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Figure 7. The 2DmA distribution of the signal model from 2017 simulation for the mA = 5GeV
hypothesis, normalized to σ(pp → H)B(H → AA → 4γ ) = 1 pb. The region enclosed by the jagged
lines defines the mA-SR region, while the area outside corresponds to the mA-SB region.

6.2 Background model

The background estimation is performed using data in the SB regions. The shape and yield
of the background model are derived by constructing a 2DmA template, using the data
SBs in both the mH and 2DmA distributions.

To obtain the shape of the background template, we assume that the 2DmA shape in
the mH-SR can be expressed as a linear sum of the corresponding shapes in the mH-SBlow
and mH-SBhigh regions:

p(mA|mH-SR) = fSB-lowp(mA|mH-SBlow) + fSB-highp(mA|mH-SBhigh), (6.2)

where p(mA|mH) denotes the corresponding 2DmA shape in each region, with

fSB-low + fSB-high = 1. (6.3)

The fSB-low (fSB-high) is the relative contribution of the mH-SBlow (mH-SBhigh) shape to the
total shape of the mH-SB, defined as:

fSB-low = NSB-low
NSB-low + NSB-high

. (6.4)

We then assume that the ratio of the number of events along the 2DmA diagonal region
(mA-SR) derived from mH-SB to the number of events observed in the mH-SR is the same
as that in the off-diagonal region (mA-SB):

N(mH-SR ∩ mA-SR)
N(mH-SB ∩ mA-SR) =

N(mH-SR ∩ mA-SB)
N(mH-SB ∩ mA-SB) . (6.5)

Taking the ratio from the off-diagonal region, which is signal-depleted by construction, and
the on-diagonal yield from the mH-SB, we can obtain a background model for the final SR:

N(mH-SR ∩ mA-SR) =
N(mH-SR ∩ mA-SB)
N(mH-SB ∩ mA-SB)N(mH-SB ∩ mA-SR). (6.6)
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Figure 8. The 2DmA distribution of the background model constructed from data sidebands. The
region enclosed by the jagged lines defines the mA-SR region, while the area outside corresponds to
the mA-SB region.

Thus, the final background model for the SR, combining the shape from eq. (6.2) and the
yield from eq. (6.6), is:

bkg(mH-SR ∩ mA-SR) = N(mH-SR ∩ mA-SR)p(mA|mH-SR)
= N(mH-SB ∩ mA-SR)p(mA|mH-SB ∩ mA-SR)

×
N(mH-SR ∩ mA-SB)
N(mH-SB ∩ mA-SB) .

(6.7)

To visualize the resulting background model, we construct the full 2DmA distribution
using the procedure described above. This distribution, binned using the same variable
binning scheme as the signal model, is shown in figure 8. The region enclosed by the jagged
lines defines the mA-SR region, while the area outside corresponds to the mA-SB region.

6.2.1 Background model validation

In order to validate the background estimation procedures described above, we compare the
expected and observed 2DmA distribution in the mA-SB regions, where signal contamination
was considered but deemed to be negligible. Any residual differences between the two
distributions are quantified by fitting the bin-by-bin residuals in the 1D projections along
each mass axis with Chebyshev polynomials. The resulting functions are then applied to the
nominal 2D background distribution to produce alternative templates, which are used to
evaluate the background shape systematic uncertainties discussed in section 7.

The unrolled distribution of the 2DmA distribution in the mA-SB region is plotted in
figure 9. Only bins that belong to the mA-SB region are retained. The unrolling begins at the
lower-left corner of the 2D histogram and scans vertically in mA2 at fixed mA1, then steps to
the next mA1 column. Bins outside the mA-SB region are skipped, with the x-axis indexing the
retained bins in this scanning order. The one-dimensional (1D) projections of the distributions
along each mA axis are also shown in the lower panels. In the upper panel of the plots, the
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black points are the observed data with error bars corresponding to the statistical uncertainties.
The blue line shows the nominal expected background distribution, with the blue shaded
region indicating its statistical and systematic uncertainties added in quadrature. In the lower
panel, the ratio of the observed data to the nominal expected background is shown as black
points, with the error bars corresponding to statistical uncertainties in the former. The ratio
of the statistical plus systematic uncertainties in the background over the background model
is shown as the blue band. We find good agreement between the data and the background
prediction within the uncertainties. In addition, signal injection tests are performed, which
do not show any potential bias in the background prediction method for the entire range of
signal hypotheses considered. As a further cross-check, the normalization factors in the signal
region, that are derived from the combined sidebands, are found to be compatible with those
estimated from the low and high sidebands separately. This demonstrates that the 2DmA
shape does not vary significantly across the mΓΓΓ range and residual correlations between
mΓΓΓ and the 2DmA structure do not bias the background estimate.

7 Systematic uncertainties

The dominant uncertainty that affects the extraction of the signal is the statistical uncertainty
in the background modeling. In addition, systematic uncertainties related to both the
background and signal models are taken into account. For the signal model, alternate
templates are generated by shifting the nominal prediction up or down by one standard
deviation of each uncertainty source. The following sources are considered:

• Integrated luminosity. The uncertainty in the integrated luminosity measurement is 1.2,
2.3, and 2.5% for the 2016, 2017, and 2018 data-taking periods, respectively [60–62],
leading to an overall uncertainty of 1.6%. These uncertainties are considered to be
partially correlated across the three years.

• Trigger efficiency. To account for differences in trigger efficiency between data and
simulation, trigger efficiencies in data are derived via the tag-and-probe method [58]
using Z → e+e− events. The efficiency estimated in simulation is applied to the signal
model, and a systematic uncertainty is assigned to account for potential differences
with respect to data. This uncertainty ranges from 20% at mA = 1GeV to 1% at
mA = 15GeV. Larger values are assigned at low mA, where the kinematic phase
space of the photon candidates that pass the trigger requirements differs slightly from
that used in the standard trigger efficiency measurements. A conservative uncertainty,
corresponding to the difference between the trigger efficiency in simulation and that
obtained from data measurements, is assigned to ensure full coverage.

• Photon identification. Correction factors are applied to the signal model to account for
differences in photon identification efficiency between data and simulation, as computed
in ref. [21]. These scale factors are obtained with the tag-and-probe procedure using
Z → e+e− events, where the smeared electron shower serves as a proxy for merged-
photon candidates, directly establishing the validity of this approach for the merged-
diphoton topology. The associated uncertainty in this correction ranges from 1 to 3%.
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Figure 9. Expected background versus observed data 2DmA spectra in the mH -SR ∩ mA-SB region.
Upper plot: unrolled spectra made by scanning along bins of increasing mA2 at fixed mA1 before
incrementing in mA1. Only the bins in the mA-SB region are included, with the x-axis corresponding
to the unrolled bin index of the selected bins, listed sequentially. Lower plot: projected 1D mA spectra
corresponding to merged (left) and resolved (right) candidates. In the upper panels of each plot, the
black points with error bars (“Data”) are the observed data values, with the error bars corresponding
to statistical uncertainties. The blue line corresponds to the background model, with the blue band
corresponding to its statistical uncertainties and systematic uncertainties added in quadrature (“Bkg,
stat ⊕ syst”). In the lower panel of the same plot, the ratio of the observed data over the estimated
background value is shown as black points, with error bars corresponding to statistical uncertainties
in the former. The ratio of the statistical plus systematic uncertainties in the background over the
background prediction is shown as the blue band.
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• Photon energy scale and resolution. Corrections are applied to the photon energy scale
and resolution in simulation, as computed in ref. [23]. The resulting uncertainty in the
signal model is a maximum bin-by-bin variation of <3% from the scale and ∼0.1% from
the resolution.

• Mass regression scale and smearing. Following the procedure described in section 5.3,
the difference between the mass regression response in data and simulation is accounted
for in the signal model by applying a relative scale shift and an additional Gaussian
smearing to the simulated regressed mass of each merged-photon candidate. The scale
and smearing parameters are determined independently for each data-taking year and
each |η| category. The best-fit values of the relative scale, ŝscale, and smearing, ŝsmear,
are obtained by minimizing the χ2 between the regression response for electrons in data
and in simulation after applying the corrections to the simulated distribution. The
resulting scale shifts range from 1.6 to 6%, and the additional smearing reaches up to
260 MeV.

For the background model, a systematic uncertainty is assigned to account for potential
mismodeling of the expected background shape. As described in section 6.2.1, the residual
differences between the observed and expected distributions in the mA-SB region are fitted
along each mass axis using Chebyshev polynomials: second order in mA1 and third order in
mA2. Each polynomial coefficient defines an independent variation, where the full correction
associated with that coefficient is applied as an up or down shift relative to the nominal 2D
background template, thereby producing the alternative templates used as the background
shape systematic variations in the final fit. The impact of these background modeling
uncertainties on the limits is subdominant compared to the statistical uncertainty of the
background template.

8 Results

A statistical hypothesis test using a maximum likelihood estimation [63] is performed to
extract the best fit between the observed 2DmA distribution and the constructed signal-plus-
background model, µS + B, where µ is the signal strength parameter for each signal mass
point. Systematic and statistical uncertainties from the constructed signal and background
models are treated as penalty terms or “nuisance parameters” in the likelihood function.
The results of this analysis are used to set upper limits on the product of the production
cross section of the Higgs boson and the branching fraction into four photons via a pair of
A particles, σ(H)B(H → AA → 4γ ). The CLs criterion [64, 65] is used to set the upper
limits, using the asymptotic approximation [66]. The results are determined using the CMS
statistical analysis tool Combine [67].

Figure 10 shows the 2DmA distribution spectra in the final SR. The upper plot displays
the unrolled distribution of the 2DmA distribution. The unrolling begins at the lower-left
corner of the 2D histogram and scans vertically in mA2 at fixed mA1, then steps to the
next mA1 column. Bins outside the mA-SR region are skipped, with the x-axis indexing
the retained bins in this scanning order. The lower plots show the 1D projections of the
2DmA distribution onto the mA1 (left) and mA2 (right) axes. The unrolled 2D distribution
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is chosen as the final discriminant, since the 2D distribution provides better sensitivity than
any individual 1D projection. In each of the plots, the background model (in blue), after
fitting to the data (in black), is shown overlaid with the signal model distributions for mA =
3, 10, and 15 GeV. Good agreement between data and background prediction is observed. No
statistically significant excess above the SM expectation is found in the explored mass range.

The observed upper limits on the signal cross section times branching fraction σ(pp → H)
B (H → AA → 4γ ) at 95% CL are plotted with a solid black line, with the median expected
limit in a dashed black line, along with the 68 and 95% CL intervals in green and yellow
bands, respectively, in figure 11. The 95% CL observed (expected) limits range from a value
of 0.264 (0.354) pb for mA = 1GeV to 0.005 (0.006) pb for mA = 15GeV. The expected and
observed limits are compatible across the full mass range.

Figure 12 presents a comparison of the observed and expected upper limits from previous
CMS and ATLAS searches with those obtained in this search. The largest improvement in
our search compared to the ATLAS search is achieved at a mass of mA = 3GeV, where the
observed limit is 100 times more stringent than the previous ATLAS result [22]. The ATLAS
Collaboration attributes their reduced sensitivity in this region to the transition between
the merged and resolved photon categories, where the merged category has significantly
larger background contributions. The sensitivity of our search is reduced at the lowest mass
compared to the previous CMS search, since the fully merged photon signature still dominates
there, while at the highest masses it is reduced because of the small number of events, the use
of coarser binning, and the large background uncertainty. This search with the semi-merged
photon signatures thus enables the extraction of stringent limits across the entire mass
spectrum, bridging the gap in sensitivity between the two previous CMS searches, and is also
the first measurement from the CMS experiment in the mass range mA = 1–15 GeV.

9 Summary

A search for the exotic decay of the Higgs boson of the form H → AA → 4γ in events with
three photon-like objects has been performed using proton-proton collision data collected by
the CMS experiment at

√
s = 13TeV corresponding to an integrated luminosity of 138 fb−1.

One of the hypothetical particles, A, is assumed to decay promptly to one semi-merged
diphoton candidate reconstructed as a single photon-like object, while the other A decays
into a pair of resolved photons. No excess above the estimated background is found. Upper
limits are set on the product of the Higgs boson production cross section and branching
fraction, σ(pp → H)B(H → AA → 4γ), ranging from 0.264 to 0.005 pb at 95% confidence
level for masses of A in the range 1–15 GeV. These limits are the most stringent to date
in the 1–5 GeV mass range.
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Figure 10. The 2DmA spectra in the final signal region. Upper plot: The unrolled 2DmA distribution
made by scanning along bins of increasing mA2 at fixed mA1 before incrementing in mA1. Only
the bins in the mA-SR region are included, with the x-axis corresponding to the unrolled bin index
of the selected bins, listed sequentially. Lower plot: 1D projections on the mA1 (left) and mA2
(right) axes of the 2DmA distribution. The data distributions (black points) are plotted against
the total predicted background distributions (blue curves) after fitting to the data. The statistical
plus systematic uncertainties in the background distribution are plotted as the blue band. The
corresponding distributions of simulated H → AA → 4γ events for mA = 3 (purple curve), 10 (gray
curve), and 15 GeV (orange curve) are also overlaid on top. They are each normalized to the value
of the expected upper limit to the signal cross section times 50. The lower panels of each plot show
the ratio of the observed data over the predicted background as the black points, with the error bars
representing the statistical uncertainties in the former. The ratio of the statistical plus systematic
uncertainties in the background over the background prediction is shown as the blue band.
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Figure 11. Observed (solid black line) and median expected (dashed black line) upper limits at 95%
CL on the signal cross section times branching fraction σ(pp → H)B(H → AA → 4γ ) at various mA
mass points. The 68 and 95% confidence intervals around the median expected limit are shown as the
green and yellow bands, respectively.
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Figure 12. Observed (solid line) and expected (dashed line) upper limits, including the 95% CL
interval around the expected limit, from this search (CMS semi-merged) compared to the previous
CMS and ATLAS searches [20–22], over the full mA range of 0.1 to 60 GeV. The limits are shown in
terms of σ(pp → H)B(H → AA → 4γ ).
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