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Abstract: The Standard Model of particle physics, although remarkably successful, leaves several major questions

unanswered, continuing to motivate searches for new phenomena. Multiboson interactions involving the Higgs bo-

son are of particular interest as probes of the electroweak Lagrangian, where potential new physics may reside. In

this work, we present a study of the associated production of a /¥ boson, a Higgs boson, and a photon in proton-pro-

ton collisions at the Large Hadron Collider (LHC). Monte Carlo simulations are performed to model both the signal
and background processes, and detector effects are included according to CMS specifications. Boosted decision trees
are employed to optimize the event selection and enhance signal-background discrimination. We estimate that, with
an integrated luminosity of 440 fb™', the expected significance for the WHy process is 0.630, increasing to a projec-

ted 1.640 at the High-Luminosity LHC (HL-LHC).
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I. INTRODUCTION

The Standard Model (SM) has been remarkably suc-
cessful in describing the fundamental particles and their
interactions [1]. The discovery of the Higgs boson by the
ATLAS and CMS Collaborations at the CERN Large
Hadron Collider (LHC) [2, 3] completed the particle con-
tent of the SM and marked a major milestone in particle
physics. Nevertheless, several important questions re-
main unresolved, including the nature of dark matter, the
origin of neutrino masses, and the baryon asymmetry of
the Universe. In this context, precision studies of Higgs
boson production and decay provide an important avenue
for testing the SM and searching for possible effects of
physics beyond it.

Numerous theoretical and experimental studies have
been devoted to Higgs boson production in diboson final
states [4—7]. Multiboson final states have also been ex-
plored at the LHC [8—12]. However, the specific Higgs-
associated topology considered in this work, namely the
WHy process with leptonic W boson decay and hadronic
Higgs boson decay, has remained comparatively less
studied in the context addressed here [13, 14]. This chan-
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nel leads to the (vbby final state, with £=e,u, and
provides a complementary probe of the electroweak
structure of the SM. It is also sensitive to radiative Higgs
effects contributing to the bby final state, including the
kinematic features discussed in Ref. [15]. In addition, de-
viations in Higgs couplings induced by beyond-SM inter-
actions may affect such radiative contributions and alter
the corresponding event distributions, making this pro-
cess phenomenologically interesting for both precision
studies and searches for new physics [15, 16].

The LHC [17] provides an excellent environment for
studying Higgs boson processes because of its high cen-
ter-of-mass energy and luminosity. Although the Higgs
boson has been extensively investigated in more estab-
lished channels such as ZZ and WW, the WHy process
remains experimentally challenging because of its relat-
ively small production rate and complex final-state com-
position. With the increased luminosity of Run 3 and the
prospects for the High-Luminosity LHC (HL-LHC) [18],
more sensitive measurements of rare associated-produc-
tion channels are becoming increasingly feasible [19].
The CMS detector, with its high-performance tracking
system, calorimetry, and muon chambers, is well suited to
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reconstructing the leptonic W boson decay, identifying
two b-tagged jets from Higgs boson decay, and selecting
an isolated photon in WHy candidate events.

In this study, we investigate the WH7y process illus-
trated in Fig. 1. We focus on the topology in which the
photon is radiated either from the Higgs boson sector (re-
ferred to here as the Higgs component) or from the W bo-
son or quark lines (referred to here as the non-Higgs com-
ponent). Both contributions lead to the same reconstruc-
ted final-state signature, consisting of one charged lepton,
missing transverse momentum, two b-tagged jets, and one
photon. We consider the leptonic decay mode W — {v,
which offers a cleaner experimental signature than the
hadronic W boson decay, together with H — bb and
H — bby final states.

Our simulation framework is based on MadGraph5
aMCNLO [20] for matrix-element event generation,
Pythia 8.3 [21] for parton showering and hadroniza-
tion, and Delphes 3.5 [22] for fast detector simulation.
To model the H — bby contribution, we first generate the
undecayed WHy process and then perform the Higgs bo-
son decay with MadSpin [23] using a model implemen-
ted in the Universal FeynRules Output (UFO) [24] format
for the relevant effective interaction. This setup allows us
to retain the characteristic dual-peak structure of the
photon-energy spectrum reported in Ref. [15]. In this pic-
ture, one contribution arises from the QED process in
which the photon is radiated from a final-state b-quark,
while the other originates from the electroweak radiative
contribution associated with Higgs boson emission. To
further improve the separation between signal and back-
ground, we employ machine-learning techniques based
on boosted decision trees (BDTs) implemented with the
XGBoost package [25]. This multivariate strategy en-
hances the sensitivity to the rare WHy signal in the pres-

ence of sizable SM backgrounds.

II. EVENT RECONSTRUCTION AND
SELECTION

We classify the signal contributions into three cat-
egories according to the particle from which the photon is
radiated: the Higgs boson, the ¥ boson, or a quark.

In this study, the production processes are divided in-
to two parts: the first is Higgs component, which is gener-
ated using a UFO model. The event generation proceeds
in two steps. First, samples are produced with an unde-
cayed Higgs boson, and MadSpin is subsequently em-
ployed in conjunction with the UFO model to simulate
the Higgs decay to bby. This decay contains two photon-
radiation processes. One is the standard QED process, in
which the photon is radiated from a b-quark. The other
consists of electroweak one-loop corrections, with elec-
troweak radiative contributions associated with the
Higgs-sector amplitude, including diagrams such as
h—yZ* = ffy and h — yy* — ffy. The photon energy
distributions for both processes are shown in Fig. 2(a),
following the characteristic structure discussed in Ref.
[15]. The displayed range is restricted to the phenomeno-
logically relevant energy window in which the elec-
troweak radiative contribution is most clearly distinguish-
able from the QED component. The second part is non-
Higgs component, for which we employ the sm model for
event generation. Both Higgs component and non-Higgs
component are simulated at leading order (LO) using
MadGraph5 aMCNLO. When calculating the cross sections
for both the signal and background processes, we use the
default Parton Distribution Functions (PDFs) set, NNP-
DF23 [26], and set the factorization and renormalization
scales to the physical boson mass.

Fig. 1.

f

Feynman diagrams for the WHy signal process. Top left: Higgs radiation; top center: QED process; top right: H — Zy pro-

cess. Bottom left: I boson decay (leptonic); bottom right: quark radiation. We consider W boson decay and quark radiation as non-

Higgs component.
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(color online) Left: Photon energy distribution for the Higgs component of the WHy process at 13 TeV, with the QED and

EW +v contributions shown separately. The displayed range is restricted to highlight the region in which the electroweak contribution

is most visible. Right: NLO-to-LO ratio for the lepton p; distribution. The approximately flat behavior in the main kinematic region

suggests that the higher-order correction acts primarily as an overall normalization.

To estimate the impact of missing higher-order cor-
rections, we also calculate the ratio of next-to-leading or-
der (NLO) to LO predictions for representative kinemat-
ic observables. For example, the lepton pr distribution
exhibits an approximately flat ratio, with an average K-
factor of about 1.6 in the main analysis region, indicating
that the dominant NLO effect is a normalization shift
rather than a shape distortion.

The main background processes considered in this
analysis are tfy, tWy/iWy, W/Z+vy+jets, and WWy/
WZy. These samples are generated with MadGraphb
aMCNLO, interfaced with Pythia 8.3 for parton shower-
ing and hadronization, and processed with Delphes 3.5
for fast detector simulation. The production cross sec-
tions used for background normalization are listed in Ta-
ble 1.

A right-handed coordinate system is used, with the
origin at the nominal interaction point, the x-axis point-
ing toward the center of the LHC ring, the y-axis point-
ing upward, and the z-axis along the counterclockwise
beam direction. The azimuthal angle ¢ is measured in the
transverse plane, while the polar angle 6 is defined with
respect to the z-axis. The pseudorapidity is defined as

6
n = —Intan (5> , and the separation between two objects

in 77-¢ space is given by AR = /(An)? + (A¢)>.

Electrons are reconstructed using the fast detector
simulation provided by Delphes 3.5. The electron track-
ing efficiency and efficiency parameterization depend on
the transverse momentum pr and pseudorapidity # of the
electron. The electron momentum smearing function is
based on results from the CMS Collaboration [27]. The

Table 1.
processes at 13 TeV. The quoted uncertainties are the numer-
ical integration uncertainties returned by MadGraph5 aMCNLO.
The full theoretical uncertainties due to missing higher-order

Leading-order cross sections for the background

corrections (renormalization- and factorization-scale vari-
ations) are discussed in Section IV.

Process Cross Section/pb Generated Events
pp oty 2.703 + 0.009074 5,000,000
pp—ii 214.1 £ 0.036 5,000,000
pp—tWy 0.315 + 0.00016 1,000,000
pp— W/Z+y+lets 116.2 + 0.3538 3,000,000
pp— WWy/WZy 0.3564 + 0.0009274 1,000,000

electron isolation requirement is based on the scalar sum
of the transverse momenta of all particle-flow candidates
in a cone of AR < 0.4 around the electron direction, ex-
cluding the electron itself. Muon candidates are recon-
structed using efficiency corrections and momentum
smearing parameterized as functions of pr and 7, follow-
ing the same procedure as for electrons.

Jets from parton showering and hadronization are re-
constructed using the anti-k, clustering algorithm [28],
with a distance parameter of R = 0.4 and a minimum pr
of 20 GeV. B-jet flavour tagging is performed using
Delphes 3.5. The b-jet tagging efficiency is paramet-
erised as a function of jet pr and #, while the light-fla-
vour jet and c-jet mis-tagging rates are likewise paramet-
erised as functions of jet pr and 5 [29]. The b-tagging
working point corresponds to a medium operating point,
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with an effective b-jet tagging efficiency of about 70%
and a light-flavour mistag rate of about 1% [30]. In the
fast-simulation framework, these efficiencies are applied
at the reconstruction level via the Delphes 3.5 b-tag-
ging module.

Photon  candidates are reconstructed  using
Delphes 3.5, which simulates the CMS electromagnet-
ic calorimeter (ECAL) response. A cell granularity of
0.02x0.02 in n—¢ is assumed for both the barrel region
(Inl < 1.5) and the high-granularity electromagnetic calori-
meter (HGCAL-ECAL) region (1.5<|n<3.0). The
ECAL energy resolution is parameterised as a function of
n and energy following Ref. [27, 31]. Photon isolation is
defined from the scalar sum of the transverse momenta of
particle-flow candidates in a cone of AR < 0.4 around the
photon direction, excluding the photon itself.

To select the events of interest, a series of selection
criteria is applied. To select WHy signal events, we re-
quire exactly one lepton consistent with a leptonic W bo-
son decay: either one muon with pr>26GeV and
[nl < 2.4, or one electron with p; >30GeV and |n| <2.4.
Events are also required to have p™s greater than 30
GeV in order to suppress backgrounds without genuine
missing transverse momentum and to enhance compatib-
ility with the leptonic W — £v topology. In addition, both
H — bby and H — bb decay modes require two b-quarks,
S0 we require events to contain at least two b-tagged jets,
corresponding to the two jets from the Higgs boson de-
cay. Since both b-jets are decay products of one Higgs
boson, we require AR, ;, <4, a pseudorapidity difference
between the jets of An;;, <3.0, and an azimuthal angle
difference of A¢;, ;, <2.0. We also require a photon with
pr>20GeV.

The cumulative event yields after successive selec-
tion requirements are summarized in Table 2, normalized
to an integrated luminosity of 440 fb'. The loose selec-
tion (denoted as "L1") includes the lepton, photon, piriss,
and two-b-jet requirements. Further selections, denoted as
"L2", tighten the kinematic selection by applying AR, An,
and A¢ constraints on the jet pair. The BDT requirement

Table 2.

and the final photon p; and jet multiplicity requirements
substantially suppress the leading backgrounds while re-
taining a meaningful fraction of the signal. Fluctuations
in the predicted yields for the signal components, espe-
cially the Higgs component, reflect the limited Monte
Carlo statistics, which is accounted for in the systematic
uncertainty discussion in Section IV.

The fake-photon background, arising primarily from
jets misidentified as photons in QCD multijet processes,
is a potentially important reducible background for this
channel. A reliable estimate of the jet-to-photon fake rate
would require detector-level photon-identification vari-
ables, such as the shower-shape observable o, and the
hadronic-to-electromagnetic energy ratio H/E, or data-
driven techniques based on control regions; these are bey-
ond the scope of the present fast-simulation study. In this
work, we do not attempt a quantitative estimate of the
fake-photon background. Instead, we acknowledge it as a
source of reducible background that should be addressed
in a full experimental analysis. To mitigate the potential
impact of fake photons, which are expected to be concen-
trated in the low-pr region, we impose a tighter photon
pr requirement of p) >50GeV in the final signal region
shown in Fig. 3.

1. BDT TRAINING AND RESULT

We employ a Boosted Decision Tree (BDT) [32] mul-
tivariate analysis to combine several discriminating vari-
ables into a single BDT score. XGBoost is chosen for its
robustness and widespread use in high-energy physics
analyses.

To retain sufficient information for the BDT training,
a set of looser requirements is applied to the events. We
require a transverse momentum of pf >15GeV and a
pseudorapidity of [5‘| < 2.4 for both electrons and muons.
At this stage, the efficiency for the signal process is ap-
proximately 5%. We select a set of kinematic variables as
inputs for the BDT training. These input variables in-
clude the pr, n, and ¢ of the lepton (electron or muon)

Cumulative event yields for the signal processes (Higgs and non-Higgs components) and background processes after suc-

cessive selection requirements, normalized to £ =440fb™'. L1 includes requirements on the lepton, photon, p®s, and two b jets. L2

further tightens the kinematic selection by imposing constraints on AR, An, and A¢. The final three columns show the additional im-

pact of BDT > 0.6, the requirement N, = 2-3, and p}. > 50GeV, respectively. All yields are given by the product of the cross section,

luminosity, and cumulative efficiency at each stage.

Process L1 (basic) L2 (+AR) L2 +BDT>0.6 +Nig =23 +pl > 50 GeV
signal (higgs) 3.83 2.80 1.01 1.01 0.36
signal (non-higgs) 29.43 23.67 9.53 9.44 5.39
signal (total) 33.26 26.47 10.54 10.45 5.75
background 35401.59 15221.26 113.45 106.33 52.89
Total 35434.85 15247.73 123.99 116.78 58.64
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(color online) Photon transverse-momentum distributions before selection (left) and after selection (right), shown for an integ-

rated luminosity of 440 fb~'. The background contributions are stacked, and the signal components are overlaid for visibility. The dis-
played range is restricted for plotting purposes and does not imply an additional analysis selection.

and the photon. The missing transverse momentum prss
is also included as an input variable. Jet information is in-
corporated into the BDT through a set of event-level ob-
servables constructed from the jet four-momentum vari-
ables (pr, 1, ¢, and mass), the jet cone geometry (An and
A¢), and b-tagging information.

For each jet variable v;, where i runs over all jets in
the event, we compute the following aggregate quantities:
the sum >, v;, the mean %Ziv,«, the variance Y ,(v;—)?,
the jet multiplicity n, and the leading and subleading val-
ues of v;. For the b-tagging information, only two quantit-
ies are retained: the number of b-tagged jets and the ratio
of the h-tagged jet multiplicity to the total jet multiplicity.
This construction ensures a fixed number of input vari-
ables per event, regardless of jet multiplicity. The effi-
ciencies of events for each process after preselection and
the BDT cut are listed in Table 3.

For the BDT training, we use the simulated signal and
background samples described above, with the corres-
ponding generated event yields for the background pro-
cesses summarized in Table 1. The signal events are as-
signed the label "1", whereas the background events are
assigned the label "0". The training procedure is based on
the XGBoost package. We split the dataset into two parts:
80% of the events are used to train the model, while the
remaining 20% are reserved for validation after reshuff-
ling. We evaluate the expected significance as a function
of the BDT threshold within a counting-experiment
framework and choose the final signal region as
BDT > 0.6. The feature-importance ranking shown in
Fig. 4 is based on the built-in feature-importance meas-
ure of XGBoost and is intended only as a qualitative in-
dication of the variables most frequently used by the clas-
sifier. Since several input observables are correlated, the
ordering should not be interpreted as a unique or fully ro-
bust measure of physical relevance. The resulting BDT
score distributions are shown in Fig. 5.

Table 3. Efficiency of Pre-selection for Training Samples.

Process Efficiency
signal(Higgs component) 1.4%
signal(non-Higgs component) 7.6%
1ty 12.2%
tWy[tWy 14.1%
W/Z +7vy +Jets 5.4%
WWy/WZy 12.3%

The transverse W-boson mass is constructed from the
lepton and missing transverse momentum as m) =
V2 ph- pss . (1—cos Ap), where Ay is the angle between
the lepton and the missing transverse momentum in the
transverse plane. As illustrated in Fig. 6, applying the
BDT selection suppresses a large fraction of the back-
ground while retaining part of the signal contribution.
This behavior is consistent with the separation observed
in the BDT-score distribution.

The invariant mass my,, is reconstructed from the two
leading b-tagged jets in the event by combining their
four-momenta. Figure 7 shows the my, distribution after
application of the BDT cut for events with 2 or 3 jets. The
non-Higgs component exhibits a peak around 125 GeV,
consistent with the Higgs boson mass, as the two b-jets
originate from Higgs boson decay. For the Higgs com-
ponent, the reconstructed my, distribution peaks below
125 GeV because my,, is constructed only from the two b-
tagged jets, while the photon in the radiative bby topo-
logy carries part of the Higgs boson energy.

IV. SYSTEMATIC UNCERTAINTIES AND
RESULT

The expected sensitivity is affected not only by the fi-
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nite event yields but also by theoretical, experimental,
and Monte Carlo statistical uncertainties. Because the
present work is a phenomenological fast-simulation
study, we do not attempt to construct a full experimental
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nuisance-parameter model. Instead, we adopt an effect-
ive background-uncertainty treatment to estimate the im-
pact of the dominant uncertainty sources on the final
counting sensitivity.
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Theoretical normalization uncertainties arise primar-
ily from the use of leading-order event generation and
from missing higher-order QCD and electroweak correc-
tions. Their impact is estimated through renormalization-
and factorization-scale variations, in which the two scales
are varied independently by factors of 0.5, 1, and 2
around the nominal value using the standard seven-point
prescription. The envelope of the resulting cross-section
variations is taken as a process-dependent theory uncer-
tainty. This uncertainty is treated as a normalization un-
certainty in the final background estimate.

Experimental uncertainties relevant to this final state
include the integrated luminosity; lepton reconstruction
and trigger efficiencies; photon reconstruction and isola-
tion; b-tagging; jet energy scale and resolution; and miss-
ing-transverse-momentum modeling. The b-tagging and
photon-related uncertainties are particularly important be-
cause the final state requires at least two b-tagged jets and
one isolated photon. We assign representative uncertain-
ties to these sources following CMS performance and
HL-LHC projection studies [30, 33—35]. We adopt the S2
uncertainty-scaling scenario described in Ref. [34], in
which theory uncertainties are scaled by a factor of 1/2
relative to Run 2; experimental uncertainties of statistical
origin are scaled as 1/ vk, or max(c, 1/ vk;), where k is
the luminosity scaling factor; the luminosity uncertainty
is scaled by 0.6; and the b-tagging uncertainty is kept un-
changed.

The dominant uncertainty components entering the
effective 65 at 440 fb~! are as follows:

e Theory normalization uncertainty (from scale vari-
ations and missing higher-order terms): 5%, conservat-
ively increased by a factor of two for leading-order mod-

eling, following the S2 prescription [34];

e )-tagging efficiency and mistag rate: 5%, un-
changed from Run 2, following the S2 prescription [30];

e Photon identification, efficiency, and energy scale:
a combined 2.5% [33, 34];

e | epton reconstruction and trigger efficiencies: 1.5%
[33];

e Jet energy scale and resolution, and E®* model-
ling: 3% [35];

e Integrated luminosity: 1.5%, following the S2 pre-
scription [34];

e Finite MC statistics: evaluated separately for each
background process using the weighted event variance
after the final selection.

For the signal processes, particularly Higgs compon-
ent, for which the expected yield is below one event at
440 fb™', the finite MC sample size introduces a non-neg-
ligible uncertainty in the predicted event yield. This stat-
istical component is propagated through the weighted
event variance into the total uncertainty, as described be-
low.

For a background process i with yield B; and relative
uncertainty ¢;, the uncertainty in the total background
yield is approximated by

AB= > (6:B)+AB}. (1)

where AByc denotes the statistical uncertainty arising
from the finite MC sample size. The effective relative
background uncertainty is then defined as

AB

632 ?, B:ZBI (2)

Combining all sources in quadrature, the effective
background uncertainty after the final selection is approx-
imately 8%. We therefore use 63=8% as a benchmark
value in the final counting-experiment estimate. This
value should be interpreted as an approximate effective
uncertainty rather than as a complete experimental nuis-
ance-parameter model. We note that the quoted values are
approximate estimates suitable for a fast-simulation phe-
nomenological study; a full experimental analysis would
require a more detailed treatment, including nuisance-
parameter correlations, profile-likelihood fits, and dedic-
ated control-region measurements. The 8% benchmark is
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Table 4.

Expected event yields and significances at 13 TeV in the window my, € [70,150]GeV after imposing BDT > 0.6. The results

are presented for integrated luminosities of 440 fb™' and 3000 fb™'. For the HL-LHC case, the event yields are obtained by linearly scal-
ing those at 440 fb™' with luminosity. The systematic significance is evaluated using an effective background uncertainty of 55 =8%.

(2) 440 fb '
Signal S B Zgat Zsyst
WhHy (Higgs component) 0.23 16.2 0.06 0.05
WHy (non-Higgs component) 2.30 16.2 0.57 0.54
WHy sum 2.53 16.2 0.63 0.60

(b) 3000 fb"
Signal N B Zgat Zsyst
WHy (Higgs component) 1.54 110 0.15 0.11
WHy (non-Higgs component) 15.7 110 1.49 1.14
WHy sum 17.2 110 1.64 126

intended to illustrate the qualitative impact of realistic
systematic uncertainties on the projected sensitivity.

The significance, including the effective background
uncertainty, is estimated as

S

Z< st — T —/— —>
YT VB + (05B)?

3)

where S and B denote the signal and background yields
after the final selection.

We take 440 fb™' as the reference integrated luminos-
ity for the combined LHC Run-2 and Run-3 dataset and
also consider the HL-LHC scenario with 3000 fb™'. The
statistical significance is evaluated using Zu =S/ VB.
After imposing the final selection requirements
BDT>0.6, py>50GeV, and the mass window
my, € [70,150]1GeV, the expected event yields and signi-
ficances are summarized in Table 4.

The results show that the WHy non-Higgs compon-
ent makes the larger contribution after the final selection.
At 440fb™!, its statistical significance is approximately
one order of magnitude larger than that of the Higgs com-

ponent. The combined WHy statistical significance is
0.630 at 440 fb™" and 1.640 at 3000 fb~'. After including
the benchmark effective background uncertainty, these
values are reduced to 0.600- and 1.260-, respectively.

V. SUMMARY

We present a projected study of WHy production at
the CMS experiment, focusing on the final state in which
the W boson decays leptonically (into an electron or
muon and a neutrino) and the Higgs boson decays into a
bb pair. This rare triboson process serves as a probe of
the Standard Model (SM) electroweak sector and is there-
fore sensitive to potential new physics affecting elec-
troweak couplings. Based on the BDT analysis summar-
ized in Table 4, the expected significance for an integ-
rated luminosity of 440 fb™' is approximately 0.63¢. With
the full High-Luminosity LHC (HL-LHC) dataset of 3000
fb™!, the significance is projected to reach 1.64¢. Al-
though observation of this process remains challenging,
these projections motivate the initiation of an experiment-
al search to constrain the relevant phase space.
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