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This paper presents a search for semi-visible Higgs boson decays in final states with a photon (W)

and missing transverse momentum ?miss
T

. The analysis is optimised for the gluon—gluon fusion

production channel and exploits a novel trigger deployed in 2023, with reduced thresholds down

to 50 GeV on the photon transverse momentum (?
W

T
) and 70 GeV on the ?miss

T
, in combination

with a selection on the transverse mass of the ?miss
T

–W system (<T) above 80 GeV. The results

are interpreted in terms of Higgs boson decays into a W and a dark photon Wd (� → WW3). The

analysis is performed using 135 fb−1 of Run 3 data collected by ATLAS in 2023 and 2024.

A boosted decision tree is used to identify events with misreconstructed primary vertices,

which can affect the ?miss
T

calculation. Data-driven methods are employed to estimate the

backgrounds from jets and electrons misidentified as photons, while the backgrounds with

genuine photons are taken from Monte Carlo simulations, normalised to data in control regions

with muons. A binned maximum-likelihood fit to the <T distribution is performed to evaluate

the compatibility of the observed data with the Standard Model expectation. No significant

excess is observed over the Standard Model prediction, and an observed (expected) upper

limit on the branching ratio of � → WW3 of 1.4% (1.2%) is obtained at 95% confidence level.

Combining this result with previous Run 2 searches improves the observed (expected) upper

limit to 0.9% (0.9%).

© 2026 CERN for the benefit of the ATLAS Collaboration.
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1 Introduction

Exotic decays of the Higgs boson are well motivated by a variety of models beyond the Standard Model

(BSM) [1], including supersymmetry, dark sector or extended Higgs sectors, and provide a unique

opportunity to probe new physics.

This paper presents a new strategy to search for exotic Higgs boson decays into a final state with a photon

(W) and missing transverse momentum (?miss
T

), probing an unexplored region of the phase space with low

kinematic thresholds. This semi-visible decay of the Higgs boson provides an interesting production channel

for the dark photon (Wd), which arises as the gauge boson of an additional* (1)� gauge group in dark sector

models. Strong motivations for the search for this particle arise from its potential contribution to solving

the small-scale structure formation problems [2, 3], as well as being a possible source of the Sommerfeld

enhancement of dark matter (DM) annihilation required to explain the PAMELA–Fermi–AMS2 positron

anomaly in terms of DM [4], or making asymmetric DM scenarios viable [5]. In addition, this signature

can arise in several BSM models, such as those with very low-scale supersymmetry breaking where the

Higgs boson can decay into a gravitino (�̃) and a bino (�̃) that subsequently decays via �̃ → W�̃ [6], in the
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Peccei–Quinn limit of next-to-minimal-supersymmetric models (NMSSM) [7], or in the decay of the Higgs

boson into a pair of right-handed neutrinos (#) subsequently decaying via # → aāa and # → Wa [8].

While Wd searches typically target the massive Wd [9–11], which can couple directly to the Standard Model

(SM) via kinetic mixing with the ordinary photon [12], this paper focuses on a massless Wd scenario. In

this case, the kinetic mixing between the Wd and the photon can be tuned away through a rotation of the

gauge fields, and the Wd can interact with ordinary matter only through operators of dimension higher

than four [12]. The Higgs boson can decay through a loop interaction involving additional scalar or

pseudo-scalar BSM messenger fields, which couple both to the SM and the dark sector [13, 14], represented

as an effective vertex in Figure 1. Due to the non-decoupling properties of the Higgs boson, a branching

ratio of � → WWd (BWWd
) at the sub-percent level may be allowed [15, 16], depending on the parameters

of the model and taking into account constraints from searches for invisible Higgs boson decays and

measurements of the branching ratio of � → WW.
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Figure 1: Feynman diagrams illustrating Higgs boson production via (a) the gluon–gluon fusion, (b) vector-boson

fusion and (c) Higgsstrahlung processes, all followed by the decay into a photon and a dark photon (� → WWd). The

hatched circle in the �WWd vertex represents the interaction through messenger fields.

Searches for the semi-visible decay � → WWd have been conducted at the LHC by the ATLAS and

CMS collaborations, in the vector boson fusion (VBF) Higgs boson production channel and in associated

production with a / boson (/�) [17–20]. The combination of ATLAS results in the /� and VBF channels

[21] provides the best limit so far, excluding a BWWd
> 1.3% (1.5% expected) at 95% confidence level

(CL) with 139 fb−1 of data collected during the LHC Run 2 at
√
B = 13 TeV. These production modes

take advantage of a richer final state in addition to the W + ?miss
T

signature from the � → WWd decay,

with additional jets or leptons that provide powerful handles for triggering, background rejection and

identification of the hard-scatter primary vertex. In contrast, the gluon–gluon fusion mode (ggF), leading to
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the W + ?miss
T

final state, is the dominant production mode, with a cross-section about an order of magnitude

larger than that of the VBF channel. This final state has been explored by CMS [22] and ATLAS in the

context of other exotic models [23] or by focusing on the decay into WWd of BSM Higgs bosons with masses

higher than 400 GeV [24]. However, the � → WWd decay of a Higgs boson with a mass of 125 GeV has

not been specifically targeted, as the low thresholds on the photon transverse momentum (?
W

T
) and ?miss

T

required for this signature constitute a challenge for the trigger. Developments in the ATLAS trigger system

between Run 2 and Run 3 led to the implementation of a composite trigger that combines selections on

?miss
T

, ?
W

T
, and the transverse mass between the W and the ?miss

T
, <T =

√

2?
W

T
?miss

T
(1 − cos(Δq)),1 where

Δq is the azimuthal separation between the photon and the ?miss
T

. This new trigger allows to increase the

acceptance of ggF events by approximately a factor of two, while keeping the trigger rate under control. By

exploiting this new trigger, the analysis presented in this paper is optimised for the � → WWd decay in the

ggF production channel for the first time in ATLAS, while also retaining sensitivity to the VBF, /� and

,� channels.

2 ATLAS detector

The ATLAS detector [25, 26] at the LHC consists of an inner tracking detector system (ID) surrounded by

a thin superconducting solenoid, electromagnetic and hadronic calorimeters (ECAL and HCAL), and a

muon spectrometer (MS) incorporating three large superconducting air-core toroidal magnets, with an

almost complete solid angle coverage around the collision point.

The ID system is immersed in a 2 T axial magnetic field and provides charged-particle tracking in the

range of |[ | < 2.5. The high-granularity silicon pixel detector covers the interaction region and typically

provides four measurements per track, the first hit generally being in the insertable B-layer installed before

Run 2 [27, 28]. It is followed by the silicon microstrip tracker, which usually provides eight measurements

per track. The outermost part of the ID is the transition radiation tracker (TRT), which enables radially

extended track reconstruction up to |[ | = 2.0. The TRT also provides electron identification information

based on the fraction of hits (typically 30 in total) above a higher energy-deposit threshold corresponding

to transition radiation.

The calorimeter system covers the pseudorapidity range |[ | < 4.9. The ECAL [29, 30] is a lead/liquid-argon

(LAr) sampling calorimeter covering the region |[ | < 3.2, divided into a barrel and two endcaps, and

longitudinally segmented into three layers: the strips, the middle and the back layer. The 3-dimensional

high-granularity in the fiducial acceptances |[ | < 1.37 and 1.52 < |[ | < 2.37 allows observation of the

shape of the electromagnetic showers. Before the ECAL, a thin LAr presampler covering |[ | < 1.8 detects

energy losses of showers starting in the material upstream. The HCAL consists of a steel/scintillator-tile

calorimeter, segmented into three barrel structures within |[ | < 1.7, and two copper/LAr hadron endcap

calorimeters. The solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter

modules optimised for electromagnetic and hadronic energy measurements respectively.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector

and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points upwards.

Polar coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity is

defined in terms of the polar angle \ as [ = − ln tan(\/2) and is equal to the rapidity H =
1
2

ln
(

�+?I
�−?I

)

in the relativistic limit.

Angular distance is measured in units of Δ' ≡
√

(ΔH)2 + (Δq)2.
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The MS comprises separate trigger and high-precision tracking chambers measuring the deflection of

muons in a magnetic field generated by the superconducting air-core toroidal magnets. The field integral of

the toroids ranges between 2.0 and 6.0 T m across most of the detector. Three layers of precision chambers,

each consisting of layers of monitored drift tubes, cover the region |[ | < 2.7, except in the innermost layer

of the endcap region, where layers of small-strip thin-gap chambers and Micromegas chambers provide

precision tracking in the region 1.3 < |[ | < 2.7. The muon trigger system covers the range |[ | < 2.4 with

resistive-plate chambers in the barrel, thin-gap chambers in the endcap regions, and the small-strip thin-gap

chambers and Micromegas chambers in the innermost layer of the endcap.

Interesting events are selected by the first-level (L1) trigger system implemented in custom hardware,

followed by selections made by software-implemented algorithms in the high-level trigger (HLT) [31]. The

first-level trigger selects events at a rate below 100 kHz from the 40 MHz bunch crossings; the high-level

trigger further reduces that rate, in order to record events to disk at about 3 kHz. An extensive software

suite [32] is used in data simulation, in the reconstruction and analysis of real and simulated data, in

detector operations, and in the trigger and data acquisition systems of the experiment.

3 Data and simulation

This analysis uses proton–proton (??) collision data at a centre-of-mass energy of 13.6 TeV, collected in

2023 and 2024 by the ATLAS detector. Only data recorded during stable beam conditions and with all

sub-detectors operational are considered [33], corresponding to a total integrated luminosity of 135 fb−1,

with an uncertainty of 1.9% [34]. Events were selected by using a dedicated trigger (‘analysis trigger’)

deployed in 2023, optimised for the W + ?miss
T

final state and described in Section 4. In addition, samples

with 4+4−, W4 and W` final states, used for the modelling of the background from electrons misidentified

as photons (Section 8.1) and for the efficiency studies of the analysis trigger (Section 4), were selected

using dielectron, single-electron, and single-muon triggers, respectively.

Monte Carlo (MC) simulations are used to model the signal and background processes described in

Section 6. In particular, the backgrounds containing genuine photons (/W, ,W, and processes with a direct

photon, W(dir)+jets) are estimated using MC simulations. The remaining backgrounds are estimated with

data-driven methods, with ,+jets and /+jets MC samples used as input for the data-driven estimation

of the background arising from jets misidentified as photons (Section 8.2). All the samples, including

processes with photons from fragmentation, W(frag)+jets, and multijets samples, are used in the training

of the algorithm that identifies wrongly reconstructed hard scattering vertices (Section 7.1). Simulations

of events from top-quark production are not used, as the analysis applies a veto on jets emanating from

1-quarks (Section 7.1).

The simulation of the geometry and response of the ATLAS detector [35] was performed using Geant4 [36],

and all simulated events were processed through the same reconstruction chain as collision data. The effect

of multiple interactions in the same and neighbouring bunch crossings, pile-up (PU), was modelled by

overlaying [37] the simulated hard-scattering event with inelastic ?? events generated using Epos 2.0.1.4 [38]

and Pythia 8.308 [39]. The Epos events were generated with the Epos LHC set of tuned parameters

(tune) [40] and the Pythia events with the A3 tune [41] and the NNPDF2.3lo [42] set of parton distribution

functions (PDF). Pythia PU events include either a high ?T jet, a prompt photon, or a lepton from a

1-hadron decay, while events generated using Epos were filtered to simulate all remaining PU events in the

overlay sample. The individual simulations were first reweighted to ensure a smooth jet ?T distribution.
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Table 1: Configurations used for event generation and parton shower of signal (ggF, VBF, /� and ,�) and

background MC samples. The matrix element (ME) order, leading-order (LO) or next-to-leading order (NLO), refers

to the order in the strong coupling constant of the perturbative calculation in the MC event generation. PDF refers to

the parton density libraries used with the generator. The tune refers to the underlying-event tune of the parton shower

model.

Process Generator ME order PDF Parton Shower Tune

� → WWd Powheg v2 NLO PDF4LHC21 Pythia 8.245 AZNLO

/W,,W Sherpa v2.2.14 0,1j@NLO + 2,3,4j@LO NNPDF3.0 NNLO Sherpa Sherpa

/+jets, ,+jets Sherpa v2.2.14 0,1,2j@NLO + 3,4,5j@LO NNPDF3.0 NNLO Sherpa Sherpa

W(dir)+jets Pythia 8.186 LO NNPDF2.3 LO Pythia 8.308 A14

W(frag)+jets Pythia 8.186 LO NNPDF2.3 LO Pythia 8.308 A14

multijets Pythia 8.186 LO NNPDF2.3 LO Pythia 8.308 A14

The combination was then reweighted to match the distribution of the actual number of interactions per

bunch crossing measured in data.

The signal samples include multiple Higgs boson production channels. The dominant process and main

target of this analysis is the ggF channel, but non-negligible contributions arise from the VBF, ,� and

/� channels. One MC sample for each production mode was generated, with ,� production divided into

,+� and ,−�. The matrix elements were estimated using Powheg v2 [43, 44] at next-to-leading order

(NLO), with the PDF4LHC21 set of PDFs [45]. For the ggF channel, next-to-next-to-leading (NNLO)

precision was achieved through a reweighting of the events computed in bins of the ?T and rapidity of the

generated Higgs boson, to match NNLOPS predictions [46]. The samples were generated with the SM

Higgs boson mass set to 125 GeV. All the signal samples were normalised to state-of-the-art cross-section

predictions for the centre-of-mass energy of 13 TeV [47], extrapolated to 13.6 TeV [48]. The decay into

photons and dark photons, as well as the hadronisation and showering, was simulated using Pythia 8.245

with the CTEQ6L1 PDF set and the AZNLO tune [49]. The ‘Hidden Valley’ scenario [50] was used for

modelling the � → WWd decay.

The +W and ++jets processes were simulated using the Sherpa 2.2.14 generator [51], with up to one

jet (two jets) at NLO and up to three additional jets at leading order (LO) for /W and ,W (/+jets and

,+jets). The matrix elements were matched and merged with the Sherpa parton shower [52], using the

MEPS@NLO prescription [53, 54] and the NNPDF3.0 NNLO PDF set [55] with the dedicated Sherpa

tune. The W(dir)+jets, W(frag)+jets and multijets samples were generated at LO using Pythia 8.186 [56,

57] with the NNPDF2.3 LO PDF set and the A14 tune [58] for the parton shower. Table 1 summarises the

configurations used for the signal and background MC simulations of the analysis.

4 Analysis trigger

The ‘analysis trigger’ combines selections on the photon ?T, the ?miss
T

and the <T. It selects 10% of the

total generated signal events, with a factor of two increase relative to previous single-photon or inclusive

?miss
T

triggers. At L1, the trigger selected electrons or photons with ?T above 26 GeV. The HLT further

required a 50 GeV photon fulfilling tight identification criteria [31]. To compute the ?miss
T

at HLT level,

a two-stage sequence of algorithms was employed, starting with the ‘cell’ ?miss
T

computed using only

the calorimeter cells as input [59]. This fast step was followed by a more sophisticated ?miss
T

algorithm

using particle flow [60] constituents, combining tracks and calorimeter clusters, with a dedicated PU
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subtraction algorithm (‘pfopufit’) [31]. A minimum threshold of 40 GeV was applied for the first ‘cell’

?miss
T

requirement, while the second ‘pfopufit’ step had a threshold of 70 GeV. To further reduce the rate,

the trigger required a minimum <T (computed using ‘pfopufit’ ?miss
T

) of 80 GeV. Since muons are invisible

to the ‘cell’ ?miss
T

algorithm [61], particle flow constituents consistent with muons were removed also in the

‘pfopufit’ algorithm, to preserve the same behaviour. Therefore both the ‘cell’ and the ‘pfopufit’ algorithms

were insensitive to the presence of muons, which were treated as invisible in the computation of ?miss
T

.

This feature allowed samples to be selected with reconstructed muons in the final state and to treat them as

invisible to mimic ?miss
T

, without introducing a bias induced by the analysis trigger. In particular, events

with muons are used to constrain the ,W and /W backgrounds in control regions with one or two muons as

described in Section 8.

Events with one muon are also used to assess the accuracy of the simulation of the analysis trigger in W`

final states, selected by a muon trigger used as a baseline trigger. The muon was treated as invisible in the

computation of ?miss
T

and <T in the full (offline) reconstruction. Figure 2 shows the trigger efficiency as a

function of offline ?
W

T
, ?miss

T
and <T. The efficiency in data is compared to that of the dominant background

contribution from ,W events (75%), and that of the total background, which includes contributions from

/W events (2%) and from events with a jet misidentified as a photon (23%). The latter may exhibit a

different trigger efficiency. The trigger efficiency measured in data is observed to be in between the one

predicted by the simulations for ,W background and for the total background. Up and down uncertainties

in the trigger efficiency are therefore assigned as the differences between the efficiency measured in data

and the one predicted for the total background and for the ,W simulation, respectively. This procedure also

accounts for the uncertainty in the modelling of the background from jets misidentified as photons. The

<T variable is correlated with both the ?
W

T
and the ?miss

T
. While the trigger efficiency curve rapidly reaches

a plateau as a function of ?
W

T
, a slower rise is observed as a function of ?miss

T
. For this reason, uncertainties

at the 2%–3% level are applied in bins of ?miss
T

.

5 Event reconstruction

For each event, vertex candidates are required to have at least two associated tracks with ?T > 500 MeV.

Among the reconstructed vertices, the hard-scattering (HS) primary vertex (PV) is selected as the one with

the highest sum of squared transverse momenta of contributing tracks [62].

For each reconstructed physics object, looser selection criteria are first applied to define baseline objects,

which are used for event vetos, ?miss
T

reconstruction, and overlap removal. More stringent criteria are then

required, to define selected objects.

Electrons are reconstructed by matching energy clusters in the ECAL to tracks in the ID [63, 64]. Baseline

electrons are required to satisfy ?T > 10 GeV and |[ | < 2.47, be outside the transition region between

the ECAL barrel and endcaps (1.37 < |[ | < 1.52), and be consistent with originating from the PV

through requirements on the longitudinal and transverse impact parameters, |I0 sin(\) | < 0.5 mm and

|30/f(30) | < 5 where f(30) is the uncertainty in 30. All baseline electron candidates are required to

satisfy Loose likelihood-based identification criteria [65], based on calorimeter, tracking and combined

variables that provide separation between electrons and jets. Selected electrons are further required to

satisfy Tight identification and Tight isolation requirements [65].

Muons are reconstructed by matching ID tracks to MS tracks or track segments, by associating ID tracks

with calorimeter energy deposits compatible with a minimum-ionizing particle, or by identifying MS
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based on several requirements on the ‘shower shape’ variables [68], which can be grouped into three

categories: energy leakage in the HCAL, width in the middle layer of the ECAL, and shape in the strips.

Selected photon candidates are additionally required to be isolated. A dimensionless isolation variable is

introduced:

Υ =
�cone

T
− 2.45 GeV

?
W

T

, (1)

where �cone
T

is the transverse energy measured by the calorimeters in a cone of size Δ' = 0.4 around the

photon candidate. Isolated photons are required to satisfy the TightCaloOnly working point, Υ < 0.022,

a typical requirement to select prompt, isolated photons in ATLAS [69]. Non-isolated photons are used in

the evaluation of the background induced by jets misidentified as photons (see Sections 6 and 8.2). In

this context, a Loose photon selection is required, with relaxed requirements on the HCAL and ECAL

middle layer, and no requirements on strips. Removing Tight photons from the Loose sample provides a

Loose′ sample enriched in this background. Further photon selections Loose′′ are introduced as subsets

of the Loose′ sample, by applying the same selections as for Tight to the HCAL and middle layer shower

shapes, but at most one requirement on one of the strips shower shapes.

Particle flow (PFlow) jets are reconstructed using the anti-:C algorithm [70], as implemented in FastJet [71],

with a radius parameter ' = 0.4. The algorithm takes PFlow objects as inputs, combining measurements

from the ID and the calorimeters [60]. Selected jets are required to satisfy ?T > 20 GeV. In addition,

central jets (|[ | < 2.5) are classified as originating from the HS interaction using a neural-network-based

jet-vertex-tagger (NN-JVT) (an evolution of the JVT described in Ref. [72]), while a forward jet vertex

tagging (fJVT) algorithm [73] is applied to forward jets (|[ | > 2.5). Jets containing 1-hadrons (1-jets)

are identified using a graph neural network tagger with 85% 1-tagging efficiency [74]. To suppress the

background originating from detector noise, hardware issues, beam-induced background or cosmic-ray

muons, events containing jets failing to satisfy Loose jet-quality criteria are rejected [75].

Hadronically decaying g-leptons (ghad) are seeded by anti-:C jets with ' = 0.4 and identified using a

recurrent neural network algorithm that uses tracks and calorimeter energy clusters associated with ghad

candidates, as well as high-level discriminating variables [76]. Baseline ghad are required to satisfy a

Medium identification working point and have ?T > 20 GeV and |[ | < 2.5.

The ®?miss
T

, with magnitude ?miss
T

= | ®?miss
T

|, is defined as the negative vector sum of the transverse momenta

of the baseline reconstructed objects (‘hard term’), and of the ‘soft term’ estimated from charged PFlow

objects associated with the primary vertex and not matched to any of the reconstructed hard objects [77].

In the ®?miss
T

calculation, a NN-JVT selection is applied to the jets for PU subtraction. An alternative ®?miss
T

with no PU subtraction, referred to as ®?miss
T,noJVT

, is also exploited to help tag events with a misidentified

PV, as explained in Section 7. In addition, a key quantity to identify events with fake ?miss
T

is the ?miss
T

significance S?miss
T

=
?miss

T

f (?miss
T

) , where f(?miss
T

) denotes the ?miss
T

resolution, accounting for the resolution

of the reconstructed physics objects entering the ?miss
T

computation [77, 78].

After the reconstruction of all physics objects, a sequential overlap removal procedure, as detailed in

Table 2, is applied to resolve ambiguities by keeping one single object in case of overlapping objects, based

on Δ' matching, shared ID tracks or calorimeter energy clusters, according to a predefined priority.
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Table 2: Overview of the sequential overlap removal procedure applied to reconstructed objects and the corresponding

matching criteria based on the Δ' separation and shared ID tracks. If two objects overlap based on the matching

criteria described in the third column, the object in the first column is removed while the one in the second column is

retained. The table is ordered according to the object priority used in the overlap removal procedure.

Remove Keep Matching criteria

Muon Electron Muon with calorimeter deposits and shared ID track

Electron Muon Shared ID track

Jet Electron Δ' < 0.2

Electron Jet 0.2 < Δ' < 0.4

Electron Electron Shared ID track, electron with lower ?T removed

Jet Muon Number of tracks < 3 and Δ' < 0.2

Muon Jet 0.2 < Δ' < 0.4

g-lepton Electron Δ' < 0.2

g-lepton Muon Δ' < 0.2

Jet g-lepton Δ' < 0.2

Photon Electron Shared calorimeter energy clusters

Photon Muon Δ' < 0.4

Jet Photon Δ' < 0.4

6 Signature and backgrounds

The � → WWd signal is characterised by the presence of a single photon and ?miss
T

. Although the

I-component of the Wd momentum cannot be reconstructed, the <T distribution features a broad peak

around the Higgs boson mass. In the ggF channel, the final state contains no leptons, while hadronic jets

may originate from gluon radiation. The same final state also covers the VBF channel and +� production

with hadronic decay of the vector bosons. Due to the trigger thresholds on ?miss
T

and photon ?
W

T
(Section 4),

optimised as a compromise between signal acceptance and trigger rate, the selected signal events are mostly

Higgs bosons recoiling against jets, resulting in a boosted topology.

The analysis is significantly affected by background from jets and electrons misidentified as photons, as well

as by events reconstructed with large ?miss
T

, due to mismeasurement or misreconstruction of physics objects

(referred to as fake ?miss
T

). In addition, in this signature both the photon and the ?miss
T

have no associated

tracks, therefore the reconstruction of the PV is particularly challenging, since it relies exclusively on tracks

originating from the underlying event and from additional jets. When the PV is misidentified, HS jets can

be incorrectly classified as PU jets and consequently removed from ?miss
T

computation, thus enhancing

the contribution from fake ?miss
T

background. The SM background events with similar signatures can be

classified in the following categories.

• Genuine photon: / (→ aa)W (irreducible background) or , (→ ℓa)W and / (→ ℓℓ)W where the

lepton(s) ℓ are not reconstructed. An additional contribution arises from W + jets processes with a

direct photon, W(dir)+jets, with fake ?miss
T

originating primarily from lost or mismeasured jets.

• Electrons misidentified as photons (e  $): mostly , (→ 4a) + jets events.

• Jets misidentified as photons ( j   $): dominantly multijets and W+jets with a fragmentation

photon (W(frag)+jets) — in the latter, the photon is considered as 9   W, since it is embedded in a
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hadronic jet and therefore not isolated. Such events pass the analysis selections when associated

with fake ?miss
T

. A smaller contribution arises from / (→ aa)+jets and , (→ ℓa)+jets processes.

7 Event selection

Events satisfying the trigger selections described in Section 4 are further required to satisfy a set of offline

requirements, designed to isolate the signal.

7.1 Baseline selection

Events are required to have exactly one selected photon with ?
W

T
> 50 GeV and no additional baseline

photons, ?miss
T

> 100 GeV, a transverse mass <T > 80 GeV, no baseline leptons nor 1-tagged jets, and

at most three central jets. The veto on the 1-tagged jets is applied to reduce the contribution from

background processes with top quarks. The requirements on ?
W

T
and <T are aligned with the trigger

thresholds, exploiting the fast trigger turn-on, while a more conservative requirement is applied to ?miss
T

as

a compromise between signal acceptance and background rejection.

As discussed in Section 6, low track activity can lead to an incorrect identification of the PV. This effect has

a significant impact on ?miss
T

-related observables, particularly when HS jets are misclassified as PU jets and

consequently excluded from the ?miss
T

reconstruction. In such events, the reconstructed ?miss
T

distribution

becomes artificially harder for W+jets and multijets backgrounds and softer for the signal, enhancing

background acceptance while reducing signal efficiency. Moreover, the PV misidentification distorts the

transverse mass distribution, thereby degrading the signal-to-background discrimination, since the loss of

HS jets results in a final state with one photon back-to-back with ?miss
T

, for both signal and background

events. This leads to values of <T above 140 GeV, reflecting the ?
W

T
and ?miss

T
thresholds of 50 GeV and

100 GeV, respectively. To mitigate this effect, a boosted decision tree (BDT) is trained on signal and

background simulations using TMVA AdaBoost [79], to identify and reject events with a misidentified

PV. This approach ensures a good control of the background modelling at the baseline selection level

and, therefore, in all the analysis regions. The BDT uses information related to the reconstructed vertex

properties, jet multiplicity, and the angular separation between the photon, jets, and ?miss
T

, as summarised in

Table 3. The distribution of the BDT score for events with correct and incorrect PV identification is shown

in Figure 3 for signal and background processes separately, confirming a good discriminating power. As

highlighted in Figure 4, a requirement on the misidentified vertex BDT score of BDTvertex > 0.1 provides an

almost complete suppression of events with a misidentified PV for both signal and background, especially

when combined with the signal region selection described below. The efficiency of this selection for signal

events, relative to the other baseline requirements, is approximately 55%. The BDTvertex distribution is

validated in the main analysis regions defined below, as well as in a dedicated region with <T > 200 GeV

and no leptons, enriched with ,W and /W processes with a topology similar to that of the signal. In all

cases, good agreement between data and the background expectation is observed for BDTvertex > 0.1, in-

dicating that the efficiency of this selection is well modelled both for the background and the signal processes.
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Table 3: Description of the input features of the misidentified vertex BDT, in order of importance.

Variable Description

log
(
∑

?2
T
(tracks)

)

Logarithm of the sum of the squared transverse mo-

menta of tracks associated with the vertex.

|Δq( ®?vtx, ®?W) | Azimuthal separation between the momentum of the

tracks associated with the vertex and the photon direc-

tion.

|Δq( ®?miss
T

, ®? 91
T
) | Azimuthal separation between the missing transverse

momentum and the leading jet.

|Δq(j1, j2) | Azimuthal separation between the two leading jets.

Δ?miss
T

Difference between the missing transverse momentum

computed without JVT requirements and the nominal

reconstruction.

S?miss
T

Significance of the missing transverse momentum.

(Ivtx − IW)/f(IW) Distance along the longitudinal (I) axis between the

reconstructed primary vertex and the vertex position

inferred from the photon trajectory (photon pointing),

normalised by the photon pointing resolution. The

photon trajectory is reconstructed using its energy

deposits in the first and second layer of the ECAL.

Iskew Skewness of the I distribution of tracks associated with

the vertex.

Number of central jets Number of reconstructed jets in the central region

(|[ | < 2.5).

(?miss
T

+ ?
W

T
)/∑ ?

jet

T
Transverse momentum balance between the

photon+?miss
T

system and the reconstructed jets.

Ikurt Kurtosis of the I distribution of tracks associated with

the vertex.
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Figure 3: Normalised distributions of the BDTvertex score for events with correctly identified PV (solid line) and

misidentified PV (dashed line). The distribution is shown for the sum of all signal channels and background processes.

The vertical dashed line indicates the selection applied in the analysis.
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Figure 4: Fraction of events with the correct PV for the � → WWd signals and for different background processes,

with different selections applied: the baseline selection and the SR, with and without the BDTvertex requirement.

7.2 Signal region

In addition to the baseline selection, the signal region (SR) definition, summarised in Table 4, includes

requirements on the photon kinematics, angular separations between the photon, ?miss
T

and jets, as well as

further ?miss
T

-related variables. The latter include the S?miss
T

and the difference Δ?miss
T

= ?miss
T,noJVT

− ?miss
T

,

where ?miss
T,noJVT

is defined in Section 5. In particular, the requirement of S?miss
T

> 6 further suppresses
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Table 4: Summary of the selections applied in the signal (SR) and control (CR) regions. In the CRs with muons, the

?miss
T

is recomputed treating muons as invisible particles.

Selection SR Low S?miss
T

CR 1` CR 2` CR

Photon 1 (selected) with ?T > 50 GeV

?miss
T

> 100 GeV

<T > 80 GeV

BDTvertex > 0.1

#4,g 0 (baseline)

#1-jets 0

#central
jet

≤ 3 —

#` 0 (baseline) 1 (selected) 2 (selected)

S?miss
T

> 6 [2, 6] > 6 —

|Δq( ®?miss
T

, ®?miss,W

T
) | > 1.25

Δ?miss
T

> −10 GeV —

|Δq( ®?miss
T

, ®?miss,jet

T
) | < 0.75 —

|Δq( 91, 92) | < 2.5 —

|[W | < 1.75 —

<``W — > 100 GeV

events with fake ?miss
T

, which typically exhibit lower significance values. Moreover, events are required

to satisfy Δ?miss
T

> −10 GeV to reduce the contribution from incorrect PV identification. If a PU vertex

is identified as the HS one, the standard ?miss
T

computation rejects the HS jets while retaining PU jets.

In this scenario, the ?miss
T,noJVT

is expected to be closer to the true ?miss
T

than the standard reconstruction,

resulting in negative Δ?miss
T

values for events with no expected true ?miss
T

. Additionally, restricting the

photon pseudorapidity to |[W | < 1.75 reduces background contributions from ,// + W processes. Further

requirements |Δq( ®?miss
T

, ®?miss,W

T
) | > 1.25 and |Δq( ®?miss

T
, ®?miss,jet

T
) | < 0.75 are imposed on the azimuthal

separation between the ®?miss
T

and its photon or jet term, ®?miss,W

T
and ®?miss,jet

T
(i.e. the negative vector sum of

the ®?T of all photons or jets in the event). The selection on |Δq( ®?miss
T

, ®?miss,W

T
) | is particularly effective in

rejecting residual background from events with a misidentified PV while preserving the acceptance of the

boosted Higgs boson signal. Finally the azimuthal separation between the two central jets with the highest

?T is required to be |Δq( 91, 92) | < 2.5.

The signal selection efficiency is 0.25% for the ggF channel, and 1.06%, 1.25% and 0.66% for the VBF,

,�, and /� channels, respectively. The trigger and ?miss
T

requirements account for the largest efficiency

loss. The dominant Higgs boson production mode is ggF (68% of the selected signal events), followed by

VBF (23%), ,� (6%) and /� (3%).

8 Analysis strategy and background modelling

In addition to the SR, multiple orthogonal regions illustrated in Figure 5, are used in the analysis. Three

Control Regions (CRs), enriched in ,W, /W and 9   W contributions and defined in Table 4, are used to

constrain the corresponding backgrounds in a maximum-likelihood fit. Validation Regions (VRs), designed
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Figure 5: Schematic overview of the signal (SR), control (CR), validation (VR) and probe (PR) regions used in the

analysis. Different colours correspond to different final states. Events with one isolated (iso) photon are selected in

the SR (continuous lines), CRs (dashed lines) and VRs (dotted lines), while events with a single electron or non

isolated photon are used for the corresponding PRs. Data in the PRs are scaled by the fake factors indicated by the

arrows ( 54W and 5 9W) to estimate the 9   W and 4   W contribution in each analysis region.

to be kinematically close to the SRs, are used to validate the modelling of 9   W and 4   W. In addition,

dedicated regions, referred to as Probe Regions (PRs), are employed for the 9   W and 4   W data-driven

estimates as detailed later.

The 1` CR and the 2` CR are employed to normalise the MC simulations of ,W and /W respectively to

data. They are defined in a similar way to the SR, but requiring either one or two selected muons. To

emulate the SR kinematics, muons are treated as invisible in the ?miss
T

reconstruction. In the 2` CR, some

of the SR requirements, as detailed in Table 4 are loosened or removed to increase the available number of

events. The contribution from the W(dir)+jets background due to fake ?miss
T

is estimated purely from MC,

as it accounts for about 2% of the total.

The background from 4   W or 9   W is estimated in all the analysis regions by rescaling data in PRs,

by fake factors evaluated as described in Sections 8.1 and 8.2. For the 4   W background, electron PRs

are defined for each analysis region, replacing the selected photon by a selected electron, and an electron

trigger is also required, for consistency with the evaluation of the 4   W fake factors, as explained in

Section 8.1. For the 9   W background, PRs with a non-isolated photon, Wnon−isol, are introduced by

requiring Υ > 0.1, in order to ensure a negligible contamination from genuine photons.

Due to the large systematic uncertainty affecting the 9   W component, the low S?miss
T

CR, defined by

requiring 2 < S?miss
T

< 6, is included in the fit to provide an additional constraint on this background. The

post-fit S?miss
T

distribution is shown in Figure 6(a), with the dashed line highlighting the boundary between

the low S?miss
T

CR and the SR. The 4   W contribution is further constrained in the low <T region of the

SR that is dominated by , (4a)+jets events with the electron being misidentified as a photon, yielding a
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<T value close to the ,-boson mass. In particular, the low <T VR, with 80 < <T < 90 GeV, has very

little signal, and is also used to validate the 4   W background before performing the fit. In addition, a

low Δq VR, with 0.8 < |Δq( ®?miss
T

, ®?miss,W

T
) | < 1.1, provides a sample orthogonal both to the SR and the

low S?miss
T

CR to also validate the modelling of the 9   W background at high S?miss
T

values. Figure 6(b)

shows the post-fit |Δq( ®?miss
T

, ®?miss,W

T
) | distribution in the SR and low Δq VR. This observable is particularly

sensitive to PV misidentification at low values, which corresponds to events with low ?T or no jets, where

the photon and the ?miss
T

are nearly back-to-back. A mismodelling in this region is therefore expected even

after applying the BDTvertex requirement, primarily due to events with a correct PV being misclassified by

the BDT as an incorrect PV.
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Figure 6: Post-fit distributions of (a) S?miss
T

in the signal region (SR) and low-S?miss
T

control region (CR), and of (b)

|Δq( ®?miss
T

, ®?miss,W

T
) | in the SR and low-Δq validation region (VR), for data and the expected SM background. The

dashed vertical lines mark the boundaries of the SR and the CR/VR. The � → WWd signal, assuming BWWd
= 1%, is

overlaid as a dotted line and includes the ggF, VBF,,�, and /� production modes. The pre-fit prediction is overlaid

as a dashed line. The uncertainties include both the statistical and the systematic components. The lower panels

show the ratios of data to expected background yields post-fit (dots) and pre-fit (dotted line). The downward-pointing

triangle marks a ratio point located below the bottom edge of the ratio plot.

8.1 Estimation of e  $

The fake factor for 4   W estimation is defined as:

54W =
# (4   W)
# (4   4) , (2)

where # (4   W) and # (4   4) denote respectively the numbers of electrons reconstructed as photons

or as electrons. The values of the 54W are computed directly from data, exploiting the / → 4+4−

process, where prompt isolated photons are absent. While # (4   W) is counted from reconstructed

photons in W4 events selected by a single electron trigger, # (4   4) is counted from both 4+ and 4− in
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Figure 7: Invariant mass of reconstructed W4 and W` pairs from data, the latter being rescaled so that its sidebands

match those of the former. The vertical dashed lines show the window used to compute 54W , while the vertical dotted

lines mark the sidebands used for the normalisation of the W` distribution. Plots are inclusive in ?
W

T
and [W , and

show only data taken in 2024.

4+4− events selected by a dielectron trigger. Both numbers are calculated in an invariant mass window

<inv ∈ [80, 100] GeV around the / peak, <inv being the invariant mass of the W4 or the 4+4− pair.

While the 4+4− events provide a rather pure sample of / → 4+4−, the W4 events contain a large number

of genuine photons, mostly from the , (→ 4a)W process, which must be subtracted. This is achieved

by exploiting lepton universality, and selecting a sample of W` events. To account for the different

reconstruction efficiency for 4 and `, the invariant mass spectrum of the W` events is normalised to that

of the W4 in two sidebands <inv < 70 GeV and <inv > 110 GeV, as displayed in Figure 7. The complete

definition of the fake factor is therefore:

54W =

#
peak
W4 − #

peak
W`

#side
W4

#side
W`

#
peak
44

. (3)

The value of 54W is computed separately for 2023 and 2024 datasets as a function of [W , since no significant

dependence on ?
W

T
is observed. The values of 54W are weakly dependent on the choice of the peak width and

on the sidebands. Each variation is treated as a systematic uncertainty, and are all combined in quadrature

with the statistical uncertainty. The values of 54W range between ∼ 0.027 in the barrel and ∼ 0.054 in the

endcaps, with overall relative uncertainties between 3% and 8%.

The 4-PR must satisfy both the analysis trigger, to guarantee the same event topology as the SR and CRs,

and the electron trigger, for consistency with the 54W evaluation. However, the 54W evaluation does not

consider the analysis trigger, therefore a further correction is necessary, to account for the efficiency of the

analysis trigger on reconstructed W and 4:

5 corr
4W = 54W

n
trig
W

n
trig
4

. (4)
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where n
trig
W and n

trig
4 are the fraction of events that pass the analysis trigger, in events containing a genuine

photon (SR-like) and a genuine electron (4-PR-like) respectively. The only trigger requirement affecting

the evaluation of 54W is that on the reconstructed photon, therefore the effects of the ?miss
T

and <T selections

need to be disentangled. This is achieved by applying offline cuts on ?miss
T

and <T higher than the

trigger-level cuts, to ensure being in the plateau of the trigger efficiency turn-on curves. To evaluate n
trig
W ,

W` events were selected by a muon trigger. The muon is treated as invisible in the offline evaluation of ?miss
T

,

and (?miss
T

)`-inv > 150 GeV and (<T)`-inv > 100 GeV are required. The trigger-level evaluation of ?miss
T

does not consider muons, therefore they are also treated as invisible by the analysis trigger. The fraction

of events that satisfy the analysis trigger criteria provides the value of n
trig
W . Similarly, n

trig
4 is evaluated

on events with an electron, selected from data by an electron trigger, and fulfilling ?miss
T

> 200 GeV and

<T > 100 GeV. The fraction of events that satisfy the analysis trigger criteria provides the value of n
trig
4 .

Both n
trig
W and n

trig
4 are computed as a function of ?T, to better track the trigger efficiency turn-on. While

n
trig
W reaches full efficiency for ?T > 60 GeV, n

trig
4 saturates at about 90%, as the photon trigger is not fully

optimal for electrons. The variations of n
trig
W and n

trig
4 when applying different cuts on ?miss

T
and <T are

treated as systematic uncertainties and combined in quadrature. The resulting trigger correction factor is

between 1.06 and 1.26 with an overall relative uncertainty between 3% and 12%.

The validation of the 4   W background in the low <T VR is displayed in Figure 8, showing good

agreement before the fit.
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expected background yields.

8.2 Estimation of j   $

The 9   W fake factor is defined as

5 9W =
# ( 9   W)

# ( 9   Wnon−isol) . (5)
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where # ( 9   W) and # ( 9   Wnon−isol) denote the numbers of jets reconstructed as isolated or non-isolated

photons, respectively. Isolated and non-isolated reconstructed photons are defined by requiring isolation

Υ < 0.022 and Υ > 0.1, respectively. The evaluation of the fake factor relies on the distribution of the

isolation for 9   W satisfying the Tight identification, ΦTight(Υ), and is calculated as:

5 9W =

∫ +0.022

−∞ dΥΦ
Tight(Υ)

∫ +∞
+0.1

dΥΦTight(Υ)
. (6)

The ΦTight(Υ) distribution cannot be directly extracted from data, as the Tight photon selection contains

comparable contributions from 9   W and genuine photons. Moreover, ΦTight(Υ) is not well modelled by

the MC, and depends on the MC generator used. Therefore ΦTight(Υ) has to be inferred, as explained in

the following. Photons satisfying the Loose′ selection2 (see Section 5) are enriched in 9   W, therefore the

isolation distribution Φ
Loose′ (Υ) of 9   W in the Loose′ selection can be extracted from data. However,

the photon selection affects the isolation, making Φ
Loose′ broader than Φ

Tight. To infer ΦTight from

Φ
Loose′ , an affine transform is applied to the Υ of all Loose′ photons:

Υ
Tight

= <Tight + FTight

FLoose
′

(

Υ
Loose′ − <Loose

′
)

, (7)

then all the obtained values of ΥTight are used to build Φ
Tight. In Eq. (7), < and F are the median and the

16%-to-84% half-width of the isolation distributions in the Loose′ and Tight samples. While <Loose
′
and

FLoose
′
can be computed from the observed Φ

Loose′ in data, <Tight and FTight are inferred, with the help

of 9   W from ,+jets and /+jets MC samples, assuming that

(

<Tight − <Loose
′

FLoose
′

)

= '<

(

<
Tight

MC
− <Loose

′
MC

FLoose
′

MC

)

,

(

FTight

FLoose
′

)

= 'F

(

F
Tight

MC

FLoose
′

MC

)

, (8)

where <
Tight

MC
, <Loose

′
MC

, F
Tight

MC
, FLoose

′
MC

are extracted from the /+jets and,+jets MC samples. The values

of '< and 'F are estimated by exploiting the various Loose′′ photon selections (see Section 5), which

are closer to the Tight selection. The Loose′′ selections in data are still dominated by 9   W, therefore

<Loose
′′

and FLoose
′′

(i.e. the median and half-width in the Loose′′ selection) can be evaluated in data

from the observed Φ
Loose′′ , and Eq. (8) can be used with each of the Loose′′ instead of the Tight selection,

to derive '< and 'F . Different choices of Loose′′ selections (labelled Loose′′a in the following, where 0

flags the different definitions) provide different values of '< and 'F , and therefore different Φ
Tight
a (Υ).

Since each of the Loose′′ selections is obtained by applying at most one requirement on one of the strips

shower shapes, this procedure allows the effect of one strips shower shape at a time to be probed in the

Loose′ → Tight extrapolation.

In summary, the affine transform of Eq. (7) depends on the '< and 'F parameters. These are eval-

uated to achieve a Loose′ → Loose′′a extrapolation that reproduces at best the observed Loose′′a
sample, and are then applied to the Loose′ → Tight extrapolation. This process is symbolised as

Loose′(→ Loose′′a) → Tight, and provides an extrapolated distribution Φ
Tight
a (Υ). The observed

isolation distribution for Loose′ photons and one of the extrapolated distributions for Tight photons are

displayed in Figure 9. The reliability of the extrapolation is validated by comparing several extrapolated

2 Loose′ photons are selected in events satisfying the analysis trigger. This is possible, as the Tight selection at trigger level

is looser than at analysis level. The contamination of genuine photons in the Loose′ sample is estimated to be ® 5%, from

simulations.

19



distributions Loose′(→ Loose′′a) → Loose′′b with the observed Loose′′b ones. An example is shown

in Figure 9.

For each extrapolated distribution Φ
Tight
a (Υ), a different fake factor ( 5 9W)a is computed. The final fake

factor is computed as the arithmetic mean of all ( 5 9W)a, and a conservative systematic uncertainty is set as

half the envelope of all their values.
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Figure 9: Distributions of the isolation Υ = (�cone
)

− 2.45 GeV)/?W
)

for reconstructed photons, used for the 9   W

background estimate. The figure displays the distribution from the Loose′ photon sample (enriched in 9   W), and

an example of extrapolated distribution for the Tight sample (Loose′ (→ Loose′′a) → Tight), using a Loose′′a
sample to compute '< and 'F . The two dashed vertical lines mark the ‘isolated’ (Υ < 0.022) and the ‘non-isolated’

(Υ > 0.1) regions. Plots are inclusive in ?
W

T
and [W , and show only data taken in 2024. The figure also shows the

observed and extrapolated distributions for a different Loose′′b sample.

The fake factor is computed separately for 2023 and 2024 datasets as a function of [W . The limited number

of MC events prohibits studying its dependence on ?
W

T
. The values of 5 9W range from ∼ 1.5 in the ECAL

barrel, up to ∼ 2.5 in the endcaps, with relative uncertainties between 10% and 15%.

The obtained 9   W prediction is validated, before the fit, in both the low S?miss
T

CR and the low Δq VR,

as shown in Figure 10.

9 Systematic uncertainties

Multiple sources of systematic uncertainty are considered in the analysis. The experimental and theoretical

uncertainties are applied only to the MC simulations of the signal and +W background, while their

impact on the W(dir)+jets simulation is expected to be negligible compared to its statistical fluctuations.

Additional systematic uncertainties arise from the data-driven background estimates. The impact of the

different sources of uncertainty in the fitted value of BWWd
are summarised in Table 5. The contributions

are evaluated using the covariance matrix decomposition method [80] and include both statistical and

systematic components. The dominant contribution to the total uncertainty arises from the statistical

component (88%), including contributions from both the data and the background. The dominant systematic

contribution arises from experimental uncertainties (42%), primarily driven by jet-related effects. This
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Figure 10: Pre-fit distribution of <T for data and the expected SM background in (a) the low S?miss
T

CR and (b) the low

Δq VR, enriched in 9   W. The � → WWd signal, assuming BWWd
= 1%, is overlaid as a dashed line and includes

the ggF, VBF, ,�, and /� production modes. The uncertainties include both statistical and systematic components.

The lower panel shows the ratio of data to expected background yields. The downward-pointing triangles mark ratio

points located below the bottom edge of the ratio plot.

is followed by uncertainties associated with the 4   W and 9   W data-driven methods (17%), and by

theoretical uncertainties (17%).

Table 5: Post-fit relative impact of each source of uncertainty on the total uncertainty of the signal yields, as obtained

through the covariance matrix decomposition method. The overall impacts of statistical, experimental, data-driven

and theoretical systematic uncertainties are shown, followed by the individual contributions.

Category Contribution to uncertainty in the B$$d

Statistical uncertainties 88%

Data 74%

Background 48%

Experimental systematic uncertainties 42%

Luminosity 4.6%

Pile-up reweighting 7%

Pile-up corrections in jets calibration 36%

Jets 18%

Photons 3.7%

Muons 2.1%

?miss
T

<1%

Trigger <1%

Systematic on data-driven methods uncertainties 17%

9   W 11%

4   W 13%

Theoretical systematic uncertainties 17%
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9.1 Experimental uncertainties

The uncertainty in the integrated luminosity is 1.9%, derived from the calibration of the LUCID-2 detector

and complemented by information from the ID and the calorimeters [34]. This uncertainty is applied as a

global normalisation uncertainty to all MC samples, including both signal and background processes. A

systematic uncertainty is associated with the pileup reweighting procedure applied to simulated events to

correct for mismodelling of PU interactions in simulation.

Further uncertainties are associated with the reconstruction and isolation efficiency and with the energy

calibration and resolution of photons, muons and jets. Photon efficiency uncertainties are estimated

by using Run 2 data and MC simulations [69], with an additional uncertainty included to account for

differences between Run 2 and Run 3, as derived from simulation. The uncertainties related to photon

energy calibration and resolution are evaluated following the methodology described in Ref. [81], using the

Run 3 data collected between 2022 and 2024. All contributions are summed in quadrature and considered

fully correlated in photon [, resulting in one systematic uncertainty associated with the energy calibration,

and one with the energy resolution.

Multiple sources of uncertainties are considered for muons. The uncertainties affecting the muon momentum

scale and resolution are separated into charge-dependent and charge-independent components [66].

Additional uncertainties are associated with muon reconstruction and isolation efficiencies, as well

as with the track-to-vertex association efficiency, each of which is split into statistical and systematic

components [67].

Jet reconstruction is affected by uncertainties related to jet vertex tagging and to the jet energy scale

(JES) and resolution (JER). The uncertainty in the NN-JVT and fJVT calibrations [72, 73] is derived

from / → `` and / → 44 events in 2022–2023 data and is dominated by PU modelling uncertainties,

particularly at low ?T. The JES and JER uncertainties [60, 82, 83] include contributions from area

subtraction, PU residual corrections, absolute energy scale, and global sequential calibration [84], and are

evaluated using Run 3 MC simulations. The uncertainty in the in situ calibration is derived from Run 2 data,

with an additional uncertainty included to cover differences between Run 2 and Run 3. Further uncertainties

account for residual effects related to variations in the vertexing algorithm, calorimeter noise thresholds,

and modelling differences in the forward calorimeter region. Among these systematic uncertainties, the

dominant contribution arises from PU residual corrections, which is quoted separately in Table 5. An

additional jet-related source of systematic uncertainty arises from flavour tagging [85].

The ?miss
T

is affected by three sources of systematic uncertainty [77, 86], related to the modelling of its

soft term and evaluated using Run 3 data collected in 2022–2023 and the corresponding MC simulations.

One scale uncertainty is obtained by scaling up and down the parallel projection of the soft-term along

the hard-term, while two resolution uncertainties are derived by smearing the parallel and perpendicular

projections of the soft-term along the hard-term.

Finally, a systematic uncertainty is assigned to the trigger efficiency, as described in Section 4, to account

for the observed discrepancy between data and MC simulations in the trigger efficiency curves.

9.2 Uncertainties in data-driven methods

Three additional sources of systematic uncertainty are associated with the data-driven estimates of the

4   W and 9   W backgrounds. As described in Section 8.1, for the 4   W background, one systematic
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uncertainty accounts for the dependence of the 54W fake factor on the peak width and the definition of

the sidebands, while the second contribution is associated with the trigger correction factors. The third

data-driven systematic uncertainty is associated with the extrapolation from Φ
Loose′ to Φ

Tight in the 9   W

estimation, as described in Section 8.2.

9.3 Theoretical uncertainties

Theoretical uncertainties related to the modelling of quantum chromodynamics (QCD) effects are considered

for background and signal MC samples, arising from variations of the renormalisation and factorisation

scales, the value of the strong coupling constant, and the PDF uncertainties. The latter are evaluated

following the PDF4LHC21 prescription [45]. The uncertainty associated with missing higher-order

corrections is evaluated by independently varying the renormalisation and factorisation scales by factors of

0.5 and 2.0 relative to their nominal values and taking the envelope of the resulting variations, while the

uncertainty related to the strong coupling constant Us is obtained by varying its value by ±0.001.

10 Statistical treatment and results

To maximise the sensitivity to the Higgs boson mass peak, the transverse mass <T is used as the

discriminating variable in the binned maximum-likelihood fit in all regions, except for the 2` CR, which is

treated as a single inclusive bin due to limited statistical precision. The <T binning is optimised such that

the bulk of the expected signal is contained in the two central bins, defined as 110 < <T < 140 GeV and

140 < <T < 200 GeV, while the lower and upper bins provide additional constraints on the background

normalisation. In particular, the first bin (80 < <T < 110 GeV) contains the low-<T VR and is dominated

by the 4   W background, allowing an effective constraint on this contribution.

The likelihood function is constructed as the product of Poisson probability distribution functions describing

the event counts in each <T bin of the SR and CRs, as functions of the expected signal and background

yields. The branching ratio BWWd
is included in the fit as the parameter of interest (POI). In addition, two

normalisation factors, :,W and :/W , are applied to the ,W and /W background processes respectively,

and included as free parameters in the fit, primarily constrained by the corresponding 1` and 2` CRs.

Systematic uncertainties affecting the signal and background yields are incorporated into the likelihood

model as independent nuisance parameters with a Gaussian constraint centred at zero with a width

corresponding to the associated uncertainty. The experimental and data-driven systematic errors are treated

as fully correlated across all regions, and experimental systematic errors are also correlated amongst all MC

samples. Theoretical uncertainties are treated as uncorrelated across samples. All nuisance parameters are

assumed to be mutually uncorrelated. The fit model is implemented in the TRExFitter [87] framework.

A background-only fit is first performed in the SR and CRs, with BWWd
set to zero, and the :,W and :/W

normalisation factors left free. The fitted values are :,W = 0.93+0.08
−0.08

and :/W = 1.03+0.12
−0.11

. The post-fit

<T distributions for data and the expected SM background are shown in Figure 11, while the corresponding

yields are reported in Table 6. The yields and background composition in each analysis region, including

the VRs, are also summarised in Figure 12. Good agreement is observed between data and the SM

background expectation in all the analysis regions, and the data are consistent with the background-only

hypothesis with an observed ?0-value of 0.37.

23



100 150 200 250 300

 [GeV]
T

m

0.9
1

1.1

D
a

ta
 /

 B
k
g

.

1

10

210

310

410

510

610

E
v
e

n
ts

ATLAS

-1
 = 13.6 TeV, 135 fbs

d
γγ→H

SR

Post-fit

Data  (B=1%)
d

γγ→H

γ >~e ~ γ >~j ~

γZ γW

(dir)+jetsγ Uncertainty

Pre-fit Bkg.

(a)

100 150 200 250 300

 [GeV]
T

m

0.9
1

1.1
1.2

D
a

ta
 /

 B
k
g

.

1

10

210

310

410

510

610

E
v
e

n
ts

ATLAS

-1
 = 13.6 TeV, 135 fbs

d
γγ→H

 CRmiss

T
p

Low S

Post-fit

Data  (B=1%)
d

γγ→H

γ >~j ~ (dir)+jetsγ

γ >~e ~ γZ

γW Uncertainty

Pre-fit Bkg.

(b)

100 150 200 250 300

 [GeV]
T

m

0.9
1

1.1

D
a

ta
 /

 B
k
g

.

1

10

210

310

410

510

610

E
v
e

n
ts

ATLAS

-1
 = 13.6 TeV, 135 fbs

d
γγ→H

 CRµ1

Post-fit

Data  (B=1%)
d

γγ→H

γW γ >~j ~

γ >~e ~ γZ

(dir)+jetsγ Uncertainty

Pre-fit Bkg.

(c)

Figure 11: Distribution of <T for data and for the expected SM background after the background-only fit, in the (a)

SR and (b, c) CRs. The � → WWd signal, assuming BWWd
= 1%, is shown as a dashed line and includes the ggF,

VBF, ,� and /� production modes. The pre-fit prediction is overlaid as a dotted line. The uncertainties include

both statistical and systematic components determined by the multiple-bin fit. The lower panels show the ratios of

data to expected background yields post-fit (dots) and pre-fit (dotted line).
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Table 6: Data and background yields in the SR and CRs, after the background-only fit. The pre-fit expected signal

yields are also shown for each Higgs boson production channel, assuming BWWd
= 1%. Contributions below 10−5 are

shown as “–”. Uncertainties include statistical and systematic components. The individual background uncertainties

can be correlated and therefore do not add in quadrature to the total background uncertainty.

SR low S�miss
T

CR 1 ` CR 2 ` CR

Pre-fit ggF � → WWd 166± 24 18.2± 4.9 – –

Pre-fit VBF � → WWd 56.9± 5.7 9.6± 1.6 – –

Pre-fit ,� � → WWd 14.7± 1.4 1.41± 0.31 0.149± 0.018 –

Pre-fit /� � → WWd 8.19± 0.85 0.72± 0.19 0.0073± 0.0075 0.0249± 0.0097

/W 1332± 90 95± 21 120± 8.8 412± 25

,W 2253± 68 224± 55 3635± 80 0.677± 0.058

4   W 4810± 113 1302± 43 124.5± 3.5 11.46± 0.45

9   W 2726± 105 5879± 149 941± 37 188± 10

W(dir)+jets 175.7± 3.6 2437± 62 0.0469± 0.0010 –

Total 11298± 101 9936± 98 4821± 69 612± 23

Data 11327 9934 4802 596
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Figure 12: Observed data and post-fit background yields in the SR, CRs, and VRs after the background-only fit. The

expected signal yields are overlaid, assuming BWWd
= 10% for visualisation purposes. The lower panel shows the

ratio of the data to the background, together with the signal contribution defined as 1 + (/�, where ( and � denote

the signal and background yields.
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The impact of hard-scatter primary vertex misidentification due to low track activity is strongly mitigated

using a dedicated BDT discriminant. Novel data driven techniques are employed to estimate the background

arising from electrons and jets misidentified as photons, while the normalisation of the background

processes with a genuine photon is obtained using MC simulations constrained by data in dedicated control

regions.

No significant excess over the SM expectation is observed. The results are interpreted in terms of a

� → WWd decay, yielding an observed (expected) 95% CL upper limit on the branching ratio of 1.4% (1.2%)

at 95% CL, comparable to the best limit from previous searches, set by the ATLAS Run 2 combination. A

combination with previous ATLAS Run 2 searches improves the observed (expected) limit to 0.9% (0.9%),

representing the most stringent constraint to date on this decay mode.
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