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 a b s t r a c t

A search for Standard Model Higgs bosons produced in association with a high-energy photon and decaying to 
𝑏𝑏̄ is performed using 133 fb−1 of √𝑠 = 13 TeV 𝑝𝑝 collision data collected with the ATLAS detector at the Large 
Hadron Collider at CERN. The photon requirement reduces the multijet background, and the 𝐻 → 𝑏𝑏̄ decay 
is the dominant decay mode. Event selection requirements target events produced by vector-boson fusion, the 
dominant production mode in this channel. Several improvements enhance the search sensitivity compared to 
previous measurements. These improvements include better background modelling and characterization, the use 
of a neural-network classifier, and an updated signal extraction strategy adopting a direct binned-likelihood fit 
to the classifier output. With these improvements, the Higgs boson signal strength is measured to be 0.2 ± 0.7
relative to the Standard Model prediction. This corresponds to an observed significance of 0.3 standard deviations, 
compared to an expectation of 1.5 standard deviations assuming the Standard Model.

1.  Introduction

The scalar Higgs boson, discovered in 2012 [1,2], has been studied 
extensively in all the expected main production modes and in many of 
its decay channels. The Higgs boson decays most frequently to a pair 
of 𝑏-quarks, making this a powerful decay channel to study. However, 
this decay is challenging because of a significant non-resonant QCD 
multijet background, which complicates the search. By requiring a fi-
nal state with an associated high-energy photon, a destructive interfer-
ence effect, arising from diagrams with initial-state and final-state ra-
diation of the photon, reduces this non-resonant background, making 
this an interesting final-state signature to target [3]. An example Feyn-
man diagram for this dominant non-resonant background is shown in 
Fig. 1a. Conveniently, the photon also provides a clean signature on 
which to trigger. Due to the increased number of electroweak vertices 
in vector-boson fusion (VBF) Higgs boson production, this production 
mode surpasses gluon–gluon fusion (𝑔𝑔𝐻) and becomes the dominant
production mechanism when an associated photon is required. The 
leading-order Feynman diagram for this mode is shown in Fig. 1b. By re-
quiring a high dijet invariant mass, the signal phase space becomes purer 
in VBF Higgs production, with vector-boson associated Higgs produc-
tion (𝑉 𝐻, 𝑉 = 𝑊 ,𝑍) contributing less than 5% of the signal. Addition-
ally, a destructive interference effect, similar to that reducing the non-
resonant QCD multijet background, suppresses 𝑍𝑍-fusion and makes 

1 Authors are listed at the end of this paper.

this a unique way to study 𝑊𝑊 -fusion Higgs production and the 𝐻𝑊𝑊
interaction more closely.

Searches for VBF Higgs production with decay into 𝑏-quarks with-
out the associated photon requirement have been performed by both 
ATLAS and CMS. In the all-hadronic channel, ATLAS measured a sig-
nal strength, or the ratio between the observed signal yield and that 
predicted by the Standard Model, of 0.95+0.38−0.36 [4]. In a boosted (high 
transverse momentum 𝑝T) VBF 𝐻(→ 𝑏𝑏̄) search, CMS measured a sig-
nal strength of 4.9+1.9−1.6 [5]. This letter presents an analysis of 133 fb−1
of √𝑠 = 13TeV proton–proton (𝑝𝑝) collision data collected with the AT-
LAS detector in search of the VBF 𝐻(𝑏𝑏̄) + 𝛾 signature. The VBF Higgs 
boson signal with the requirement of an associated photon with trans-
verse momentum of at least 19GeV and two additional jets (VBF H𝛾jj) 
with transverse momentum of at least 15GeV has a cross-section of 
55.6+0.6−0.4 fb predicted at next-to-leading order (NLO). A previous search 
for this signature using the same dataset observed a signal strength 
of 𝜇𝐻 = 1.3 ± 1.0, with an expected significance of 1.0 standard devi-
ations (1.0𝜎) [6]. Since the previous effort, the multivariate analysis 
technique has been markedly improved, replacing the previously used 
boosted decision tree (BDT) classifier with a densely connected neural 
network (NN) and including the discriminating power of kinematic in-
put variables related to the di-𝑏-jet invariant mass [7]. The data-fitting 
approach is also quite different from that adopted previously; it now 
extracts the signal strength directly from the classifier’s output score
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distribution and uses the di-𝑏-jet invariant mass (𝑚𝑏𝑏) to define regions 
of purity, rather than fitting the 𝑚𝑏𝑏 distribution. These advances, com-
bined with much larger simulated event samples for the main back-
grounds, reduce the signal strength uncertainty and provide improved 
signal sensitivity.

Details of the analysis procedure are provided in the following sec-
tions. Attributes of the experimental detector are given in Section 2. Par-
ticulars of the simulated data are presented in Section 3. Characteristics 
of data collection and event reconstruction and selection are delineated 
in Section 4. The techniques for separating this rare signal from com-
mon backgrounds are described in Section 5, followed in Section 6 with 
the specifics of ensuring that such backgrounds suitably model the data. 
Systematic uncertainties related to theory modelling and experimental 
detector effects are catalogued in Section 7, and the results are presented 
in Section 8.

2.  ATLAS detector

The ATLAS experiment [8] at the Large Hadron Collider (LHC) is 
a multipurpose particle detector with a forward–backward symmetric 
cylindrical geometry and nearly 4𝜋 coverage in solid angle.1 It con-
sists of an inner tracking detector surrounded by a thin superconduct-
ing solenoid providing a 2T axial magnetic field, electromagnetic and 
hadronic calorimeters, and a muon spectrometer. The inner tracking 
detector covers the pseudorapidity range |𝜂| < 2.5. It consists of sili-
con pixel, silicon microstrip, and transition radiation tracking detectors. 
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic 
(EM) energy measurements with high granularity within the region 
|𝜂| < 3.2. A steel/scintillator-tile hadronic calorimeter covers the central 
pseudorapidity range (|𝜂| < 1.7). The endcap and forward areas are in-
strumented with copper/LAr and tungsten/LAr calorimeters for EM and 
hadronic energy measurements in the region 3.2 ≤ |𝜂| ≤ 4.9. The muon 
spectrometer surrounds the calorimeters and is based on three large su-
perconducting air-core toroidal magnets with eight coils each. The field 
integral of the toroids ranges between 2.0 and 6.0Tm across most of the 
spectrometer. The muon spectrometer includes a system of precision 
tracking chambers up to |𝜂| = 2.7 and fast detectors for triggering up to 
|𝜂| = 2.4. The luminosity is measured mainly by the LUCID-2 detector, 
which is located close to the beampipe. A two-level trigger system is 
used to select events [9]. The first-level trigger (L1) is implemented in 
hardware and uses a subset of the detector information to accept events 
at a rate below 100 kHz. This is followed by a software-based trigger 
(HLT) that reduces the accepted event rate to around 1.25 kHz on aver-
age depending on the data-taking conditions. A software suite [10] is 
used in data simulation, in the reconstruction and analysis of real and 
simulated data, in detector operations, and in the trigger and data ac-
quisition systems of the experiment.

3.  Monte Carlo event simulation samples

Fully simulated 𝐻(→ 𝑏𝑏̄) + 𝛾 Monte Carlo (MC) signal events were 
generated at NLO in QCD with MadGraph5_aMC@NLO [11] and show-
ered using Herwig 7 [12,13], with the PDF4LHC15 parton distribution 
function (PDF) set [14]. This signal sample consists of Higgs bosons pro-
duced through VBF or 𝑉 𝐻 processes. The set of tuned parameters is as-

1 ATLAS uses a right-handed coordinate system with its origin at the nom-
inal interaction point (IP) in the centre of the detector and the 𝑧-axis along 
the beam pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, 
and the 𝑦-axis points upwards. Polar coordinates (𝑟, 𝜙) are used in the trans-
verse plane, 𝜙 being the azimuthal angle around the 𝑧-axis. Tranverse momen-
tum (𝑝T) and energy (𝐸T) are the components of momentum and energy in this 
transverse plane, perpendicular to the beamline. The pseudorapidity is defined 
in terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃∕2) and is equal to the rapidity 
𝑦 = 1

2
ln
((

𝐸 + 𝑝𝑧
)

∕
(

𝐸 − 𝑝𝑧
)) in the relativistic limit. Angular distance is mea-

sured in units of Δ𝑅 ≡
√

(Δ𝑦)2 + (Δ𝜙)2.

Table 1 
Generators, orders of calculation, and PDF sets used for the MC sig-
nal and background samples. The short name of aMC@NLO is used for 
MadGraph5_aMC@NLO.

 Sample  Generator  Calculation order  PDF set
𝐻(→ 𝑏𝑏̄) + 𝛾  aMC@NLO+Herwig 7  NLO  PDF4LHC15
𝑔𝑔𝐻 + 𝛾  Powheg NNLOPS+Pythia 8  NNLO  PDF4LHC15
𝑡𝑡𝐻 (all-hadronic)  Powheg+Pythia 8  NNLO  NNPDF3.0
𝑡𝑡𝐻 (semileptonic)  Powheg+Pythia 8  NNLO  NNPDF3.0
𝑍(→ 𝑏𝑏̄)𝛾𝑗𝑗 (EWK)  aMC@NLO+Herwig 7  NLO  PDF4LHC15
𝑍(→ 𝑏𝑏̄)𝛾𝑗𝑗 (QCD)  MadGraph5+Pythia 8  LO  PDF4LHC15
𝑏𝑏̄𝛾𝑗𝑗 (non-resonant)  MadGraph5+Pythia 8  LO  PDF4LHC21
𝑐𝑐𝛾𝑗𝑗 (non-resonant)  MadGraph5+Pythia 8  LO  PDF4LHC21
𝑡𝑡 (non-all-hadronic)  Powheg+Pythia 8  NLO  NNPDF3.0
𝑡𝑡 (all-hadronic)  Powheg+Pythia 8  NLO  NNPDF3.0

signed the Herwig 7 default values of H7-PS-MMHT2014LO and H7-UE-
MMHT. Contributions from Higgs processes that are rarer in the selected 
phase space were considered separately but are treated as background. 
To describe the 𝐻 + 𝛾 component of other Higgs production processes, 
photon-filtered samples are derived from inclusive productions samples. 
The 𝑔𝑔𝐻 sample used Powheg [15–17] interfaced with Pythia 8 [18]. 
Higgs production in association with a 𝑡𝑡 pair (𝑡𝑡𝐻) is described with MC 
simulated events also generated using Powheg interfaced with Pythia
8 and the NNPDF3.0 PDF set [19].

For the main non-resonant backgrounds, 𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗, large 
samples of fully-simulated Monte Carlo background events were gen-
erated at leading order (LO) specifically for this analysis, using 
MadGraph5_aMC@NLO for the matrix element calculation and Pythia
8 for the showering to final-state particles. Both of these samples used 
the PDF set PDF4LHC21 [20], and a restriction requiring dijet invariant 
mass above 500GeV was applied to improve event selection efficiency 
in the ‘offline’ phase space discussed in Section 4. This truth-level dijet 
invariant mass requirement selects about 37% of all non-resonant QCD 
background events, which are then passed to the detailed detector sim-
ulation, without biasing the results. No events with truth-level invariant 
mass below 500GeV have reconstructed-level invariant mass passing the 
offline requirement (>800GeV) described in the next section. The fi-
nal non-resonant background considered, 𝑡𝑡 production, is modelled by 
samples with all-hadronic or either partially or fully leptonic final states 
that were generated at NLO using Powheg and showered using Pythia
8. These samples were normalized to the next-to-next-to-leading order 
(NNLO) cross-section predictions [21]. Electroweak 𝑍𝛾𝑗𝑗 events were 
modelled specifically for this analysis at NLO using the same parameter 
values and PDF set as the signal sample. QCD 𝑍𝛾𝑗𝑗 events were gener-
ated at LO using MadGraph5_aMC@NLO for the hard-scattering and 
Pythia 8 for showering.

Certain simulation configurations are common to all samples. The 
decays of bottom and charm hadrons were performed by EvtGen [22]. 
Fully simulated minimum-bias events were generated using the Pythia
8 generator [23] with the NNPDF2.3lo PDF set and the A3 set of tuned 
parameters [24], and then overlaid on each hard-scatter interaction, in 
accord with the luminosity profile of the recorded data, to model pileup 
contributions from the same bunch crossing and neighbouring bunch 
crossings. All simulated samples include a full simulation of the AT-
LAS detector and its response [25] based on Geant4 [26]. Generator 
choices, the orders of their calculations, and PDF sets used for the con-
sidered MC samples are summarized in Table 1.

4.  Object and event selection

The target signature of this analysis consists of two jets passing 
the requirements of a flavour-tagging algorithm (‘b-tagged jets’) from 
the 𝑏-quarks from the Higgs boson decay, of two additional jets (‘VBF-
candidate jets’) with large invariant mass originating from the quarks 
that produced the hard scattering after the emission of the 𝑊  or 𝑍
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Fig. 1. Representative Feynman diagrams for (a) non-resonant multijet background and (b) 𝐻𝛾𝑗𝑗 signal. The non-resonant multijet background can also have a 𝑞𝑔
initial state, and the photon can be radiated from an initial-state or final-state quark.

bosons that fused into a Higgs boson, and of a high-energy photon can-
didate. Isolated leptons are vetoed to maintain orthogonality with other 
ATLAS Higgs boson analyses. The selection requirements for these ob-
jects, which balance high signal acceptance with high background re-
jection, are summarized in Table 2.

This analysis uses the full Run-2 dataset recorded from 13 TeV 𝑝𝑝
collisions by the ATLAS detector from 2015 to 2018. Several triggers 
were chosen and combined to target the VBF phase space and maximize 
the acceptance. One motivation for requiring an associated photon in 
this Higgs boson search is the clean signature the photon provides for 
triggering, so each trigger chosen in the HLT requires at least one central 
photon with 𝑝T > 25GeV [27]. These triggers also require at least four 
jets with 𝑝T > 35GeV. Since the VBF topology tends to produce final-
state jets with large angular separation and high invariant mass, the 
triggers required the largest dijet mass to be at least 700GeV. Starting 
from late 2016, these triggers also required at least one jet to be 𝑏-tagged 
at the 77% efficiency working point of the MV2c20 or MV2c10 algo-
rithm [28]. Because of changes in trigger availability and data-quality 
requirements [29], particularly in the early Run-2 period, this analy-
sis uses a total integrated luminosity of 133 fb−1, slightly less than the 
140 fb−1 used in other ATLAS full Run-2 analyses.

Interaction vertices from 𝑝𝑝 collisions are reconstructed from at least 
two tracks with 𝑝T > 500MeV that are consistent with originating from 
the beam collision region. If more than one interaction vertex is found 
in the event, the vertex with the largest sum of track squared 𝑝T is se-
lected as the primary vertex [30]. Due to trigger requirements, each 
of the four jets selected offline are required to have 𝑝T > 40GeV. Jets 
are reconstructed using the anti-𝑘𝑡 algorithm [31,32] with a radius pa-
rameter of 𝑅 = 0.4, using as inputs ‘particle flow’ objects determined 
by matching the energy deposits in the calorimeter with tracks in the 
inner detector. This choice of particle flow objects leads to better reso-
lution and pileup rejection [33] compared to Ref. [6], for which the jet 
clustering inputs were topological clusters of neighbouring cells in the 
calorimeters with significant energy deposits. To enhance pileup rejec-
tion, jets in the central region must be tightly matched to the event’s 
primary vertex according to a likelihood-based discriminant called the 
jet-vertex tagger (JVT), while the similar forward jet-vertex tagger ac-
cepts a looser matching for jets in the forward region [34,35].

This analysis replaces the MV2c10 offline 𝑏-tagging algorithm, used 
in the previous analysis [6], with the more advanced DL1r algorithm, 
which employs a deep neural network for jet flavour classification [36]. 
The pseudorapidity of 𝑏-tagged jets must fall within the acceptance of 
the inner detector (|𝜂| < 2.5), on which flavour-tagging heavily relies. 

Jets are 𝑏-tagged if they pass a fixed-cut working point of the DL1r tag-
ging discriminant, which was calibrated using 𝑡𝑡 events to give 77% ef-
ficiency for true 𝑏-jets with 𝑝T ≥ 20GeV. The 77% efficiency working 
point provides rejection factors of 6 and 134 for charm and light-flavour 
jets, respectively. Per-jet scale factors are applied in MC events to ac-
count for efficiency differences between data and simulation [37–39]. 
In the simulation, 𝑏-tagging is fully emulated (‘direct tagging’) for all 
jets for signal events and for events from background processes other 
than 𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗. Simulated events that do not have at least two 𝑏-
tagged jets are rejected outright. In contrast, the two main backgrounds, 
𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗, undergo ‘truth-tagging’ to maximize the number of sim-
ulated events used in the subsequent steps of the analysis. Each event 
is assigned a weight based on the probability of each jet in the event 
to pass or fail the 𝑏-tagging requirement based on their kinematic prop-
erties and flavour of the originating quark. These tagging approaches 
yield kinematic distributions that differ negligibly in shape, but notice-
ably in normalization due to the online 𝑏-tagging trigger requirement 
which forces a direct-tagging scheme for at least one of the 𝑏-jet can-
didates [40]. This normalization effect is unimportant because the nor-
malization of these two backgrounds combined is determined by a fit to 
data, as described in Section 6. To compensate for 𝑏-jet energy losses due 
to semileptonic decays and small out-of-cone energy deposits, jet energy 
corrections are applied, including corrections for muons or undetected 
neutrinos from such decays [41]. The two 𝑏-tagged jets with highest 
transverse momentum are selected as Higgs boson decay-product can-
didates. The remaining jets with 𝑝T greater than 40GeV are combined 
pairwise, and the VBF-candidate jets are selected as the pair with the 
highest invariant mass, requiring that this mass exceeds 800GeV, where 
the trigger efficiency reaches a plateau.

The high-energy photon in the signal signature is the photon can-
didate with highest transverse momentum, with minimum 𝑝T ≥ 30GeV
and pseudorapidity in the range |𝜂| < 1.37 or 1.52 < |𝜂| < 2.37. Photons 
are reconstructed from topological clusters of neighbouring cells in the 
electromagnetic calorimeter, not matched or matched to tracks in the in-
ner detector depending on whether the photon underwent a conversion 
to 𝑒+𝑒− prior to reaching the calorimeter. A tight photon identification 
selection, based on shower-shape criteria is applied to avoid selecting 
misidentified electrons or jets reconstructed as photons [42]. Photon iso-
lation requirements set an upper bound on the energy deposited in the 
calorimeter in a cone surrounding the photon, further helping to reject 
jets faking prompt photons.

Electron candidates must satisfy 𝑝T > 25GeV, |𝜂| < 2.47, and tight 
identification criteria [42]. Muon candidates must satisfy 𝑝T > 25GeV
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Table 2 
Trigger and offline event selection criteria and region definitions for the 𝐻(→ 𝑏𝑏̄)𝑗𝑗 + 𝛾 signa-
ture. The 𝑝T and |𝜂| offline jet requirements are used to match trigger selections and 𝑏-tagging 
requirements. Criteria in 𝑚𝑏𝑏 define the control and signal regions.

Trigger

 L1 ≥ 1 photon with 𝑝T > 22GeV

HLT
≥ 1 photon with 𝑝T > 25GeV
≥ 4 jets with 𝑝T > 35GeV and |𝜂| < 4.9
 (or ≥ 3 jets with |𝜂| < 4.9 and ≥ 1 𝑏-tagged jet with |𝜂| < 2.5)
𝑚𝑗𝑗 > 700GeV

 Offline ≥ 1 photon with 𝑝T > 30GeV and |𝜂| < 1.37 or 1.52 < |𝜂| < 2.37
≥ 2 𝑏-tagged jets with 𝑝T > 40GeV and |𝜂| < 2.5
≥ 2 additional jets with 𝑝T > 40GeV and |𝜂| < 4.5
𝑚𝑗𝑗 > 800GeV
 No electrons or muons with 𝑝T > 25GeV
𝑚𝑏𝑏 ≤ 220GeV

Region selection  Signal region 100GeV ≤ 𝑚𝑏𝑏 ≤ 150GeV

 Control region 𝑚𝑏𝑏 < 100GeV and 150GeV < 𝑚𝑏𝑏 ≤ 220GeV

and loose identification criteria [43]. For electrons, track-based isolation 
requirements depend on the electron’s 𝑝T, using tracks within a vari-
able cone size of up to Δ𝑅 = 2. The calorimeter-based isolation requires 
that the sum of cluster transverse energies within a cone of Δ𝑅 = 2 is 
less than 3.5GeV. For muons, the isolation requirement is that tracks 
within a cone of size Δ𝑅 = 0.2 around the muon candidate track must 
sum to less than 1.25GeV in 𝑝T. Any events containing isolated electrons 
or muons with 𝑝T > 25GeV are vetoed. Electron (muon) candidates are 
matched to the primary vertex by requiring that the significance of their 
transverse impact parameter 𝑑0 satisfies |𝑑0∕𝜎(𝑑0)| < 5.0 (3.0), where 
𝜎(𝑑0) is the measured uncertainty in 𝑑0, and by requiring that their lon-
gitudinal impact parameter 𝑧0 sin(𝜃) satisfies |𝑧0 sin(𝜃)| < 0.5mm.

To reduce instances of considering the same physics object as two 
different reconstructed objects, an overlap removal is performed after 
the kinematic criteria for object selection are met. First, any jet within 
Δ𝑅 = 0.2 of an electron is removed, and a jet with fewer than three 
associated tracks is removed if it is within Δ𝑅 = 0.2 of a muon. Any 
remaining electrons or muons found within Δ𝑅 = 0.4 of a jet are then 
removed. Then, any photon identified within Δ𝑅 = 0.4 of an electron 
or muon is removed. Finally, any jet that is within a region of Δ𝑅 = 0.4
around a photon with 𝑝T > 30GeV is removed, as it is likely to have been 
reconstructed from the same energy deposits as the photon candidate.

After the event selection criteria have been applied, candidate events 
are divided into two regions, which are used together in the classifier 
training and in the signal extraction fit. The signal region (SR) contains 
most of the signal sensitivity, comprising events with 𝑚𝑏𝑏 in the range 
100 GeV ≤ 𝑚𝑏𝑏 ≤ 150 GeV around the Higgs boson mass. The control 
region (CR) includes events in the 𝑚𝑏𝑏 sidebands outside this window, 
specifically 𝑚𝑏𝑏 < 100GeV and 150GeV < 𝑚𝑏𝑏 ≤ 220GeV. It is primar-
ily used to extract background normalizations and to constrain nuisance 
parameters representing correlated systematic uncertainties.

5.  Multivariate analysis

An improved multivariate analysis technique is key to this analysis. 
An NN replaced the BDT used in the previous analysis because the NN 
showed better signal and background discrimination with identical in-
puts. Keras [44], a high-level interface of TensorFlow [45], was used 
to train an NN to provide a classification score, distinguishing signal-
like (high score) events from those resembling the non-resonant QCD 
𝑏𝑏̄𝛾𝑗𝑗 or 𝑐𝑐𝛾𝑗𝑗 events constituting the main backgrounds (low score). A 
two-fold method was used to train and evaluate the performance of the 
NN: two separate models with identical hyperparameters were trained 
on separate halves of the MC training samples, which contain both the 
control- and signal- region phase spaces. Evaluating the MC events us-
ing the model that did not include those events during training allows 
the use of the full size of the MC samples for signal extraction. Data and 

MC background samples that were not used in training are also split in 
half, and the two halves are evaluated by each of the two models and 
then recombined.

In order to optimize the choice of input variables and hyperparam-
eters, a comparison metric was formed to assess the signal-background 
separation significance after successive training epochs. The significance 
is estimated by binning the NN output score distribution into 20 bins, 
equal in width in score, and the weighted number of signal events is di-
vided by the square root of the weighted number of background events 
(𝑆∕

√

𝐵) in each bin. The optimization metric is these 𝑆∕
√

𝐵 values 
summed in quadrature for all bins. Many kinematic variables were con-
sidered as inputs; combinations of these variables were used to train 
individual models, which were evaluated using the defined metric to 
find the optimal set. After optimization, the 14 input variables listed 
in Table 3 were selected, and no addition or substitution made to this 
grouping was found to produce better separation between signal and 
background. In addition to the improvements gained from the use of an 
NN, this analysis profits from the use of the discriminating power of 𝑚𝑏𝑏
and correlated variables, which could not be exploited in the previous 
analysis because it would sculpt the background parametrization. The 
use of variables related to an event’s jet multiplicity is also a new devel-
opment, motivated by the signal’s tendency, with mostly electroweak 
vertices, to have fewer jets than the QCD background. The same opti-
mization method was employed to select specific hyperparameter set-
tings: each final NN model has 11 hidden layers with 256 neurons per 
layer in the bulk. The ratio of the sums of weights of the background and 
signal training samples was also optimized, after which the signal accep-
tance contributed more than twice as much as the background rejection 
to the loss function. To prevent overtraining, the training is stopped 
when the calculated loss function does not decrease significantly for five 
consecutive training epochs, which typically occurs within 25 epochs for 
the final selection of hyperparameters.

6.  Signal and background composition and modelling

The previous analysis of this signature with the full Run-2 data relied 
on a fit to the invariant mass spectrum of the two 𝑏-tagged jets (𝑚𝑏𝑏), us-
ing an analytic shape for the background, with parameters determined 
from the fit to the data. That approach introduced large systematic un-
certainties from the potential bias arising from the choice of the model 
for the background. This analysis adopts a binned likelihood fitting strat-
egy to the NN score, based on signal and background templates derived 
from MC simulations, reducing modelling-related systematic uncertain-
ties and benefitting from the use of a more discriminating variable as 
the fit observable.

Simulations and calculations of the SM cross-sections predict that 
non-resonant backgrounds are expected to contribute approximately 
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Table 3 
Kinematic variables used as inputs to the neural-network classifier. This list 
is ordered in decreasing correlation between the input variable and the NN 
score, i.e. in decreasing order of importance in the NN training.

 Input variable Description

𝑛jets The total number of jets with 𝑝T ≥ 40GeV in the event
𝑝balT  [6] Transverse momentum balance for selected final-state objects
Δ𝜙(𝑏𝑏, 𝑗𝑗) Azimuthal angle between the momenta of the di-𝑏-jet system and 

the two VBF-candidate jets
𝑚𝑏𝑏 Invariant mass of the two leading 𝑏-tagged jets
𝑝𝑏𝑏T Transverse momentum of the two leading 𝑏-tagged jets
𝑚𝑗𝑗 Invariant mass of the two VBF-candidate jets
cos 𝜃𝐶 Cosine of the angle between the two VBF-candidate jets and the 

two 𝑏-tagged jets planes in the centre-of-mass frame of the 𝑏𝑏𝑗𝑗
system

min(Δ𝑅(𝑏, 𝛾)) The minimum angular distance between one of the 𝑏-tagged jets 
and the photon

Δ𝜂(𝑗, 𝑗) Pseudorapidity difference between two VBF-candidate jets
Δ𝑅(𝑏1 , 𝑗1) Angular distance between the leading 𝑏-tagged jet and the lead-

ing VBF-candidate jet
𝑝𝑗1T Transverse momentum of the leading VBF-candidate jet
cen(𝛾𝑗𝑗) [6] Centrality of the photon relative to the VBF-candidate jets
Δ𝜂(𝑏, 𝑏) Pseudorapidity difference between the two leading 𝑏-tagged jets
𝜂𝑗5 Pseudorapidity of a 5th jet (2 𝑏-tagged jets, 2 VBF-candidate jets, 

plus this extra 5th jet); if no 5th jet is present, a value is as-
signed using a probability density matching the distribution of 
5-jet events from the respective sample population

99% of the total background. Prior to any constraints from a fit to data, 
QCD multijet production with 𝑏-quarks in association with a photon 
(𝑏𝑏̄𝛾𝑗𝑗) dominates with a 70% contribution, multijet production with 
mistagged 𝑐-quarks in association with a photon (𝑐𝑐𝛾𝑗𝑗) contributes 
an estimated 18%, and non-resonant production of top quarks (𝑡𝑡) is 
estimated to contribute 11% of the total expected background. Non-
resonant QCD production with light-flavour quarks in association with 
a photon (𝑙𝑙𝛾𝑗𝑗) is conservatively estimated to contribute < 0.5% of the 
total background yield based on the mistagging rate for light-flavour 
jets, so no template for this background source is included.

Although resonant backgrounds are estimated to contribute only 1%
of the total background, templates are still produced and included in 
the fit because the kinematics of resonant backgrounds are more similar 
to signal than to the non-resonant backgrounds. The template for the 
background from 𝑍 boson production in association with a photon and 
jets, 𝑍(→ 𝑏𝑏̄)𝛾𝑗𝑗, is built from the sum of two contributions, electroweak 
and QCD production, as described in Section 3. The contribution from 
𝑊 𝛾 production is estimated to be only 1% of that from 𝑍𝛾 after selec-
tion, so no template is included in the fit for 𝑊 𝛾𝑗𝑗. Other Higgs produc-
tion modes contribute negligibly to the selected phase space, due to the 
required associated photon and the VBF-specific event selections. Nev-
ertheless, templates are created for 𝑔𝑔𝐻 and 𝑡𝑡𝐻 production, which is 
treated as background to the predominantly VBF Higgs signal.

While this analysis focuses on the VBF 𝐻𝛾 production mode of the 
𝑏𝑏𝛾𝑗𝑗 signal, 𝑉 𝐻𝛾 contributes an estimated 8.8% of the signal sample 
at MC generator level, but it is expected to contribute less than 1% after 
final event selection phase-space requirements. Of the signal VBF events 
at generator level, about 92.3% are estimated to be from Higgs boson 
production via 𝑊𝑊 -fusion, due to production via 𝑍𝑍-fusion being sup-
pressed by the interference effect mentioned in Section 1.

The templates for the 𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗 backgrounds use ‘truth-
tagging’ to benefit from as many of the MC events as possible, and tests 
were performed to ensure that the NN output distribution shapes are 
compatible with direct-tagged sample templates [40]. These two back-
grounds share a floating normalization factor, allowing their combined 
yield to be fitted directly to data. The remaining background and sig-
nal templates use direct-tagged samples. While truth-tagged MC signal 
events are used in the NN training to have ample training samples, the 
signal fit template is derived by evaluating the NN on only direct-tagged 
events.

As mentioned in Section 1, the fitting strategy extracts the signal 
directly from the NN output score distribution, and uses a control re-
gion and signal region defined by ranges in 𝑚𝑏𝑏. This fit relies on tem-
plate distributions derived from MC, so it is important to ensure that 
the MC background simulation agrees well with data in the control re-
gion where there is little signal contamination. In this control region, 
discrepancies between data and MC simulation are observed for several 
kinematic variables, particularly 𝑛jets, min(Δ𝑅(𝑏, 𝛾)), Δ𝜂(𝑗, 𝑗), and 𝑚𝑏𝑏. 
This was also observed in Ref. [6], and is due to both the difficulty 
of modelling non-resonant multijet backgrounds and the low order at 
which the dominant MC samples were generated.

To achieve better agreement between data and MC events in the 
NN output distribution and to account for possible missing backgrounds 
such as events arising from jets improperly tagged as photons, reweight-
ing scale factors for the two main background, 𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗, are ex-
tracted from distributions of the 14 NN input kinematic variables listed 
in Table 3. These backgrounds are reweighted together with identical 
kinematic scale-factor functions as follows. After the MC-estimated 𝑡𝑡
contribution is subtracted, the data are compared with the predicted 
𝑏𝑏̄𝛾𝑗𝑗 + 𝑐𝑐𝛾𝑗𝑗 background, via the ratio of the normalized binned kine-
matic input-variable distributions in the 𝑚𝑏𝑏-sideband control region. 
To this ratio, a sixth-order polynomial is fitted successively and itera-
tively for each input variable, in the reverse order of their correlation 
with NN score. The function is then applied to the MC 𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗
samples, in both the control region and signal regions, in order to scale 
these dominant backgrounds to better represent the data. These kine-
matic reweighting scale factors account for any mismodelling of these 
non-resonant QCD backgrounds, as well as for any contamination from 
backgrounds not otherwise considered, such as jets misidentified as pho-
tons.

The NN training is repeated after kinematic reweighting to obtain 
the final model, such that the modified event weights can affect the 
loss function and training results accordingly. Despite the large num-
ber of compounding scale factors, the overall impact on the NN output 
is relatively small because their effects partially cancel. Additionally, 
the reweighted result is largely immune to procedural changes, as re-
flected in the shape uncertainty due to this kinematic reweighting (see 
Section 7). Very good closure between MC and data distribution shapes 
after kinematic reweighting can be seen in the control region and the 
background-rich areas of the signal region, i.e. in the 𝑚𝑏𝑏 SR window 
100 ≤ 𝑚𝑏𝑏 ≤ 150 GeV but with an NN score less than 0.6. Fig. 2 shows 
the NN output distributions for the MC backgrounds before and after 
kinematic reweighting in comparison with data in the control region 
and signal region. In the CR and in the background-rich bins of the SR, 
the data and reweighted MC distributions agree within statistical uncer-
tainties.

7.  Systematic uncertainties

Theory and experimental uncertainties are described with a total of 
78 nuisance parameters that can modify the normalization and shape of 
the signal and background templates. The effects of these nuisance pa-
rameters on the signal strength uncertainty (𝜎(𝜇𝐻 )) are categorized and 
summarized in Table 4. The grouped effect of each uncertainty category 
is calculated by performing a fit with the category’s corresponding nui-
sance parameters fixed to their best-fit values, and taking the difference 
in quadrature between 𝜎(𝜇𝐻 ) from the nominal fit and from this fit as 
the impact of that group of systematic uncertainties. Template smooth-
ing is employed in these final-fit variations to reduce the inflation of 
uncertainties due to correlated statistical fluctuations.

The dominant source of signal strength uncertainty is the statistical 
uncertainty, which contributes 𝜎(𝜇𝐻 ) = 0.57. This is due to the small 
𝐻 + 𝛾 production cross section at √𝑠 = 13TeV. Nevertheless, much at-
tention was paid to reducing the experimental and modelling uncertain-
ties as much as possible relative to the previous analysis. To reduce the 
statistical uncertainties of the background templates, new and enlarged 
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Fig. 2. NN output distributions for data compared with those for all MC backgrounds with and without kinematic reweighting. Reweighting scale factors are 
extracted from comparisons between kinematic distributions for MC backgrounds and data in the (a) control region 𝑚𝑏𝑏 sidebands. The low score bins of the (b) 
signal region, which have negligible signal, are used for validation. The purple dashed line marks the divide between the low-score SR bins, used for validation of 
the reweighting scale factors, and high-score bins containing most of the signal. The total yields of MC and data events are individually normalized to 1, making this 
a direct comparison of NN output distribution shapes.

Fig. 3. Post-fit plots for the observed dataset, showing (a) the control region and (b) the signal region. Background and signal templates are shown with all 
normalization factors and post-fit nuisance parameter pulls incorporated. Data bin yields are represented with black markers, with error bars representing statistical 
uncertainties. The red line represents the post-fit signal scaled by a factor of 25, while the stacked red signal histogram, which is only visible at high NN score in 
the signal region, is normalized to the fitted signal strength of 𝜇 = 0.2. The ratio plots in the lower panels display the bin-by-bin ratio of the data to the post-fit total 
of signal and background yields. Post-fit uncertainties are depicted with a blue hashed band in both the yield and ratio plots. The NN score is renormalized in the 
post-fit distributions to give regular bin widths, so the binning does not reflect the raw score optimized binning, which is finer in high score signal region bins and 
low score control region bins.

𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗 samples were simulated; these reduced the MC statisti-
cal uncertainty contributions to a total of 𝜎(𝜇𝐻 ) = 0.25.

Theory uncertainties arising from the lack of higher-order correc-
tions, the PDF and 𝛼𝑠, and the parton shower generator are considered 
for the signal and major backgrounds. To estimate the contributions 
from missing higher-order corrections in the calculations, an envelope 
of the effects of varying the chosen renormalization and factorization 

scale values is used. The dominant normalization uncertainties of the 
𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗 backgrounds come from this variation of the renor-
malization scale 𝜇𝑅 and the factorization scale 𝜇𝐹 . MC events were 
reweighted in accord with changes in these QCD scales, leading to a 
change of roughly +60% and −40% in the yield for each sample, inde-
pendent of NN score. The effects of a seven-point variation, ({𝜇𝑅, 𝜇𝐹 } ×
{0.5, 0.5}, {1.0, 0.5}, {0.5, 1.0}, {1.0, 1.0}, {1.0, 2.0}, {2.0, 1.0}, {2.0, 2.0}), is 
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Fig. 4. Post-fit signal region 𝑚𝑏𝑏 distributions in slices of NN score. Stacked histograms represent post-fit MC background and signal, and the black markers with 
error bars represent data. The red lines represent post-fit signal distributions scaled by a factor of 100. The stacked red histogram, which can only be visualized 
in some bins of the highest NN score slice, is normalized to the post-fit signal strength, 𝜇 = 0.2. The lower panels show the ratio of data to post-fit MC signal plus 
background. Post-fit uncertainties are depicted by blue hashed lines.

taken as the systematic uncertainty, including both the cross-section 
and acceptance uncertainties. Shape effects from these scale variations 
are not large, but are included and treated as being uncorrelated with 
the normalization effects to avoid a degeneracy between these nuisance 
parameters and the floating normalization factor. The scale-uncertainty 
nuisance parameters for 𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗 are assumed to be uncorrelated 
as well, despite their production processes being similar, and in doing 
so, the ratio of the yields of the two samples is given a large range of 
freedom.

The uncertainties due to missing higher orders for the signal are eval-
uated in the same way as for the background, but they are found to be 
much smaller, about 1%, and correlation between normalization and 
shape components is allowed in the fit. For the 𝑡𝑡 background, the un-
certainty in the cross-section estimated at NNLO in QCD [46] is used 
to account for QCD scale-variation effects, and thus an overall relative 

uncertainty of +2.5%−3.6% is assigned to the 𝑡𝑡 background. For the small 𝑍𝛾𝑗𝑗
background, a conservative estimate of ±16% is adopted for the overall 
magnitude of scale-variation effects, matching the uncertainty estimated 
in Ref. [47].

Systematic uncertainties due to the choice of PDF and 𝛼𝑠 are esti-
mated by reweighting probability densities at the event level. For sig-
nal, 42 members of the set PDF4LHC15 are considered, including 40 
PDF eigenvariations along with 𝛼𝑠 variations upward and downward 
by 1 standard deviation. The uncertainty is calculated as the sum in 
quadrature of the effects of these variations [14], which leads to an un-
certainty of 2.2% for signal. For 𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗, 100 PDF variations 
of the set PDF4LHC21 are considered, and the uncertainty is computed 
as the standard deviation of the yields from each variation. This PDF 
uncertainty is combined in quadrature with the change in yield from 
the average of the upward and downward 𝛼𝑠 variations. The resulting 
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Table 4 
The observed impacts of the statistical, theory, and experimental 
uncertainties on the signal strength uncertainty, as extracted from 
the final fit to observed data. Data statistical uncertainty is the 
single largest contribution to the total uncertainty.

 Source of uncertainty +𝜎(𝜇𝐻 ) −𝜎(𝜇𝐻 )

 Statistical Data sample size +0.57 −0.56
 MC background templates +0.25 −0.22

 Theory and modelling Kinematic reweighting +0.07 −0.06
 MC modelling +0.19 −0.15
 Background normalization +0.13 −0.08

 Experimental Luminosity +0.004 −0.006
 Jet + photon selection +0.15 −0.11
𝑏-tagging +0.03 −0.03

 Total +0.69 −0.64
 Total MC statistical +0.25 −0.22
 Total theory +0.24 −0.18
 Total experimental +0.16 −0.12

PDF and 𝛼𝑠 choice uncertainty is 3.2% for 𝑏𝑏̄𝛾𝑗𝑗 and 3.3% for 𝑐𝑐𝛾𝑗𝑗. The 
equivalent uncertainty for 𝑡𝑡 production is 2.5%, again taken from the un-
certainty in the best prediction of the NNLO cross-section [48]. PDF and 
𝛼𝑠 uncertainties are not considered directly for the other backgrounds, 
as such small variations on the rarer backgrounds have negligible im-
pact on the signal measurement. However, for the minor Higgs boson 
production modes that are treated as backgrounds in this analysis, an 
overall normalization uncertainty of 20% is introduced to conservatively 
cover any modelling uncertainties.

The largest shape variation from a single systematic uncer-
tainty source comes from the choice of parton shower genera-
tor, giving bin-by-bin variations as large as 5%. For the domi-
nant 𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗 backgrounds, alternative samples were pro-
duced using MadGraph5_aMC@NLO and Herwig, instead of the 
MadGraph5_aMC@NLO and Pythia combination used in obtaining 
the nominal templates. These samples were produced at MC truth-level, 
so a method was designed to extract the truth-level effects of differences 
between Pythia and Herwig showering and transfer those effects to 
modifications of the fully simulated NN output distributions. Scale fac-
tors are extracted from the ratios of truth-level Pythia and Herwig
kinematic distributions for each of the 14 NN input variables (similar 
to the process for kinematic reweighting discussed in Section 6). These 
scale factors are then applied to the fully simulated and kinematically 
reweighted Pythia NN outputs to obtain a facsimile of a fully simulated 
Herwig NN outputs. The effects of these representative parton shower 
variations are included as systematic uncertainties with two-sided sym-
metrization. Separate nuisance parameters were introduced for the sig-
nal region and control region for these dominant backgrounds, because 
the NN output distribution shape is affected differently in the two re-
gions.

For signal, the alternative shower samples were generated with 
Herwig 7 like the nominal samples but with variations of the hard scale 
factor by factors of two, which affects the maximum allowed transverse 
momentum for shower emissions [13]. The method used for transfer 
from truth-level to proxy fully simulated distributions is the same as 
described for the two main non-resonant backgrounds, and it results in 
bin-by-bin variations as large as 20% in signal-sensitive regions. For 𝑡𝑡
production, hard-scatter (matrix element) and parton shower uncertain-
ties are estimated by comparing the nominal samples directly with fully 
simulated samples generated with MadGraph5_aMC@NLO [5] replac-
ing Powheg and Herwig 7 replacing Pythia 8. The parton shower 
variation changes the 𝑡𝑡 sample normalization by almost 10%. The ef-
fects of the matrix element variation are small in the control region, 
changing the 𝑡𝑡 normalization by 0.6%, but larger in the signal region, 
with a normalization change of 5.3%.

The kinematic reweighting of the dominant 𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗 back-
grounds also has associated systematic uncertainties. The reweighting 
is performed by extracting scale factors from the ratio of the sum of 
these two simulated backgrounds to the 𝑡𝑡-subtracted data. Thus, the 
systematic uncertainty is derived by considering how the result of this 
reweighting changes if the 𝑡𝑡 contribution is overestimated or underes-
timated within its theoretical uncertainties. Since the scale factors are 
extracted concurrently for 𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗 directly in the control region 
and extrapolated to the signal region, uncertainty is considered only in 
the signal region and is correlated between the two backgrounds. Due 
to the robustness of the kinematic reweighting procedure, these 𝑡𝑡 con-
tribution variations have little impact on the NN output distribution’s 
shape. In the unique case of 𝑚𝑏𝑏, for which the phase space covered 
in the signal region is not represented in the control region, the entire 
reweighting is taken as an uncertainty: a systematic variation without 
the scale factors derived for 𝑚𝑏𝑏 is included in the signal region, and 
the associated nuisance parameter ranks among the highest in terms of 
impact to the signal strength uncertainty. The combination of these two 
kinematic reweighting uncertainty nuisance parameters gives a 6 − 7%
impact on the signal strength uncertainty.

Experimental systematic uncertainties arise from uncertainties in the 
integrated luminosity, jet energies and resolutions, electromagnetic ob-
ject identification and isolation, and 𝑏-jet tagging efficiency. These sys-
tematic uncertainties are correlated between samples and fit regions via 
shared nuisance parameters. Due to the uncertainty in the measurement 
of the integrated luminosity collected by ATLAS [49], an overall nor-
malization uncertainty of 0.83% is applied to every template sample, 
but this has negligible impact on the final signal strength uncertainty. 
Systematic uncertainties arising from jet energy scale (JES) and resolu-
tion (JER) uncertainties [50] dominate the experimental category with 
a 13% contribution to the signal strength uncertainty. Experimental un-
certainties arising from the identification and isolation of photons and 
electrons, as well as their energy and its resolution [42], are also consid-
ered but have negligible impact. Uncertainties in 𝑏-jet tagging efficiency 
include effects for both online and offline selections [37–39]. The over-
all background uncertainty arising from 𝑏-tagging requirements is about 
2 − 3% and fairly independent of NN score for all samples, but variations 
in both shape and normalization are considered for the signal and dom-
inant background samples. In all, 𝑏-jet tagging uncertainties contribute 
3% to the signal strength uncertainty.

8.  Results

To extract the signal strength, a binned maximum-likelihood fit 
is performed directly on the neural-network classifier’s output distri-
bution using TRExFitter, which is built from HistFactory [51] and
RooFit [52]. The signal strength and the floating normalization factor 
for the sum of the two main non-resonant backgrounds, 𝑏𝑏̄𝛾𝑗𝑗 and 𝑐𝑐𝛾𝑗𝑗, 
are extracted [53] by a simultaneous fit of the control and signal regions, 
which are defined by the invariant mass of the two leading 𝑏-tagged jets 
as described in Section 6.

Both the control region and signal region have 20 NN score bins 
with widths optimized independently for each region to maximize the 
signal sensitivity while keeping the total statistical uncertainties low. 
The optimization results in very fine binning in the high score range 
of the signal region, where the signal purity is highest, as well as fine 
binning in the low score range of the control region, where the number 
of background events is large. The highest-score bins of the signal region 
have by far the highest signal purity and sensitivity in the fit. The post-
fit NN score distributions in the control region and signal region are 
shown in Fig. 3. The pre-fit and post-fit yields for the MC-simulated 
backgrounds and signal are listed in Table 5 together with the number 
of data events.

The Higgs boson signal strength is defined relative to the Standard 
Model prediction. An inclusive signal strength of 𝜇𝐻 = 0.2 ± 0.7 is ob-
served, compared to an expected value of 1.0 ± 0.7. This corresponds 

Physics Letters B 877 (2026) 140279 

8 



The ATLAS Collaboration

Table 5 
Pre-fit and post-fit signal and background yields and data yields in the control region, and in the signal region in 
the sum of the 17 lowest-NN-score bins and individually in the three highest-NN-score bins. The total background 
yield and its uncertainty are given post-fit.

 Yields  CR  SR Bins 0–16  SR Bin 17  SR Bin 18  SR Bin 19
 Pre  Post  Pre  Post  Pre  Post  Pre  Post  Pre  Post

𝑏𝑏̄𝛾𝑗𝑗  30,600  27,400  12,400  11,100  86  78  55  49  23  20
𝑐𝑐𝛾𝑗𝑗  7400  5100  3200  2200  15  10  9  6  7  5
𝑡𝑡  4600  4800  2600  2700  4  5  2  2  1  1
𝑍𝛾𝑗𝑗  400  400  100  100  1  1  1  1  0.4  0.4
𝑔𝑔𝐻 + 𝑡𝑡𝐻  10  10  8  8  <0.1  <0.1  <0.1  <0.1  <0.1  <0.1
 Total background 37700 ± 130 16100 ± 76 94 ± 5 59 ± 4 27 ± 4

 Signal  14  3  41  9  6  1  6  1  6  1
 Data  37701  16070  108  61  26

to an observed significance of 0.3 standard deviations, compared to an 
expected significance of 1.5 standard deviations. The 95% confidence 
level exclusion limit for the VBF H𝛾jj signal cross-section is observed to 
be 86.5 fb. A likelihood ratio comparison between the observed fit and 
a saturated model, which has complete freedom for a perfect fit to data, 
gives a goodness-of-fit 𝑝-value of 30%. The final fit’s normalization of the 
dominant backgrounds is about 85% of the leading-order MC estimate. 
The measured signal strength is compatible with the previous result, 
with a 𝑝-value of 37%. This probability is calculated without consider-
ing correlations because the overlap of data events in the signal-sensitive 
regions of the two analyses is less than 5%.

To further confirm that the background modelling using the MC-
derived templates is acceptable, kinematic distributions are compared 
with data in the signal region, in slices of NN score, with the propaga-
tion of post-fit pulls from the fit to NN score. Fig. 4 shows the di-𝑏-jet 
invariant mass spectrum in four NN score slices of the signal region. 
The post-fit MC and data spectra agree within their uncertainties, and 
no divergence in agreement appears at high score.

9.  Conclusion

A search was conducted for associated production of a Higgs boson 
and a high-energy photon. The full Run-2 dataset from 13 TeV proton–
proton collisions collected by the ATLAS detector at the LHC is exam-
ined, corresponding to an integrated luminosity of 133 fb−1. The search 
focuses on the 𝐻(→ 𝑏𝑏̄) + 𝛾 final state, the dominant Higgs boson decay 
mode, and the photon requirement greatly reduces the multijet back-
ground. The photon requirement also makes vector-boson fusion the 
dominant Higgs boson production mode, with events characterized by 
the additional presence of two well-separated VBF-candidate jets hav-
ing a high invariant mass. This analysis improves on a previous one in 
this channel by using updated and extended Monte Carlo background 
samples, finely optimized multivariate analysis techniques for signal–
background separation, and a novel data-fitting approach to measure 
the signal strength. With these improvements, a signal significance of 
1.5𝜎 is expected, nearly 50% higher than the expected significance in the 
previous full Run-2 analysis. A Higgs boson signal strength of 0.2 ± 0.7
is measured, with an observed significance of 0.3𝜎.
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