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1 Introduction

Following the discovery of a new particle with a mass of approximately 125 GeV by the
ATLAS and CMS Collaborations at the Large Hadron Collider (LHC) [1, 2], there has been
an extensive effort to measure its properties and compare them with theoretical predictions
for the Standard Model (SM) Higgs boson.

Among the Higgs boson production modes still to be explored, the H~ mode has
received attention for its interesting phenomenology [3, 4], in which the addition of the
high-energy photon reorders the usual hierarchy of Higgs boson production cross sections.
Experimental measurements are needed to study the SM predictions and to probe for signs
of new physics beyond the SM that affect this production mode, which also has potential
as a clean signature for unexpected or invisible Higgs boson decays.

The exclusive final state H+ is forbidden in gluon-gluon fusion (ggF) by Furry’s theo-
rem [5], but the H+ system may be produced in recoil against a jet. Contributions from as-
sociated W H and Z H production are similar in size to the higher-order contributions from
ggF. In vector-boson fusion (VBF), the photon may be radiated either from a charged weak



Figure 1. Representative leading-order Feynman diagrams for Higgs boson production via vector-
boson fusion in association with a photon (left) and the dominant non-resonant bbyjj background
(right).

boson or from a scattering quark that showers into a jet (j). VBF is the dominant produc-
tion mode for H+y, as its cross section is twice as large as that of all other modes combined.

To select the VBF production mode in particular, a search has been developed in
the H~vjj final state, with an additional phase-space cut on the jet-jet invariant mass. To
maximize the experimental sensitivity to this final state, the search focuses on the dominant
H — bb decay. A previous VBF H(— bb)y search by the ATLAS Collaboration with
31fb~! of 13 TeV data reported a signal strength measurement, defined as the production
rate relative to the SM cross section, of puypr = 2.5+1.9 and an observed (expected) Higgs
boson signal significance of 1.40 (0.60) [6]. A complementary VBF H(— bb) search by the
ATLAS Collaboration in an all-hadronic signature, without the associated photon, reported
an observed (expected) Higgs boson signal significance of 1.40 (0.40) in the same dataset [6].

In the time since that search was reported, extensive studies of Higgs production with-
out an associated photon by the ATLAS and CMS Collaborations have now accumulated
strong evidence for the VBF production mode and for the H — bb decay. The ATLAS Col-
laboration has combined several measurements made with up to 79.8 fb~! of 13 TeV data
to yield pypr = 1.21 + 0.23, compatible with the combined CMS measurement of puypr =
0.73 4 0.28 made with up to 35.9fb~! [7, 8]. Both the ATLAS and CMS Collaborations
have observed the H — bb decay mode, with significances of 6.7¢ and 5.60 respectively, in
decay signatures dominated by contributions from W H and ZH production [9, 10].

Nevertheless, there are several interesting effects that motivate testing the SM predic-
tions with a measurement of Hvjj production. First, a unique feature of this production
mode is that contributions from Z boson fusion are suppressed, due to destructive inter-
ference between matrix elements for initial- and final-state radiation. This feature allows
a more direct measurement of Higgs boson production through W boson fusion. Second,
the same interference also suppresses the dominant multijet non-resonant bbyjj background
shown in figure 1, improving the expected sensitivity to Higgs boson production. Third, the
presence of an isolated high-energy photon can be used to define efficient trigger algorithms
for this search.



This paper reports the result of a search for Hv production and subsequent H — bb
decay, with a focus on the phase space dominated by the VBF process, using the full Run
2 dataset. In this phase space, the main backgrounds are non-resonant bbyjj production
and resonant Z(— bb)vjj production. Kinematic event properties are used in a boosted
decision tree (BDT) to classify signal and background events, and the BDT output defines
a series of increasingly signal-rich event categories. The Higgs boson production rate,
defined relative to the SM prediction, is extracted from a simultaneous fit to the Higgs
boson candidate mass distribution in multiple event categories.

2 ATLAS detector

The ATLAS experiment [11] at the LHC is a multipurpose particle detector with a cylin-
drical geometry that covers nearly the entire solid angle around the collision point.' It
consists of an inner tracking detector surrounded by a thin superconducting solenoid, elec-
tromagnetic and hadronic calorimeters, and a muon spectrometer incorporating three large
superconducting toroidal magnets.

The inner tracking detector covers the pseudorapidity range |n| < 2.5. It consists of
silicon pixel, silicon microstrip, and transition radiation tracking detectors immersed in a
2T axial magnetic field. One significant upgrade for the /s = 13 TeV run is the insertable
B-layer [12, 13], an additional pixel layer close to the interaction point.

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
In| < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three bar-
rel structures within || < 1.7, and two copper/LAr hadronic endcap calorimeters. The
solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter
modules optimized for electromagnetic and hadronic measurements, respectively.

The muon spectrometer consists of fast detectors for triggering and high-precision
chambers for tracking in a magnetic field generated by superconducting air-core toroids.
The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector.

A two-level trigger system selects events for offline analysis. Events that match prede-
fined trigger signatures are selected by the first-level trigger system implemented in custom
hardware. A subset of those events are selected by software algorithms implemented in the
high-level trigger [14]. The first-level trigger accepts events from the 40 MHz bunch cross-
ings at a rate below 100 kHz, and the high-level trigger reduces the rate in order to record
events to disk at about 1kHz.

'ATLAS uses a right-handed coordinate system with its origin at the nominal 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. Cylindrical coordinates (r, ¢) are used in the transverse
plane, with ¢ being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the
polar angle 6 as n = — Intan(#/2). The rapidity is defined as y = 0.5In[(E+p.)/(E —p-)], where E denotes
energy and p, is the component of the momentum along the beam direction. Angular distance is measured

in units of AR = /(An)2 + (A¢)2.



3 Data and simulated events

This search uses LHC proton-proton collision data at a centre-of-mass energy of 13 TeV
collected with the ATLAS detector from 2015 to 2018. This full Run 2 dataset, with the
analysis-specific triggers available, corresponds to an integrated luminosity of 132fb~1.

Simulated events are used for signal modelling, BDT training, and determining the
functional form used to describe the background shape. The H~jj signal events were gen-
erated at next-to-leading order (NLO) in ag with MADGRAPH5_.aMC@NLO v2.6.2 [15],
using the PDF4ALHC15 parton distribution function (PDF) set [16], and passed to HER-
WIG 7.1 for parton showering and hadronization using parameter values from the HERWIG
default tunes [17, 18]. This sample of events can effectively be regarded as VBF H~ signal
because the contribution from V H production is less than 0.5% of the total after event
selection. Higgs boson production from ggF, with Higgs decay into bb, was simulated at
next-to-next-to-leading order with POWHEG-BoOX v2 [19-21], using the CT10 PDF set [22]
and PyTHIA 8.212 [23] for parton showering and fragmentation with the AZNLO tuned pa-
rameter set [24]. Contributions from the t¢H process are estimated from POWHEG-BOX v2
simulation interfaced with PyTHIA 8.230.

Background events containing two b-jets from the decay of a Z boson, a photon, and two
additional jets were generated at leading order (LO) with MADGRAPH5_aMC@NLO v.2.3.3
and PyTHIA 8.210, in separate samples for strong (QCD) and electroweak (EWK) pro-
cesses. The dominant source of background events is non-resonant QCD production of at
least two b-jets, two other jets, and a photon. Even though the contribution from these
events is modelled with a functional form, a sample of simulated events is used to train the
BDT. This training sample was produced by generating the bbyjj final state, excluding
diagrams containing on-shell H or Z bosons, at LO with MADGRAPHS aMCQ@QNLO v2.3.3
using the PDF4LHC15 set of PDFs and interfaced to PyTHIA 8.210 for parton showering
and hadronization. The Al14 set of tuned parameters was used for the underlying-event
description with the NNPDF2.3LO PDF set [25]. A large sample of non-resonant bbyjj
background events was also produced without parton showering for the background mod-
elling studies described in section 7. For this sample, a parameterized jet energy response
function is used to smear the jet transverse energy distribution to match the data.

Certain simulation configurations are common to all samples. The decays of bottom
and charm hadrons were performed by EVTGEN [26]. Minimum-bias events were simulated
using the PyTHIA 8.210 generator with the NNPDF2.3LO PDF set and the A3 parameter
tune [27]. A number of these events, varying in accord with the luminosity profile of the
recorded data, were overlaid on the hard-scatter interactions to model pile-up contributions
from both the same bunch crossing and neighbouring bunch crossings. The response of the
ATLAS detector to the generated events was then modelled using a full simulation of the
detector [28] based on GEANT4 [29)].



4 Object selection

The event selection builds on standard ATLAS reconstruction algorithms for jets, photons,
and leptons. The leptons — electrons and muons — are identified only for the purpose of
vetoing events with leptons to preserve orthogonality with other ATLAS measurements.

Jets are reconstructed from three-dimensional positive-energy topological clusters of
calorimeter energy deposits calibrated to the electromagnetic scale [30]. These clusters
are inputs to the anti-k; jet reconstruction algorithm [31, 32] with a radius parameter
of R = 0.4. To suppress jets originating from pile-up vertices, a likelihood-based jet
vertex tagger (JVT) [33] is applied to jets with transverse momenta pp < 120 GeV and
In| < 2.5. A pile-up subtraction algorithm further reduces pile-up contributions to the
jet energies [34]. These jet energies are calibrated with MC-derived correction factors,
including n-dependent calibrations to ensure consistent jet energy measurements in the
central and forward regions of the experiment [34]. The jet energies are further corrected
using data-derived calibrations based on the pt balance between jets and reference objects,
such as Z bosons, photons, or high-energy jets.

The MV2cl0 multivariate b-tagging algorithm [35] tags b-jets (jets containing b-
hadrons) within the tracker acceptance. It uses log-likelihood ratios from two- and three-
dimensional impact parameter distributions, secondary and tertiary vertex information,
and the jet pr and n, as inputs to a BDT. The requirement on the BDT output corre-
sponds to a per-jet b-tagging efficiency of 77%, as measured in simulated tt events for b-jets
with pp > 20GeV and |n| < 2.5, and c-jet and light-flavour-jet efficiencies of 25% and
0.9%, respectively. Scale factors are applied to account for efficiency differences between
simulated events and data [35-37].

Photon and electron reconstruction begins with clusters of calorimeter energy de-
posits [38]. Clusters without any matching track or conversion vertex are identified as
unconverted photons, while clusters with a matching conversion vertex reconstructed from
one or two tracks are identified as converted photons. Clusters with a matching track,
re-fitted to account for bremsstrahlung, are identified as electrons. Calorimeter and track
information for each photon or electron candidate is used to construct multivariate discrim-
inants for identification, and ‘tight’ selections are applied to both the photons and electrons.
To suppress hadronic background, further isolation requirements are optimized with sim-
ulated tf events [38]. For photon candidates, the calorimeter isolation variable EX° is the
sum of the transverse energies of topological clusters reconstructed in the electromagnetic
and hadronic calorimeters in a cone of size AR = 0.4 around the photon candidate, where
the An x A¢ region of size 0.125 x 0.175 around the photon cluster’s centroid is excluded.
The isolation requirement, which depends explicitly on the photon transverse energy E7., is
EiTSo < 2.45GeV +0.022 x E% For electron candidates, both track- and calorimeter-based
isolation is required. The track-based isolation requirement is a function of the electron
transverse momenum p and is based on the tracks within a cone of pG-dependent size up
to AR = 0.2 around the electron candidate [38]. The calorimeter-based isolation requires
that the sum of cluster transverse energies within the same AR be less than 3.5 GeV.



Muons are reconstructed by combining inner detector tracks, where available, and
muon spectrometer tracks up to |n| = 2.7. They must satisfy the ‘loose’ identification
criteria [39]. Identified muons must be isolated from other tracks, with a total summed
track pr less than 1.25 GeV in a cone of AR = 0.2 around the muon. Only ‘loose’ muons
within the coverage of the inner detector, |n| < 2.5, are used in this selection.

Overlap between identified photons, leptons, and jets is removed with the following
procedure. First, photons within AR = 0.4 of any muon or electron are removed. Next,
jets within AR = 0.2 of any electron are removed, and electrons within AR = 0.4 of any
remaining jets are removed. Then, jets within AR = 0.2 of any muon are removed if fewer

than three tracks are associated with the jet or if both pf > 0.51UjTet and ply. > 0.7 plrack,

where Y piiack

within AR = min(0.4,0.04 + 10 GeV/pk.) of any remaining jets are removed. Finally, jets

is the sum of track transverse momenta associated with the jet. Muons

within AR = 0.4 of any photon are removed.

5 Event selection

The event selection criteria are based on the object reconstruction algorithms, with ad-
ditional event-level requirements to select events compatible with VBF H~ production.
These criteria are similar to the event selection requirements in previous searches [6].

The first-level trigger selection requires an isolated electromagnetic calorimeter ob-
ject — the photon — with Er > 22GeV. The high-level trigger selects events in the
specific VBF-enhanced phase space, defined by the following requirements. An isolated
reconstructed photon with E1 > 25 GeV is required in addition to at least four jets with
E1 > 35GeV and |n| < 4.9. The requirement that at least one pair of jets in the event has
an invariant mass greater than 700 GeV targets the VBF phase space. For most of Run 2,
a b-tagging trigger algorithm was used to ensure that at least one jet was b-tagged at the
77% efficiency working point [40)].

Additional selection requirements are placed on events that pass the trigger selection.
At least one photon with Ep > 30GeV in the regions |n| < 1.37 or 1.52 < |n| < 2.37
must match the trigger photon. Events must have at least four jets satisfying pr > 40 GeV
and |n| < 4.5, with at least two jets in |n| < 2.5 passing the b-tagging selection. The two
highest-pT b-tagged jets are assumed to be from the Higgs boson decay; they are identified
as bl and b2 and at least one of them must match a b-tagged trigger-level jet when the
b-tagging trigger algorithm is used. Dedicated b-jet energy corrections are applied to b-
tagged jets to improve their energy measurement (scale and resolution) [9]. They equalize
the response to jets with semileptonic or hadronic decays of heavy-flavour hadrons and
correct for resolution effects. This correction improves the di-b-jet invariant mass my
resolution by 10%. From the remaining jets, the jet pair with the highest invariant mass is
chosen as the VBF jets; they are identified as j1 and j2. Requiring this invariant mass m;
to be greater than 800 GeV ensures full efficiency for the trigger m;; requirement. Events
containing identified and isolated electrons with pr > 25 GeV and |n| < 2.47 or muons with
pr > 25 GeV are vetoed to avoid overlap with other Higgs boson event selections in ATLAS.



L1 > 1 photon with Er > 22 GeV

> 1 photon with Ep > 25 GeV

HLT | > 4 jets (or > 3 jets and > 1 b-jet) with Ex > 35GeV and |n| < 4.9
mj; > 700 GeV

> 1 photon with E1 > 30GeV and |n| < 1.37 or 1.52 < |n| < 2.37

> 2 b-jets with pp > 40GeV and |n| < 2.5

Offline > 2 jets with pp > 40GeV and || < 4.5

mj; > 800 GeV

pr(bb) > 60 GeV

No electrons (pr>25GeV, |n|<2.47) or muons (pp>25GeV,|n| <2.5)

Trigger

Table 1. Trigger and offline event selection criteria for the H(— bb)yjj signature. L1 and HLT
refer to the first-level trigger and the high-level trigger, respectively.

The jet pr requirements in the trigger algorithms and offline event selection can in-
troduce concavity in the my, distribution, making it more difficult to parameterize with
an analytic function. The concavity is removed by requiring the pr of the di-b-jet system
pr(bb) to be greater than 60 GeV, a value that was optimized in the large MC sample of
non-resonant bbyjj background events.

The full list of trigger algorithm and offline event selection requirements, before the
event-level BDT classification, is summarized in table 1.

6 Multivariate analysis

An event-level BDT classifies events as being signal-like or background-like, based on a
set of kinematic variables selected to optimize the separation. The input variables are
chosen to ensure the BDT output discriminant shows low correlation with with my, to
prevent distortions of the my, spectrum. The following variables, ordered by decreasing
classification power [41], are used for the BDT training:

1. An(jj), the pseudorapidity difference between the two VBF jets;

2. ptT’alance, the transverse momentum balance for selected final-state objects, defined as
"+ pi” + pr?! 4+ + 7]
il 2
PR+ PR +pr +pr 0t

balance

pr =

3. AR(bl,~), the angular distance between the leading b-jet and the photon;
4. mjj, the invariant mass of the two VBF jets;
5. AR(b2,7), the angular distance between the subleading b-jet and the photon;

6. centrality(y, 71, j2), the rapidity of the photon relative to the VBF jet rapidities,

defined as
_ Yi1tYy2
Yy 2

centrality(v, j1,j2) = |—/——=—1;
Y1 — Yj52
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Figure 2. Comparisons of data and simulated event distributions of the BDT input variables An;;
(left) and phance (vight) in the two my, sidebands after kinematic reweighting of the non-resonant
bbyjj background. The data are shown as black points, and the background contributions are
stacked in coloured histograms. The Higgs boson signal contribution is scaled up and represented

by the dashed red line. The bottom panel in each plot shows the ratio of the data to the SM
prediction, where the uncertainty band corresponds to the statistical uncertainty only.

7. A¢(bb, jj), the azimuthal angle difference between the di-b-jet system and the VBF
jet system;

8. p]TJ , the transverse momentum of the VBF jets system;

9. cosf, the cosine of the angle between the VBF jets plane and b-jets plane in the
centre-of-mass frame of the bbjj system;? and

10. AR(b1,41), the angular distance between the leading b-jet and the leading VBF jet.

The H~jj signal sample and the non-resonant bbyjj background sample are used for
the BDT training in the TMVA package [41]. To improve agreement between the LO non-
resonant bbyjj simulation and data, analytic correction functions are fit in the mass side-
bands (mg, < 100 GeV and my, > 140 GeV). They are based on data-to-MC ratios of the
distributions for several relevant observables and are used to reweight the simulated events.
The overall normalization is also corrected to match the data in the mass sidebands. This
procedure is applied sequentially to the distributions of An;;, min[AR(b1,v), AR(b2,7)],
and pl}alance, resulting in corrections that are typically less than 10%. The distributions
of the other uncorrelated input variables are not significantly affected by the reweighting.
Comparisons of the data and MC distributions for the two most powerful classification
variables, after the reweighting procedure, are shown in figure 2.

2This angular variable is sensitive to the spin of the particle decaying into bb. It helps discriminate Higgs
boson production from gluon splitting [42].
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Figure 3. BDT output discriminant distributions for the H~jj signal and non-resonant bbyjj
background samples. The distributions from the signal and background samples are shown as blue
and red hatched histograms, respectively. The vertical dashed lines represent the boundaries of the
event categories, defined by the BDT output discriminant.

The BDT output discriminant is used to define three signal categories: HighBDT,
MediumBDT, and LowBDT. The boundaries of the three categories are defined sequen-
tially from HighBDT to LowBDT by maximizing the combined VBF Higgs boson signal
significance across categories. The BDT output distributions for the signal and background
samples within the three categories are shown in figure 3.

7 Signal and background modelling

The main sources of background contributing to the bbyjj final-state signature are divided
into processes with the decay of a massive gauge boson into b-tagged jet pairs and pro-
cesses with non-resonant b-tagged jet pairs. The resonant background is dominated by
Z(— bb)yjj, with a negligible contribution from W+jj. The non-resonant background is
dominated by multijet bbyjj production, with small contributions from t#y and single-top
events. The expected contributions from the dominant signal and background processes
are collected in table 2.

To extract the Higgs boson production rate from fits to data, the signal and dominant
backgrounds — the resonant Z+jj and non-resonant bbyjj contributions — are parameter-
ized with analytic functions derived from simulated events or data sideband regions. The
small contributions from other backgrounds are included in the non-resonant background
functions.



Category LowBDT MediumBDT HighBDT
BDT Output (—0.22,0.15) (0.15,0.48) (0.48,1)
VBF+VH 1131+ 012 2107+ 0.17 1833+ 0.15
ggF 1.71+ 0.41 1.08+ 033  0.19+ 0.13
ttH 0.75+ 0.14 0.19+ 003  0.05+ 0.01
Z~jj EWK 8.50+ 0.14 891+ 014 537+ 0.11
Zvjj QCD 159 + 1.7 72 + 1.1 1.65+ 0.52
Non-resonant bbyjj 2834  + 42 1507  + 33 322 £ 17
Expected Yield 2872 4 42 1545  + 33 348 + 17
Data, 2964 1522 318

Table 2. Data and expected yields for the Higgs boson signal, resonant Z+vjj and non-resonant
bbyjj background processes, in the three categories defined by the BDT output discriminant. The
event yields are calculated from simulated samples in the mass range 100 GeV < my, < 140 GeV.
The yields are shown with statistical uncertainties only because experimental and theoretical sys-
tematic uncertainties, which depend on fits to data, are an order of magnitude smaller.
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Figure 4. Comparison of the Bukin function parameterizations, normalized to unit area, of the
myy, distributions for H~yjj events (left) and Z~jj events (right) in the three BDT categories, along
with the mean and sigma values for the three fitted functions.

The Higgs boson signal myy, distribution is modelled with a Bukin function [43], param-
eterized using the simulated samples independently in each of the three event categories
defined by the BDT output, as shown in figure 4. Among the possible functions, the Bukin
function showed the best fit quality, as gauged by fit residuals across the mass range. With
this function, the residuals follow a normal distribution about zero. The resonant Z-vjj
background is also described with the same Bukin function using independent parameters
in each of the three BDT categories.

The model for the non-resonant background is tested and largely determined using
the data sidebands outside the mass window 100 GeV < my, < 140 GeV. Several different
classes of fitting functions were tested, including polynomial, Bernstein polynomial and

~10 -



power-law functions. The potential bias arising from the fitting procedure, termed ‘spurious
signal’, is estimated by performing signal-plus-background fits over the full mass range
in the large simulated sample of non-resonant bbyjj background events. The polynomial
function, with two terms (first-order) for the HighBDT region or three terms (second-order)
for the MediumBDT and LowBDT regions, has the smallest bias among the tested functions
and is therefore chosen for the background template in the fit. The standard F-test is used
as a confirmation check, assessing the significance of decreases in the reduced y? value
as the order of the background-only polynomial fit to the data sidebands is increased.
The spurious-signal uncertainty, evaluated separately in each BDT region as the maximum
of the fitted spurious signal and the MC statistical uncertainty of the non-resonant bbvyjj
background, is included as a systematic uncertainty in the signal yield. The spurious signal
is treated in the same way when Z+vjj is treated as signal.

8 Systematic uncertainties

Systematic uncertainties in the Higgs boson production rate arise from choices of modelling
and fitting methods — such as the spurious-signal uncertainties — and from uncertain-
ties in the event reconstruction or cross-section calculations. They are summarized in
table 3 together with the statistical uncertainties calculated using the methods described
in section 9. The systematic uncertainties for the background and signal contributions are
divided into experimental and theoretical uncertainties. They affect only the signal and
background predictions that are based on simulation; they do not affect the non-resonant
background estimate, which is derived from the data only. The uncertainties are propa-
gated through the event selection and the BDT classification to the template distributions.
They modify the shape and nominal normalization of the Higgs boson signal process. How-
ever, they modify only the shape of the resonant Z~ background, as its normalization is
derived from the my, fits in each category separately. In general, the impact of the signal
shape uncertainties on the final Higgs boson measurement is smaller than the impact of
the experimental systematic uncertainties.

Other uncertainties are related to factors in the full my, fit, such as the uncertainty
in the Zv normalizations (‘Z boson normalizations’ in table 3). The uncertainties in the
bbyjj background relate to the fitted shapes (‘Bkg. fit shapes’) and normalizations (‘Bkg.
fit normalizations’).

8.1 Experimental uncertainties

The uncertainty in the combined 2015-2018 integrated luminosity is 1.7% [44], obtained us-
ing the LUCID-2 detector [45] for the primary luminosity measurements. This uncertainty
is applied to all contributions estimated from simulated samples alone.

The dominant jet-related uncertainties for the my, reconstruction are the jet energy
scale (JES) and jet energy resolution (JER) uncertainties. These are determined by pr-
balancing methods in data [34], and the effect on the mass spectrum is determined by
shifting or smearing the jet energies before calculating my,. A total of 8 JER and 30 JES
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uncertainty parameters are considered in calculating the effects. The systematic uncer-
tainty in the JVT is estimated by varying the tagger efficiency within its uncertainties. All
of these jet uncertainties are summarized in the ‘Jet’ line of table 3.

The uncertainties related to b-tagging jets, covering the trigger-level b-tagging efficien-
cies and the offline b-tagging efficiency data-to-simulation scale factors, are implemented as
variations of the event-weight scale factors. They are determined from data using ¢t events,
W boson decays into hadrons, and multijet data [35-37]. The event weight is calculated
from the product of the b-tagging scale factors for the two b-jets in the event.

Additional uncertainties are related to the photon energy measurement and recon-
struction efficiency [38]. The measurement is only weakly sensitive to the photon energy;
therefore a simplified two-parameter model is used to capture the effect of variations in the
energy scale and resolution. The efficiency variations considered are due to electromagnetic
shower shape variations and isolation calculations. Systematic uncertainties from electron
and muon selections are negligible and are therefore ignored.

8.2 Theoretical uncertainties

The theoretical uncertainties on the SM calculations of the total Higgs boson production
rates are relevant in the determination of the relative rate of H+vjj events compared to
the SM expectation. The H — bb branching ratio uncertainty follows the recommendation
of the LHC Higgs Cross Section Working Group, including the uncertainty in the b-quark
mass [46]. Cross-section uncertainties due to the choice of renormalization and factorization
scales are estimated by varying the choice of both scales up and down by factors of two
independently. The largest variation in each BDT classification category is used to define
the uncertainty. Similar uncertainties are calculated for the set of PDF variations defined by
the eigenvectors of the PDFALHC15_nlo_mc_pdfas set. The impact on signal normalization
is evaluated at the reconstruction level after the event selection, and an overall uncertainty
is derived following the PDFALHC recommendation [16]. Uncertainties in the HERWIG 7
parton shower are estimated by varying the ‘HardScaleFactor’ parameter by factors of two
and comparing the resulting acceptances [18].

9 Fit results for Higgs boson production

The Higgs boson signal strength p g is defined relative to the total SM prediction for H~jj
production, and the VBF signal strength pvpr is defined relative to the VBF contribution
only. They are extracted from an unbinned extended maximum-likelihood fit to the di-b-
jet invariant mass distribution in all three BDT classification categories. The likelihood
is defined as a product of global Poisson distributions with event-by-event probabilities
determined from the signal-plus-background model and the constraints for systematic un-
certainties, implemented as nuisance parameters. The nuisance parameters control the
effects of the systematic uncertainties and are parameterized by Gaussian or log-normal
priors. Each prior’s definition constrains its nuisance parameter to the nominal value within
its associated uncertainty.
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Figure 5. The my, distributions in the three event categories, overlaid with contributions from the
H~jj signal as well as the resonant Z+jj and non-resonant bbyjj background fits. The combined
x? per degree of freedom is 45.2/45. The bottom panel in each plot presents the significance of the
Higgs boson signal relative to the non-resonant bbyjj background in each bin, calculated using a
Poisson model [47].

The Higgs boson signal strength is the single parameter of interest, common to all
three categories, while the Z+vjj contribution strength is fit as three separate parameters,
uncorrelated across the categories. Using three Zvjj parameters allows for different rela-
tive contributions of QCD and EWK processes in the three categories. The uncorrelated
parameters describing the non-resonant bbyjj background are allowed to float during the
fit to obtain the best independent description of the background in each category. The
experimental and theoretical uncertainties are correlated across categories during the fit,
reflecting their common derivation and calibration. Signal-injection tests, performed by
adding simulated signal to the expected background, confirmed the linearity of the fit with
no bias in pp.

The results of the fits to the my, distributions in data are shown in figure 5, with
contributions from the Higgs boson, Z boson, and background components superimposed.
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Source of absolute uncertainty o (upg) down o(pg) up
Statistical
Data statistical —0.78 +0.80
Bkg. fit shapes —-0.19 +0.22
Bkg. fit normalizations —0.51 +0.52
Z boson normalizations —0.15 +0.14
Systematic
Spurious signal —0.24 +0.21
Theoretical —0.01 +0.08
Photon —0.01 +0.03
Jet —0.06 +0.20
b-tagging —0.02 +0.11
Auxiliary —0.01 +0.04
Total —0.99 +1.04
Total statistical —0.96 +0.99
Total systematic —0.25 +0.32

Table 3. The effect of the uncertainties on the signal strength. The dominant contributions are
from the statistical uncertainty of the dataset, background fit uncertainties, and the spurious-signal
uncertainty. The statistical uncertainty is calculated by fixing the background fit parameters to
their nominal values. Individual uncertainties are then combined to give the total within each
group. The small uncertainties from pile-up effects, luminosity measurements, and trigger scale
factors are grouped under ‘Auxiliary’ uncertainty.

The inclusive signal strength pyr and the VBF signal strength pypr are both 1.34+1.0. The
similarity of the results is due to the nearly negligible contribution from other Higgs boson
production modes in the VBF-enhanced phase space, defined by the high m;; requirement.
If the inclusive signal strength is fit as three separate parameters of interest, the results
are uy = 0.7+ 1.1,3.872% and 3.871Y in the HighBDT, MediumBDT, and LowBDT
categories, respectively.

The Z normalization factors obtained from the fit are uzy = 1.9 £1.2,1.5 £ 1.1 and
—1.3f%% in the HighBDT, MediumBDT, and LowBD'T categories, respectively. The Z nor-
malization and the pg signal strength have a correlation of 15% in the HighBDT category
but are uncorrelated in the other categories. If the Z normalization factors are constrained
to be non-negative, the change to the combined Higgs boson signal strength pp is within
rounding errors.

This measurement is consistent with previous results [6]. The dominant uncertainty
in the result is the statistical uncertainty of the limited data sample, followed by the back-
ground fit uncertainties and the spurious-signal uncertainty. The relative contributions
from those and other uncertainties are shown in table 3. Impacts from individual contri-
butions are estimated as the difference in quadrature between the Higgs signal strength
uncertainties with each nuisance parameter floating and fixed. The asymmetry observed in
some of the systematic uncertainties is due to the limited measurement sensitivity: during
the profile likelihood calculation, px can assume values close to 0.
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Figure 6. The combined my, distribution, after subtracting the fitted non-resonant bbyjj back-
ground, summed over the three BDT categories weighted by S/B in each category, where S and B
are the fitted Higgs boson signal yield and Zvjj + bbyjj background yield, respectively, calculated
in the mass window containing 68% of the Higgs boson signal. The expected contributions of Hvjj
and Z~jj are also shown, scaled by the fitted Higgs boson signal strength and the Zvjj normaliza-
tion factors in the three BDT categories. The statistical uncertainty of the fitted non-resonant bby;;j
background is represented by the hatched band. The statistical uncertainty on data is represented
by the error bars on the data points.

The combined mass distribution for the three BDT categories, after the non-resonant
bbyjj background contribution has been subtracted, is shown in figure 6. The events in each
BDT category have been weighted by the signal-to-background ratio S/B, as calculated
from the fitted signal and background contributions in the 68% confidence-interval mass
window around the Higgs boson signal peak.

10 Conclusion

A search has been conducted for the SM Higgs boson produced in association with a
high-energy photon in the H(— bb)7jj signature, with a focus on the phase space typical
of vector-boson fusion. The search used the full LHC Run 2 dataset of proton-proton
collisions at /s = 13 TeV, corresponding to an integrated luminosity of 132fb~! collected
with the ATLAS detector. A BDT is used to separate events into categories, and the myp,
distribution is fit to extract the Higgs boson signal production rate. The measured Higgs
boson signal strength relative to the SM prediction is g = 1.3 + 1.0. This corresponds
to an observed signal significance of 1.3 standard deviations, compared to an expected
significance of 1.0 standard deviations. The improvement over the previous measurement
of ug = 2.3 £ 1.8 comes from the larger dataset, the updated BDT, and more precise
Monte Carlo modelling.
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