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This Letter presents a search for the production of new heavy resonances decaying into a Higgs boson
and a photon using proton-proton collision data at /s = 13 TeV collected by the ATLAS detector at the
LHC. The data correspond to an integrated luminosity of 139 fb~!'. The analysis is performed by
reconstructing hadronically decaying Higgs boson (H — bb) candidates as single large-radius jets. A
novel algorithm using information about the jet constituents in the center-of-mass frame of the jet is
implemented to identify the two b quarks in the single jet. No significant excess of events is observed above
the expected background. Upper limits are set on the production cross-section times branching fraction for
narrow spin-1 resonances decaying into a Higgs boson and a photon in the resonance mass range from 0.7
to 4 TeV, cross-section times branching fractions are excluded between 11.6 fb and 0.11 fb at a

95% confidence level.

DOI: 10.1103/PhysRevLett.125.251802

Many extensions to the standard model, such as tech-
nicolor [1], little Higgs [2], or a more complex Higgs sector
[3], predict new massive bosons. Some of these bosons may
decay into a Higgs boson and a photon at the one-loop level
[4]. Searches for such particles have been carried out by
both the ATLAS [5] and CMS [6] Collaborations at the
Large Hadron Collider (LHC).

This Letter reports on a generic search for a narrow,
neutral, spin-1 boson (Z’) that decays into a photon and a
Higgs boson. The Higgs boson subsequently decays
hadronically as H — bb, where the hadronic products
from both b quarks are reconstructed as a single large-
radius jet. The analysis uses data from /s = 13 TeV
proton-proton (pp) collisions that were recorded by the
ATLAS detector from 2015 to 2018 with a single-photon
trigger [7], corresponding to an integrated luminosity of
139 fb~!'. The single-photon trigger uses loose photon
identification requirements based on calorimetric shower-
shape variables [8] and imposes a transverse momentum
threshold of 140 GeV. It is fully efficient for events passing
the offline analysis selection. The search identifies the two
b quarks in the single jet by using a novel methodology
based on information about the jet constituents calculated
in the center-of-mass frame of the jet. This technique
significantly improves the search sensitivity compared to
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the previous ATLAS [5] and CMS [6] analyses, in addition
to the gains from the larger data sample.

The ATLAS detector [9,10] is a general-purpose particle
detector with a cylindrical geometry[11]. It consists of an
inner detector surrounded by a superconducting solenoid
that produces a 2 T magnetic field, electromagnetic and
hadronic calorimeters, and a muon spectrometer with a
toroidal magnetic field. The inner detector provides
precision tracking of charged particles with pseudo-
rapidity |n| < 2.5. The calorimeter system covers the
pseudorapidity range |n| <4.9. It comprises sampling
calorimeters with either liquid argon or scintillator tiles
as the active medium. A two-level trigger system accepts
events from the 40 MHz bunch crossings at a rate of 1 kHz
for off-line analysis.

Monte Carlo (MC) simulated events are used to optimize
the event selection and to help validate the analysis. The
signal samples, with decays of Z' — Hy at the one-loop
level [4], were generated for eight different mass points in a
range from 700 to 4000 GeV via quark-antiquark annihi-
lation, qg — Z' — Hy, using the MADGRAPH leading-order
(LO) v2.6.2 generator [12] interfaced to PYTHIAS.235 [13]
with the NNPDF23LO parton distribution functions (PDFs)
[14] for both generators and the Al14 set of tuned para-
meters [15] for the underlying event. The total decay widths
of the Z’ resonances were set to 4.2 MeV, which is much
smaller than the experimental mass resolution, which varies
from around 35 GeV at the 700 GeV signal mass point to
150 GeV at the 4000 GeV signal mass point. The dominant
SM background arises from events with prompt photons
produced in association with jets (y + jets). Less dominant
SM backgrounds include a prompt photon produced in
association with a W/Z boson (W/Z + y) or a top-antitop

© 2020 CERN, for the ATLAS Collaboration
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quark pair (¢ + y). The MC sample of y + jets events was
simulated using the SHERPA2.2.2 generator [16] with up to
two additional parton emissions at next-to-leading-order
(NLO) accuracy and up to four additional partons at LO
accuracy using Comix [17] and OpenLoops [18]. The events
were then merged with the SHERPA parton shower [19]
using the ME + PS@NLO prescription [20]. Samples are
generated using the NNPDF3.0nnlo PDF set [21], along
with the dedicated set of tuned parton-shower parameters
developed by the SHERPA authors. The W/Z + y events
were modeled with SHERPA2.1.1 at LO with the CT10 PDFs
[22] for both generators and the underlying event. The ¢f +
y events were simulated using MADGRAPH5_aMC@NLO
v2.2.3 at LO with the CTEQ6L1 PDFs [23], then interfaced
to PYTHIAS.186 with the Al4 parameter tune and the
NNPDF23LO PDFs. In the signal samples and 7+ y
background sample, EVTGEN [24] was used to model charm
and b-hadron decays. The effect of multiple p p interactions
in the same and neighboring bunch crossings (pileup) is
included by overlaying minimum-bias events simulated
with PYTHIAS.186 on each event of interest in all samples.
The generated samples were processed through a GEANT4-
based detector simulation [25,26] and the same ATLAS
reconstruction software as the data.

An event is selected if it contains a H — bb candidate
and at least one isolated photon that satisfies the “tight”
identification criteria [27,28]. A selected photon must have
transverse momentum (p7) greater than 200 GeV and be
within the calorimeter barrel region || < 1.37. Each
H — bb candidate is reconstructed as a single jet using
the anti-k, algorithm [29,30] with a large radius parameter
(R = 1.0), hereafter referred to as a large-R jet (J). The
large-R jets are formed from topological energy clusters
(topoclusters) [31] in the calorimeter and are trimmed [32]
to mitigate the effects of pileup and soft radiation. The
large-R jet constituents are reclustered into subjets using
the k, algorithm [33] with R = 0.2, and the subjets that
carry less than 5% of the py of the original large-R jet are
removed. To overcome the limited angular resolution of the
calorimeter, the mass of a large-R jet (m;) is computed
using a combination of calorimeter and tracking informa-
tion [34]. Large-R jets are required to have py > 200 GeV,
7] < 2.0, 50 GeV < m; < 200 GeV, and an angular sep-
aration of AR > 1.0 from photon candidates. For the
baseline event selection, at least one large-R jet and one
photon are required to pass the selection described above.

The photon and large-R jet with the highest p; in an
event are combined to form a resonance candidate. The
invariant mass of the resonance candidate (m,,) is used to
distinguish signal from background. In addition, the large-
R jet mass must be consistent with the Higgs boson mass
(my=125.80GeV), my — A, p <my <my+ A, y. The
parameters A, , and A, ; are determined by maximizing
the search sensitivity e/(v/B + 3/2) [35], where ¢ is the
resonance signal selection efficiency and B is the number of

background events, as estimated from MC samples,
within the resonance mass window, |m;, —iny| < 20, ,.
Here my and o, , are the peak position and the core
resolution of the reconstructed m,, distribution of the Z' —
Hy signal MC events, respectively. The above procedure is
performed separately for each m hypothesis. The opti-
mized parameters A, p and A, ;; are then parameterized by
fourth-order polynomial functions of the large-R jet py.
The optimized mass window of the large-R jets varies from
around [100,130] GeV at pr = 0.5 TeV to [90,160] GeV
at pr =2 TeV.

To further reduce the background, a novel algorithm
[36-38] is applied to the large-R jet to identify the two b
quarks that originated from the Higgs boson. It uses the
kinematics of the jet constituents in the center-of-mass
(c.m.) frame of the large-R jet (jet rest frame), where the
final products of a two-body H — bb decay can be easily
separated into a back-to-back topology. In this approach,
the topoclusters of the large-R jet and the tracks associated
with the jet are boosted to the large-R jet’s rest frame. In the
jet rest frame, the topoclusters of the large-R jet are
reclustered using the EEKT jet algorithm [39] to form
exactly two c.m. subjets, assumed to originate from the
Higgs boson decay. A track is considered to be associated
with a c.m. subjet if the opening angle A6 between the track
and the c.m. subjet, calculated in the jet rest frame, satisfies
the requirement that 2 x (1 —cos A@) < 0.8. The c.m.
subjets and their associated tracks are then boosted back
to the laboratory frame and the standard ATLAS b-tagging
algorithm based on a multivariate technique, MV2c10
[40,41], is applied to each c.m. subjet to identify those
containing a b hadron (called c.m. b subjets). For this
analysis, the working point of the MV2c10 tagger output is
chosen to have an overall efficiency of 77%. This was
determined using simulated Randall-Sundrum graviton
[42] (G — HH, H — bb) events, in which the p; distri-
bution of the large-R jets that contain a Higgs boson is
reweighted to match the inclusive jet pz distribution
observed in data [43]. Compared to the previous method
used to identify H — bb reconstructed as large-R jets, MC
studies [43] show that b-tagging based on c.m. subjets can
reject more background than the b tagging based on the
other subjet algorithm at a given signal identification
efficiency: by 20%-50% for large-R jets with p; <
1.5 TeV and up to a factor of 10 or more for large-R jets
with pr > 1.5 TeV. Among several tagging techniques
[43] developed to improve the identification of H — bb
with pr > 1 TeV, the c.m. algorithm typically rejects 20%
more background at a given signal efficiency.

Studies using MC simulated events show that the
correlation between the b-tagging efficiencies of two
c.m. b subjets is negligible, and thus the b-tagging
efficiency of each c.m. b subjet in a large-R jet can
be calibrated using boosted hadronic top-quark decays
t - Wb from i - WbWbh events where one W boson
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decays hadronically and the other decays leptonically. The
hadronic products of the boosted r — Wb decay are
reconstructed as a single large-R jet, in which exactly
two c.m. subjets are reconstructed in the jet rest frame: one
corresponding to the b quark, and the other corresponding
to the W boson. MC studies show that the b-tagging
performance is almost identical for c.m. b subjets in the
boosted hadronic top-quark decay events and H — bb
events. A standard combinatorial likelihood approach
[44] is applied to extract the c.m. b-subjet tagging effi-
ciency in order to calculate an MC-to-data scale factor,
defined as the ratio of the c.m. b-subjet tagging efficiencies
measured in data and simulated 77 events [45]. The scale
factor is found to be consistent with unity within its
uncertainty and has no significant dependence on the
kinematics of the c.m. subjet and the large-R jet. The
uncertainty of the scale factor is about 5%, dominated by
the systematic uncertainties such as the dependence of the
calibration scale factor on the choice of the 77 MC
generators, and the dependence of the MV2cl0 [40,41]
b-tagging scale factors on the jet flavor.

The selected resonance candidates are retained for
further analysis if one or both of the c.m. subjets in the
large-R jet pass the b-tagging requirement, and are assigned
to the single- or double-b-tagged category, respectively.
Afterwards, optimizations of the selection requirements on
the photon py (p}) and the large-R jet pr (p3) are carried
out in sequence in order to further improve the search
sensitivity. The optimizations are performed separately for
the selected events in the single- and double-b-tagged
categories with the same procedure as used for the large-R
jet mass-window optimization described above. It yields
pr>ph+axm; and pl>08x(p)+axmy),
where p;¥ =12.0(121.8) GeV and a = 0.35(0.22) for
the selected events with m;, <2000(1500) GeV in the
single-b-tagged (double-b-tagged) category. For events
with m;, > 2000(1500) GeV, the selection requirements
on the photon and the large-R jet p; are the same as those
for events with m,;, = 2000(1500) GeV. Depending on the
resonance mass, the final signal efficiency in the single- and
double-b-tagged categories varies between 10% and 20%.

The final discrimination between signal and background
is achieved by a simultaneous fit to the m, distributions of
the selected data events in the single- and double-b-tagged
categories. The signal probability density function (SPDF)
is modeled as a sum of a Crystal Ball function [46] and a
small Gaussian component that describes the tails produced
by poorly reconstructed resonance candidates. The SPDF
parameters extracted from MC simulated events are inter-
polated as polynomial functions of the resonance mass up
to the third order. Afterwards, the parameters of the SPDF
at a given resonance mass are fixed to the values
determined using the parameterization. The background
probability density function (BPDF) is modeled as
B(my,) = (1 —x)P1xr2+r3loel) [47] where x = my,/ /s,

/s = 13 TeV is the center-of-mass energy, and the three
dimensionless shape parameters p;, p,, and p; are allowed
to float in the fit. The choice of the BPDF is motivated and
validated by using control data samples containing
events that satisfy all the signal selection criteria in either
the single- or double-b-tagged category, except for the
b-tagging and large-R jet mass requirements. The selected
large-R jet candidates in the control data samples are
required to have masses lying in sidebands, whose width
varies from 10 GeV to 30 GeV, separated from the
Higgs boson signal band by 5 GeV, and to have both of
the c.m. subjets failing the b-tagging requirement at the
85%-efficiency working point. MC simulated events show
that the background m,, distributions in the single- and
double-b-tagged categories are well described by the events
in the corresponding control sample.

The effect of systematic uncertainties from various
sources was studied. The uncertainty of the integrated
luminosity is 1.7% [48,49]. Uncertainties resulting from
detector effects only affect the calculation of the signal
selection efficiencies since the background is estimated
from the data. Those uncertainties include effects from the
energy and mass scales (2%—6.5%) of the large-R jets [50],
the large-R jet energy resolution (< 0.2%) and mass
resolution (18%-30%), the trigger efficiencies (< 0.1%),
the photon energy scale and resolution (< 2%) [28], the
photon reconstruction, identification and isolation efficien-
cies (< 0.1%) [8], the b-tagging efficiency of the c.m.
subjet (3%—15%), and the pileup modeling (< 0.5%) [51].
In principle, the detector modeling may also affect the
SPDF. However, such effects are found to be negligible.
The signal efficiency and acceptance are also affected by
theoretical uncertainties, such as the PDF choice and initial-
and final-state radiation modeling. These are also found to
be small (< 5% from the PDF, < 1% from parton shower-
ing, and < 1% from renormalization-factorization scale).
The above systematic uncertainties degrade the final limits
by 10% at 700 GeV, increasing to around 20% at 2.5 TeV
and back to 10% at 4 TeV. Another kind of uncertainty,
referred to as the spurious signal, arises from a potential
bias in the estimated number of signal events due to the
choice of background parameterization. It was estimated by
fitting the signal-plus-background model to control data
sample m,, distributions with a control region to signal
region background-shape correction factor derived from
simulation. The absolute number of fitted signal events at a
given myz hypothesis value is taken as the number of
spurious-signal events, which varies from a few events in
the low mass region to less than 0.1 events in the high mass
region, and is parameterized as an exponential function of
my. The signal from a hypothetical Z' resonance is
extracted as o x B, defined as its production cross-section
times the decay branching fraction B(Z' — Hy), by
performing an unbinned extended maximum-likelihood
fit to the my, distributions of the selected events in the
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(a),(b) Distribution of the reconstructed m,, in the single- and double-b-tagged categories, with the background-only fits

shown by the solid lines. The corresponding chi-square probabilities of the fits are 46% and 23%, after rebinning requiring at least five
events in each bin. Hypothetical signal distributions for m, = 2 TeV and m, = 3 TeV with arbitrary normalizations are plotted for
illustration purposes. The bottom panel gives the significance (deviation/statistical uncertainty) for each bin, calculated using the
recommendation of Ref. [55]. The impact on the background fit from the statistical uncertainties of BPDF parameters is shown as a light
band around the solid line. This effect is incorporated into the significance calculation. (c) Observed and expected 95% confidence-level

limits on ¢ x B as a function of m.

double- and single-b-tagged categories. The predicted SM
value of the H — bb decay branching ratio, 0.582 4 0.007
[52], is used to calculate the upper limit on ¢ x B from
o x B(Z' — Hy) x B(H — bb). The fitting range for the
double-b-tagged category is from 0.6 TeV to 4.2 TeV, while
for the single-b-tagged category it is from 1.4 TeV to
4.2 TeV because of poor sensitivity in the low mass region.
Systematic uncertainties are taken into account as nuisance
parameters with Gaussian sampling distributions [5]. The
lowest local (global) p value is 0.005 (0.412) at 775 GeV,
corresponding to a local (global) significance of 2.6¢
(0.220). No significant signal-like excess is observed
and the data are found to be described very well by a
background-only fit, as shown in Figs. 1(a) and I1(b).
Hypothetical signal distributions for mz =2 TeV and
myz = 3 TeV with arbitrary normalizations are also plotted
in Figs. 1(a) and 1(b) for illustration purposes. Combined
upper limits on the signal o x B at the 95% confidence level
are derived using a modified frequentist method [53,54],
with toy MC experiment, taking into account both the
statistical and systematic uncertainties. The result as a
function of the resonance mass is shown in Fig. 1(c). The
better sensitivity and larger integrated luminosity
(139 fb~!) of this search lowers the expected upper limits
of this search as compared to that of the previous ATLAS
search (139 fb~!) [5]. The ratio of the current expected
upper limits to that of the previous result is about 1/3
(1/15) for resonances with masses below 1.2 TeV (above
2.5 TeV). A similar comparison with that of the previous
CMS search (139 fb~!) [6], where a multivariable approach
based on a boosted decision tree was used to identify
H — bb decays, finds a ratio that varies between 2/5 and
1/3 for masses below 2.5 TeV.

In conclusion, this Letter reports on a search for the
production of new heavy resonances decaying into a Higgs

boson and a photon, using 139 fb~! of \/s = 13 TeV pp
collision data collected by the ATLAS detector at the LHC.
The analysis is performed by reconstructing the hadronic
decay of the Higgs boson as a single large-radius jet,
targeting the H — bb mode. A novel algorithm using
information about the jet constituents in the center-of-mass
frame of the jet is implemented to identify the two b quarks
in the jet and enhances the sensitivity of the search. No
significant excess of events is observed above the expected
background. Upper limits are set on the production cross-
section times branching fraction for resonance decays into a
Higgs boson and a photon in the resonance mass range
from 0.7 to 4 TeV, which is significantly wider than in the
previous ATLAS and CMS searches.
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