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Evidence for the Higgs Boson Decay to a Z Boson and a Photon at the LHC
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The first evidence for the Higgs boson decay to a Z boson and a photon is presented, with a statistical
significance of 3.4 standard deviations. The result is derived from a combined analysis of the searches
performed by the ATLAS and CMS Collaborations with proton-proton collision datasets collected at the
CERN Large Hadron Collider (LHC) from 2015 to 2018. These correspond to integrated luminosities of
around 140 fb~! for each experiment, at a center-of-mass energy of 13 TeV. The measured signal yield is
2.2 4+ 0.7 times the standard model prediction, and agrees with the theoretical expectation within 1.9

standard deviations.

DOI: 10.1103/PhysRevLett.132.021803

Since the discovery of the Higgs boson [1-3] by the
ATLAS [4] and CMS [5] Collaborations in 2012, a detailed
program of measurements [6—8] has confirmed its cou-
plings and other properties to be mostly consistent with
those predicted by the standard model (SM). However,
there are several rare Higgs boson decay channels, includ-
ing H — Zy [9-11], that have not been observed. These
channels provide probes for possible contributions arising
from physics beyond the SM (BSM physics). During LHC
Run 2 (2015-2018), large data samples of proton-proton
collisions at /s = 13 TeV were collected by the two
experiments, improving the sensitivity to such decays.

In the SM, the H — Zy decay is expected to have a
relatively small branching fraction of (1.540.1) x 1073
for a Higgs boson mass (my) close to 125 GeV [12,13].
As the H — Zy decay occurs via loop diagrams, with
examples given in Fig. 1, it is sensitive to modifications in
several BSM scenarios that would cause the branching
fraction to be enhanced compared with the SM value.
Examples include models where the Higgs boson is a
composite state [14], a pseudo Nambu-Goldstone boson
[15], or a neutral scalar originating from a different source
[16,17]. Branching fractions deviating from the SM value
are also expected for models with additional colorless
charged scalars, leptons, or vector bosons that couple to the
Higgs boson, because of their contributions via loop
corrections [18-20].

This Letter reports the first evidence for H — Zy decay
obtained from a combination of ATLAS [21] and CMS [22]

“Full author list given at the end of the Letter.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

0031-9007/24/132(2)/021803(32)

021803-1

searches for this channel. The analyses are based on the
Run 2 datasets collected by the ATLAS and CMS
experiments, corresponding to integrated luminosities
of 139 and 138 fb~!, respectively, at a center-of-mass
energy of 13 TeV. Previous H — Zy searches by the
ATLAS and CMS Collaborations used the datasets
collected at /s =7 and 8 TeV, and partial datasets
collected at /s = 13 TeV [23-25].

The ATLAS detector [4] is a multipurpose particle
detector with cylindrical geometry. It consists of an inner
tracking detector surrounded by a thin superconducting
solenoid providing a 2 T axial magnetic field, electromag-
netic and hadronic sampling calorimeters, and a muon
spectrometer with three toroidal superconducting magnets,
providing nearly 4z coverage in solid angle. The CMS
apparatus [5] is a nearly hermetic, multipurpose detector.
Contained within a 3.8 T superconducting solenoid are an
all-silicon inner tracker, a crystal electromagnetic calorim-
eter, and a brass-scintillator hadron calorimeter. Gas-
ionization muon detectors are embedded in the flux-return
yoke outside the solenoid.

The ATLAS and CMS H — Zy analyses share many
features. In both, the Z boson is reconstructed through its
decays into electron or muon pairs (Z - £7¢~, £ = e or
u), requiring a dilepton mass above 50 GeV. The leptons
provide a clean signature and ensure a high trigger
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FIG. 1. Examples of Feynman diagrams for H — Zy decay.
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efficiency and good invariant mass resolution for the final-
state products of the Higgs boson decay. The photon
candidate is reconstructed from energy clusters in the
electromagnetic calorimeters. It must satisfy identification
criteria and be isolated from other event activity. The
dominant backgrounds arise from Drell-Yan production
in association with a photon or a jet misidentified as a
photon. In both analyses, the production of the SM Higgs
boson signal is modeled with the POWHEG BOX v2
Monte Carlo event generator [26-31].

After the reconstruction and selection of H — Zy can-
didate events, the signal is identified as a narrow resonant
peak at my in the Zy invariant mass (my,) distribution,
calculated as the invariant mass of the £*#~y system. The
my, resolution is improved by dedicated final-state radi-
ation corrections to the momenta of muons with nearby
photons, and via kinematic fits for the dilepton mass of the
Z boson candidate using a Breit-Wigner line shape to
model the Z boson resonance, convolved with a Gaussian
response function for the leptons [32,33]. The resulting m,
resolution is 1.4-2 GeV, depending on the final state and
event topology.

To enhance the sensitivity, both analyses assign events
to categories with different signal-to-background ratios by
exploiting the kinematic features of different Higgs boson
production modes. The ATLAS analysis assigns each event
to one of six categories, including a category targeting the
vector-boson fusion (VBF) topology, which requires the
presence of at least two jets and a selection on the output
score of a dedicated boosted decision tree (BDT). The
remaining five categories target other Higgs boson pro-
duction modes, which are defined with different lepton
flavors and kinematic properties of the momentum of the
Zy system transverse to the beam direction [34].

The CMS analysis assigns each event to one of eight
categories, including a category with additional leptons
targeting the production of Higgs bosons associated with
either a weak vector boson or a top quark pair, and three
categories defined by the output score of a dedicated BDT
targeting the VBF topology. The other four categories are
defined by the output score of another BDT exploiting the
differences between the kinematic properties of H — Zy
signal events and background events.

Simultaneous signal-plus-background fits across the
analysis categories are performed to the Zy invariant mass
distribution, with analytic signal and background functions.
The signal models are from Crystal Ball [35] and Gaussian
functions, and the background models are based on
exponential functions, power law functions, Laurent series,
and Bernstein polynomials. Experimental and theoretical
uncertainties affecting the expected number of signal
events, the shape of the Zy invariant mass distribution
from the H — Zy signal process, and the background
models are considered as constrained nuisance parameters.
The Higgs boson production cross sections and H — Zy

branching fraction used to normalize the signal are
common to both experiments. In both analyses, the
parameters of the analytic background functions are deter-
mined from the data. Both the ATLAS and CMS analyses
measure the signal strength (1) defined as the ratio of the
Higgs boson production cross section times H — Zy
branching fraction to the SM prediction.

The statistical treatment of the data is based on the
standard LHC data modeling and handling toolKkits:
RooFit [36], RooStats [37], and HistFactory [38]. The confidence
intervals of the signal strength are determined via the
profile-likelihood-ratio test statistic [39]. The likelihood
function used to define the test statistic is the product of the
likelihood functions of the ATLAS and CMS analyses,
adapted to have common constraint terms for the nuisance
parameters representing the correlated uncertainties. The
main differences between the likelihood functions of the
two analyses are the background models. In each category
of the ATLAS analysis, the chosen background model is the
one that minimizes the presence of “spurious” signal, i.e.,
the extracted signal yields in signal-plus-background fits to
background-only templates of m, [1]. The spurious-signal
yield is introduced as an additional nuisance parameter in
the likelihood function, which modifies the expected signal
yield. In the CMS analysis, a discrete profiling method [40]
is used to determine the background model directly in the
fit to the data. For each category, this method introduces an
additional discrete nuisance parameter that selects the best
background model among a large set of alternative models.
The discrete nuisance parameter is profiled in the final fit.

The experimental uncertainties from the ATLAS and
CMS analyses are considered uncorrelated. While some
components of the experimental systematic uncertainties
could be correlated due to the similar simulation software
and calibration techniques, these are expected to be much
smaller than the uncorrelated components. Among the
theoretical uncertainty sources, the one associated with
missing higher orders in the perturbative calculations of
the gluon-gluon fusion cross section (renormalization and
factorization scale uncertainties) [41-43], and the ones in
the H — Zy branching fraction prediction [13] are corre-
lated. In the CMS analysis, a small number of modifica-
tions are made to facilitate the combination. In particular,
for consistency, the scale and branching fraction uncer-
tainties are reevaluated. These changes have a minor impact
on the CMS result. In the ATLAS analysis, the decom-
position of the scale uncertainties in terms of independent
sources is modified, which has a negligible impact on the
observed signal strength. The uncertainties associated with
missing higher orders in the calculations for the other Higgs
boson production modes, with the choice of parton dis-
tribution functions (PDFs) [44,45], with the value of the
strong-force coupling constant («;), and with the modeling
of the underlying event and parton shower are not corre-
lated because of their different implementations in the two
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FIG. 2. The Zy invariant mass distribution. Events from all
categories in the ATLAS and CMS analyses are shown. As
different ranges in my, are used in the two analyses, only the
common subrange is visualized here. The data (points with error
bars) in each category are weighted by In(1 4+ S/B), where S and
B are the observed signal and background yields in that category,
in the 120-130 GeV interval. The S and B values are derived from
the fit to data. The error bars are invisible because of their small
values. The fitted signal-plus-background (background) proba-
bility density functions (pdfs) in each category are also weighted
in the same way and summed, and represented by a red solid (blue
dashed) line. The lower panel shows the background-subtracted
results with the same data and pdfs.

analyses. However, approximate correlation strategies were
investigated for the integrated luminosity [46-50], scale,
and PDF uncertainties; they are found to have a negligible
impact and are not adopted in the following results. One
difference between the ATLAS and CMS analyses is the
assumed value of my taken to be 125.09 GeV [51] in the
former and 125.38 GeV [52] in the latter. The results of
the combination are determined for both m; values, and the
different mass assumptions have a negligible impact within
the precision reported in this Letter.

The Zy invariant mass distribution observed in data is
shown in Fig. 2. To demonstrate the sensitivity of this
likelihood analysis, the events in each category are
weighted by In(1 + S/B), where S and B are the observed
signal and background yields in that category in the range
120 < myz, < 130 GeV, as determined by the minimiza-
tion of the test statistic. The negative log-likelihood ratio as
a function of the signal strength is shown in Fig. 3.
The observed (expected) signal strength at the 68% con-
fidence level is y = 2.07) (1.0 £ 0.9) for the ATLAS
analysis, u = 2.470 (1.07}) for the CMS analysis, and
p=2.240.6(stat) 753 (syst) =2.2+£0.7 [1.0 £ 0.6(stat)+
0.2(syst) = 1.0 £ 0.6] for their combination. Expressed
in standard deviations o, the observed (expected) local
significance, with respect to the y = 0 hypothesis of no
H — Zy signal, is 2.26 (1.20) for the ATLAS analysis,
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FIG. 3. The negative profile log-likelihood test statistic, where
A represents the likelihood ratio as a function of the signal
strength u derived from the ATLAS data (blue line), the CMS data
(red line), and the combined result (black line). The different
Higgs boson masses assumed by ATLAS and CMS have a
negligible impact on the results.

2.60 (1.10) for the CMS analysis, and 3.4¢ (1.60) for their
combination. The uncertainties in the H — Zy branching
fraction and the background modeling are the largest
systematic uncertainties. Assuming SM Higgs boson pro-
duction cross sections, the measured branching fraction
for H — Zy decay is (3.4 4= 1.1) x 1073, In contrast to the
signal strength measurement, the uncertainty in the SM
branching fraction prediction is not included in this fit. The
uncertainties in the results are dominated by the statistical
fluctuations of data.

The combined result is compatible with the measured
signal strengths from individual categories with a p-value
greater than 12%. The p-value for compatibility with the
SM hypothesis (¢ = 1) is about 6%, and the observed local
significance with respect to the SM is 1.96. The goodness
of fit of the model to the data is evaluated with a likelihood-
ratio test [53], and has a p-value greater than 90%.
Tabulated results are provided in the HEPData record for
this analysis [54].

In summary, a combined analysis of ATLAS and CMS
searches for the Higgs boson decay to a Z boson and a photon,
where the Z boson decays into an electron or muon pair, is
presented. The results are based on the 13 TeV proton-proton
collision data recorded by the ATLAS and CMS experiments
at the CERN LHC, amounting to integrated luminosities
of 139 and 138 fb~!, respectively. Evidence for H — Zy
decay is established, with an observed significance of 3.4
standard deviations. The observed signal yield is 2.2 £ 0.7
times the SM prediction. The measured H — Zy branching
fractionis (3.4 + 1.1) x 1073. The result agrees with the SM
prediction within 1.9 standard deviations.
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