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ARTICLE INFO ABSTRACT
Editor: M. Doser A search is presented for rare decays of the Z and Higgs bosons to a photon and a J/y or a y(2S) meson, with
the charmonium state subsequentially decaying to a pair of muons. The data set corresponds to an integrated
Reywords: luminosity of 123fb™" of proton-proton collisions at a center-of-mass energy of 13TeV collected with the CMS
gl\l\//[[s detector at the LHC. No evidence for branching fractions of these rare decay channels larger than predicted in
Higgs the standard model is observed. Upper limits at 95% confidence level are set: B(H — J/yy) < 2.6 X 107*, BH -
J/psi y(29)y) < 9.9 x 10’4, B(Z - Jfyy) < 0.6 X 10’6, and B(Z — y(2S)y) < 1.3 x 107°. The ratio of the Higgs boson
Photon coupling modifiers k_/k, is constrained to be in the interval (=157, +199) at 95% confidence level. Assuming

Rare decays

K, = 1, this interval becomes (—166, +208).

1. Introduction

The discovery of the Higgs boson by the ATLAS and CMS Collabo-
rations in 2012 [1-3] represented a milestone in the understanding of
the electroweak sector of the standard model (SM) of elementary par-
ticles [4,5], and it started a new era of precision measurements of the
couplings of the Higgs boson to the other SM bosons and fermions [6,7].
New particles, postulated by theories that extend the SM, may contribute
to quantum loops and modify the branching fractions of rare decays of
the Higgs boson. A channel which would be sensitive to such contribu-
tions is the decay of the Higgs boson to a photon (y) and a J/y or y(2S)
meson, collectively referred to as y(nS), followed by the decay of the
y(nS) meson to a pair of muons. The H — y(nS)y decay could take
place through ¢ quark loops, as shown in Fig. 1, and thus an accurate
measurement of this process would constrain the couplings of the Higgs
boson to ¢ quarks, providing complementary information to searches
for Higgs boson decay to a pair of ¢ quarks hadronizing into jets [8-10].
Although the latter has a better sensitivity to the coupling between the
Higgs boson and the charm quark, the loop-mediated H — y(nS)y is
also sensitive to additional contributions that can arise in certain ex-
tensions of the SM [11,12]. Instead, the yet outstanding observation of
the Z —» y(nS)y process would represent an objective that is achievable
with the integrated luminosity of the HL-LHC [13].

The boson decays to y(nS) are considered as “rare”, as the branch-

ing fractions range between ~107% and ~10°% [11,13-22]. On the other
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hand, the branching fractions of the decays of the y(nS) to a pair of
muons have been measured with great precision [23]. The values con-
sidered in this analysis are reported in Table 1.

The search for the decays Z — y(nS)y and H — y(nS)y was previ-
ously performed by both the ATLAS and CMS Collaborations using data
collected in 2016 [24,25] and the ATLAS Collaboration recently updated
its search using the complete Run 2 data set [26]. The present search is
performed with data from proton-proton collisions at a center-of-mass
energy of 13 TeV, corresponding to an integrated luminosity of 123 bl
collected with the CMS detector during the LHC Run 2 (2016-2018).

Tabulated results are provided in the HEPData record for this anal-
ysis [27].

2. The CMS detector and event reconstruction

A detailed description of the CMS detector, together with a definition
of the coordinate system used and the relevant kinematic variables, is
reported in Ref. [28].

The central feature of the CMS apparatus is a superconducting
solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T.
Within the magnetic volume are a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter (HCAL), each composed of a barrel and
two endcap sections. The ECAL and HCAL provide pseudorapidity cov-
erage up to |5| < 3.0, which is further extended by forward calorimeters
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Fig. 1. Leading-order Feynman diagrams of Z and Higgs boson rare decays to J/y or y(2S), and a photon, through the direct (upper top) and indirect (upper bottom,
lower top, and lower bottom) processes. These four diagrams are considered as the signal of this analysis.

Table 1

The SM predictions of the branching fractions of
the Higgs and Z boson decays to y(nS)y used in
this analysis, and measured branching fractions
for the y(nS) — up decays.

Process B Ref.
H - J/yy (3.01 £0.15)x 107® [20]
Z - Jfyy 8.967] 3 x 1078 [18]
H - y(25)y (1.03 £0.06) x 107° [20]
Z - y(29)y 4.837002 x 1078 [18]
Iy - upt (5.961+£0.033)x 102 [23]

y(2S) »puut  (8.0+0.6)x107? [23]

to |n| < 5.0 [28]. Muons are measured in gas-ionization detectors em-
bedded in the steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system. The
first level, composed of custom hardware processors, uses information
from the calorimeters and muon detectors to select events at a rate of
around 100 kHz within a fixed latency of 4 us [29]. The second level,
known as the high-level trigger, consists of a farm of processors run-
ning a version of the full event reconstruction software optimized for
fast processing, and reduces the event rate to around 1 kHz before data
storage [30].

The silicon tracker used in 2016 measured charged particles within
the range |1| < 2.5. For nonisolated particles of 1 < p; < 10GeV and
|n] < 1.4, the track resolutions were typically 1.5% in p; and 25-90
(45-150) pm in the transverse (longitudinal) impact parameter [31]. At
the start of 2017, a new pixel detector was installed [32]; the upgraded
tracker measured particles up to |5| = 3.0 with typical resolutions of
1.5% in p; and 20-75 pm in the transverse impact parameter [33] for
nonisolated particles of 1 < p; < 10GeV.

In the barrel section of the ECAL, an energy resolution of about 1% is
achieved for unconverted or late-converting photons in the tens of GeV
energy range. The energy resolution of the remaining barrel photons is
about 1.3% up to |n| = 1, changing to about 2.5% at |n| = 1.4. In the
endcaps, the energy resolution is about 2.5% for unconverted or late-
converting photons, and between 3 and 4% for the other ones [34].
Electrons mimicking photons are rejected by requiring the absence of
charged particle tracks, with a hit in the innermost layer of the pixel
detector not matched to a reconstructed conversion vertex, pointing to
the photon cluster in the ECAL [34]. The photon energy in simulation is

corrected with a multivariate regression to match the energy resolution
observed in data [35].

The efficiency to reconstruct and identify muons is greater than 96%.
Matching muons to tracks measured in the silicon tracker results in
a relative transverse momentum resolution, for muons with p; up to
100 GeV, of 1% in the barrel and 3% in the endcaps [36]. The simulated
muons are calibrated to match the momentum scale and resolution ob-
served in Z — pu data.

The event reconstruction is performed with a particle-flow (PF) algo-
rithm [37], which uses an optimized combination of information from
the various elements of the CMS detector to reconstruct and identify
individual particles produced in each collision. The algorithm identi-
fies each reconstructed particle either as an electron, a muon, a photon,
or a charged or neutral hadron. The PF candidates are then clustered
into jets using the anti-k. algorithm [38] implemented in the FASTJET
package [39,40] with a distance parameter R = (0.4. The charged com-
ponent of the pileup contribution is removed from jets by applying the
charged-hadron subtraction (CHS) mitigation algorithm [41]. Jets that
originate from b quarks are identified with the DEEPCSV b tagging algo-
rithm [42], which uses the tracks and secondary vertices associated with
the jets as inputs to a neural network. The working point considered in
this search provides a b jet tagging efficiency of 70%, and a misidenti-
fication rate in a sample of quark and gluon jets of about 1% [42].

3. Data and simulated samples

The data used in this search have been collected with a trigger algo-
rithm that selects events with at least one muon with p. > 17GeV and
one photon with transverse energy E; > 30GeV. This trigger collected

data with an integrated luminosity of 123 bl

The Z/H — y(nS)y signal Monte Carlo (MC) events are simulated at
leading order (LO) accuracy in QCD with the MADGRAPH5_aMC@NLO
v2.6.5 matrix element generator [43], directly including the spin corre-
lations [44] using a model based on Refs. [17,18] instead of reweight-
ing the simulated events as in previous analyses [24-26]. Whereas the
Z boson production is simulated through quark-antiquark annihilation
(qq — Z), the simulation of the H boson production is performed sep-
arately for each production mode, namely through gluon-fusion (ggF),
vector-boson fusion (VBF), vector boson associated production (WH and
ZH), and bottom- and top-quark associated production (bbH and ttH).
The Higgs boson mass is set to 125 GeV. For each boson and production
mode, two different samples are generated, with the Z and H bosons de-
caying to JAyy or y(2S)y, where the y(nS) decays to a pair of muons.
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Cascade decays y(2S) — J/y + X - uu + X, even though they pro-
vide a nonnegligible number of events compared with the direct decays
y(2S) — pp, are not considered in this analysis because the momen-
tum carried away by the additional particles (X) makes their invariant

mass m, . nonresonant and shifts it towards smaller My values, not

contributing to the peak of the expected signal.

The Z boson cross section is calculated at next-to-next-to-LO (NNLO)
using FEWZ v3.1 [45]. The Higgs boson cross section is normalized to a
theoretical prediction at up to next-to-NNLO [14]. The branching frac-
tions used are listed in Table 1. The Z boson produced through VBF has
a cross section that is several orders of magnitude smaller than the qq
production mechanism, and is therefore considered negligible.

The SM electroweak backgrounds include resonant processes that
produce a pair of muons and a photon, which consist of Z and H bosons
that decay through quark loops without the intermediate resonant cc
state, referred to as “Dalitz decays”, and Z boson decays to a pair of
muons with a final-state radiation photon. Both processes are generated
at next-to-LO (NLO) in QCD with the MADGRAPH5_aMC@NLO event
generator. The decay of a Higgs boson into two muons with a photon
radiated from one of the muons represents another potential source of
background, but its contribution is negligible.

In all simulated samples, parton showering and hadronization
processes are simulated by interfacing the event generators with
PYTHIA 8.230 with the CP5 underlying event tune [46]. The NNPDF3.1
NNLO [47,48] parton distribution functions (PDFs) are used to model
the momentum distribution of the colliding partons inside the protons.
The generated events include additional proton-proton interactions
within the same or adjacent bunch crossings (pileup) with a distribution
that matches that observed in the data. The response of the CMS detec-
tor to the generated particles is modeled using the GEANT4 toolkit [49].
Simulated events are reconstructed with the same algorithms used for
data.

4. Event selection

Events are required to contain at least two reconstructed muons with
pp > 18 and 5GeV, respectively, fulfilling the medium identification re-
quirement [36], and at least one photon with p > 32GeV passing a
multivariate identification criteria that is 80% efficient for signal pho-
tons [35]. Both the muons and the photon are required to be isolated
from other hadronic activity in the event. If more than two muons
are present in the same event, the opposite-sign pair with the small-

est AR= (A;1)2 + (Ad))z distance is chosen.

The observable used for signal extraction in this search is the in-
variant mass m, .y Events are separated into three regions based on
the invariant mass m__ : (i) events with 3.0 <m < 3.2 GeV are consid-
ered to be J/y candidates and belong to a signal region (SR) called SR1;
(ii) events with 3.60 <m , < 3.75GeV are assumed to originate from a
y(2S) state and belong to a separate signal region SR2; and (iii) events
that do not belong to either SR1 or SR2, but satisfy 2 < m uu < 8GeV,
are a control region (CR) that is used to constrain the resonant My
background.

Depending on the signal process, additional categories are defined
to exploit distinct physical features. Three categories maximize the sen-
sitivity to the main Higgs boson production modes: (i) the VBF category
contains events with at least one pair of jets with p;. > 30(50) GeV in the
central (forward) regions of the detector with an invariant mass larger
than 350 GeV; (ii) the heavy-flavor (HF) category contains events with
at least one b tagged jet with p;. > 30GeV and |y| < 2.4 and targets the
Higgs boson production in association with bottom and top quarks; (iii)
events that do not belong to the previous categories constitute the ggF
category. The data set we used does not contain enough events for a
dedicated category targeting leptonic decays of the W or Z boson.

The same categorization is not applicable to the Z boson search
since the Z boson is predominantly produced through qq annihilation.

Physics Letters B 865 (2025) 139462

Instead, the Z, y(nS), and y spin correlations are used to build a mul-
tivariate likelihood discriminator (LD) to separate the Z — J/yy signal
from the main background. The input variables of the discriminator are:
the cosine of the angle between the momentum directions of the J/y bo-
son and of the beam in the rest frame of the Z boson (cos 8*), the angle
between the momentum directions of the positively charged muon and
the J/y in the rest frame of the J/y (cos 6,), which is sensitive to the
transverse polarization of the JAy along its momentum direction, and
the angle between the decay plane of the two muons and the plane of
the J/y and the photon (¢, ). Since these variables are uncorrelated with

each other and from m,, and My selection on the discriminator out-

put does not alter the shape of the My distribution. The LD is used to
define two categories, denoted as high-purity (Z-HP) and low-purity (Z-
LP) categories, which contain events with an LD score larger or smaller
than 0.5, respectively. The discriminator is applied to only the Z — J/yy
category to separate the signal and the background. In the H — J/yy ggF
region, most of the discriminating power comes from the |cos §*| vari-
able. Thus, this variable is used in place of the LD to define high-purity
(ggF-HP) and low-purity (ggF-LP) categories, containing events with a
|cos 8% value larger or smaller than 0.5, respectively. Because of the
limited number of events in the other signal regions, the LD categoriza-
tion or the angular selections are not applied.

The selections used to divide events into the eight signal regions and
the control region are summarized in Table 2.

5. Signal and background modeling

Backgrounds are separated into two classes. The electroweak-
induced backgrounds are composed of Dalitz decays of the Higgs boson
and Z — pu events with final-state radiation, and are modeled with MC
simulation. The QCD multijet production, which does not exhibit a res-
onant shape in m,, . , is estimated from data with parametric functions.

The resonant backgrounds and the signals appear as resonances in
the m iy distribution and are modeled with double-sided Crystal Ball
(DSCB) functions [50], which consist of a Gaussian core and two power-
law functions that describe the lower and upper tails, below and above
a certain threshold. An alternative Voigt distribution, which consists of
a convolution of a Gaussian with a Cauchy-Lorentzian, is also evaluated.
Both functions are able to describe the resonant shape, but the DSCB is
chosen because of its better modeling of the lower tails. The Gaussian
core of the DSCB fitted to the H boson signal is dominated by the mea-
surement resolution and has a relative width of 1%. The Z boson signal
width, instead, is dominated by the natural width of the Z resonance.

The nonresonant background is modeled separately for each cate-
gory directly from data using parametric functions to describe the m,,
distribution. Several choices of function families are considered in the
statistical analysis and, for each family, models with different num-
bers of parameters are included. These functions are: power-law and
exponential with a number of parameters between 1 and 4; Bernstein
polynomials with a number of parameters between 3 and 5. For each
function family, a procedure based on the Fisher F-test [51] starts from
the simplest functional form and checks iteratively, using a confidence
level of 95%, if additional parameters are needed to model the back-
ground distributions.

The measured m,,

ground parametric functions, as shown in Figs. 2—-4. The width of the
mass bins is chosen according to the experimental mass resolution.

v distributions are well modeled by the back-

6. Systematic uncertainties

Systematic uncertainties include the modeling of the backgrounds,
the detector simulation, the integrated luminosity, and the theoretical
prediction of the signal production mechanism.

The uncertainty related to the choice of function used to model the
QCD multijet background is addressed by introducing the discrete pro-
filing method [52]. This method considers all function families listed in
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Table 2

Summary of the selections of the seven signal regions (SRs) and the control region (CR). The
SR1 category requires an m,, value compatible with the J/y mass hypothesis, and is further
divided depending on the value of the LD variable (Z-HP, Z-LP), the Higgs boson production
mode (ggF, VBF, HF), and the value of the cos 8" variable (ggF-HP, ggF-LP). The SR2 category
requires a m it value compatible with the y(2S) mass hypothesis and is not further categorized.
The CR category is made orthogonal to the SRs by vetoing m - values compatible with the
y(nS) mass hypotheses.

SR1 SR2 CR

ZHP ZLP  ggF-HP ggFLP VBF HF

pr(u 1 ) >18GeV
pr(l,) >5GeV
pr(Y) >32GeV
[, 5l <2.4
"] <2.5, excluding ECAL transition region
[2.0, 3.0],
m,, (GeV) [3.0, 3.2] [3.6, 3.75] [3.2, 3.6],
[3.75, 8.0]
|cos 67| — — >0.5 <0.5 — — — —
LD >0.5 <05 — — — — — —
b jets — — 0 0 0 >1 — —
VBF candidates = — — 0 0 >1 0 — —
(mij > 350GeV)
123 fb! (13 TeV) 123 fb~! (13 TeV)
> T T T T > T T T T q
(“:-)’ 321 CMS t I[E)ata (477. events) 8 21 CMS { Data (475 events) ,:
- —— Exponential (2 par.) - —— Power-law (4 par.) ]
T_ 28] SR1, ggF-HP (H - Jipy) —- Power-law (3 par) ~ s SR1, ggF-LP (H - Jipy) —-- Bernstein (5 par.) 1
% Bernstein (5 par.) % Exponential (2 par.) 1
g 24f Z-ppy ] 0 Zoppy ]
w H > puy (x100) i 151 Ho ppy (x100) ]
20 — HoJpy (x100) ] — HoJpy (x100) ]
A Bkg. sum 12r — Bkg. sum ]
161 ]
9 ;
12 ]
8 [ ]
4 8 |
g g
50 g o
g QT e T R A R ,\E 4
g2 g 2
z0 S oM
1 -2 5 1 -2 > E|
L R R SR S, | /n(‘,o,:‘63“,6/‘86 . % -4 X /n?o,=‘48‘.0/‘112‘ k|
S 80 100 120 140 160 180 200 T 80 100 120 140 160 180 200
< Gev) € GeV
Muuy (GeV) Myuy (GeV)
123 b (13 TeV) 123 fb~' (13 TeV)
S T —r e S [T —r —— 7
o t Data (17 events) [} { Data (26 events) 1
9 Us CMS — Power-law (2 par.) (‘E Uy MS — Power-law (2 par.)
~ SR1, VBF (H - Jipy) —-- Exponential (2 par.) -~ SR1, HF (H - Jigy) —-- Exponential (2 par.) ]
*g 6 Bernstein (4 par.) 42 6 Bernstein (4 par.)
et Z-ppy Q Z-ppy ]
L 5 Hoppy (x100) o W 51 H- ppy (x100) o
r — H - JApy (x100) — HoJApy (x100) ]
af — Bkg. sum B 4F — Bkg. sum B
3f ‘ ‘ ] af ]
2L E 2 E
1 E 1 E
o 9 ]
50 50
D 4T T T T 3 = T T T T T 3
o ofF E o E
ﬁz (2: %TLTTTWL][I][I&LTTLTTTTTTTl{TTTWMLTTTTTTTTTTTTTTTTTTTT(LTTTTTTTTTTTTTTTTTTLTTTTTTTTTTTTLTTM ﬁz g LMLLTLTUTLULTLWTLLTTTTTLTLTTTTTWLTTTTTTTTTTTLTTTTTTMTTTTTTTLTTTTTTTTﬂ
:EI i: ‘ ‘ ‘ | XChen=17.7714 3 Q' :i: ‘ ‘ ‘ ‘ | Xine=21220 ]
"gz 80 100 120 140 160 180 200 gz 80 100 120 140 160 180 200
= Muuy (GeV) = Muuy (GeV)

Fig. 2. The upper panels show the background-only fit using the power-law, exponential, and Bernstein polynomial functions with the optimal number of parameters
determined with the F-test, and ranked according to the fit ;{2. The resonant background contributions are added with the normalization fixed to the SM expectation.
The vertical error bars on the data points show the statistical uncertainty. The bottom panels show the pulls for the fit result for the model with lowest . Upper
left: H — J/yy ggF-HP category. Upper right: H — J/yy ggF-LP category. Lower left: H — J/yy VBF category. Lower right: H — J/yy HF category.
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Fig. 3. The upper panels show the background-only fit using the power-law, exponential, and Bernstein polynomial functions with the optimal number of parameters
determined with the F-test, and ranked according to the fit #°. The resonant background contributions are added with the normalization fixed to the SM expectation.
The vertical error bars on the data points show the statistical uncertainty. The bottom panels show the pulls for the fit result for the model with lowest ;(2. Upper
left: Z — J/yy HP category. Upper right: Z — J/yy LP category. Lower left: H — y(2S)y category. Lower right: Z — y(2S)y category.

Section 5, with the number of free parameters determined with an F-
test, and fitted to the appropriate m iy distribution in each category by
minimizing the negative logarithm of the likelihood multiplied by two
(2NLL). The functions with resulting fit p-values smaller than 0.05 (and
that, hence, do not fit the data sufficiently well) are discarded. A unitary
penalty term is added to the 2NLL to account for the number of floating
parameters in each candidate function. The envelope of the 2NLL pro-
files for each function considered, as a function of the signal strength,
is then used to determine the best-fit value and the corresponding un-
certainty in the parameter of interest. The outcome of this procedure is
that the selection of the background function is treated as a discrete nui-
sance parameter in the fit to account for the uncertainty associated with
the arbitrariness of this choice.

An additional uncertainty is introduced to cover potential biases in
the choice of the function used to model the signal and the resonant
backgrounds. An alternate Voigtian function is used and the difference
in the fitted signal strength, which is always smaller than 1%, is consid-
ered as an uncertainty.

The experimental systematic uncertainties affecting the signal nor-
malization include the reconstruction and selection efficiency of the

muons and the photon, amounting to 2.0 and 1.5%, respectively. The
muon momentum scale and resolution calibration uncertainties are
propagated to the My distribution, and have an effect of 0.05 and
0.80% on the Gaussian mean and width used to model the simulated
samples, respectively. Similarly, the photon energy scale and photon
energy resolution result in a 3.4 and 1.8% uncertainty in the Gaussian
width, respectively. The jet energy scale and resolution uncertainties af-
fect the Higgs boson normalization in the VBF category by 2.9 and 1.0%,
respectively, while the jet b tagging efficiency uncertainty is 5.4% in the
HF category. The effect of these uncertainties is negligible elsewhere.
The uncertainty in the efficiency of the trigger is less than 3.2%. During
the 2016 and 2017 data-taking periods, a gradual shift in the timing of
the inputs of the ECAL L1 trigger in the |5| > 2.0 region caused a spe-
cific trigger inefficiency. For events containing a photon (a jet) with p;
larger than ~50 GeV (%100 GeV) in the 2.5 < |5| < 3.0 region, the effi-
ciency loss is ~#10-20%, depending on py, 7, and time. Correction factors
were computed from data and applied to the acceptance evaluated with
simulation. Other uncertainties, such as the pileup contributions (0.1%),
and the measurement of the integrated luminosity (1.2% in 2016 [53],
2.3% in 2017 [54], and 2.5% in 2018 [55]) affect only the normaliza-
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Table 3
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Sources and types of systematic uncertainties described in Section 6. Normalization (norm.) uncertainties yield a
variation in the number of events equal to the reported value. Other uncertainties also vary the shape of the mean

and the width of the resonant background and signal m

distributions by the indicated amount. Uncertainties in

7
the same line are treated as correlated. “
Source Type Backgrounds Signals
QCD Z-ppy H-oppy Z-y@S)y H-y@Sy
Integrated luminosity norm. — — 1.6% 1.6% 1.6%
Fact. and renorm. scales norm. — — 3.6% 3.5% 5.6%
PDF norm. — — 1.8% 1.7% 3.2%
H - ppy branching ratio norm. — — 5.3% — —
Pileup modeling norm. — — 0.7% 0.9% 0.8%
Trigger efficiency norm. — — 3.5% 3.5% 3.5%
Trigger timing shift norm. — — 0.0% 0.6% 2.7%
Muon identification/isolation norm. — — 1.6% 2.0% 1.4%
Photon identification norm. — — 1.6% 1.5% 1.5%
Electron veto norm. — — 1.0% 1.0% 1.0%
Jet energy scale (VBF category) norm. — — 2.9% — 2.9%
Jet energy resolution (VBF category) norm — — 1.0% — 1.0%
Jet b tagging (HF category) norm — — 5.4% — 5.4%
QCD background model shape discrete = — — — —
Resonant bkg. model norm. — 1% — — —
Signal model norm. — — 1% 1% 1%
Size of MC samples m,,., mean — 0.06% 0.17% 0.06% 0.06%
Size of MC samples m,,, width  — 0.1% 1.3% 0.1% 0.1%
u calibration m,, mean — 0.05% 0.05% 0.05% 0.05%
u calibration m,. width — 0.8% 0.8% 0.8% 0.8%
Y energy m,, ., mean — 0.04% 0.04% 0.04% 0.04%
Y energy m,,. width — 3.4% 3.4% 3.4% 3.4%
Y resolution m,  width — 1.8% 1.8% 1.8% 1.8%
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Fig. 4. The upper panel shows the results of the main background fit in the CR,
using the power-law, exponential, and Bernstein polynomial functions with the
optimal number of parameters determined with the F-test, and ranked accord-
ing to the fit y*. The vertical error bars on the data points show the statistical
uncertainty. The bottom panel shows the pulls for the fit result for the model
with lowest ;(2.

tion of the simulated samples and have negligible effects on their My

distributions.

Systematic uncertainties in the theoretical prediction arise from the
choice of PDFs [56,57], leading to a 2-3% effect on the signal cross
section for the Z and H boson signals. The factorization and renormal-
ization scale uncertainties are estimated by varying the scales up and
down by a factor of 2, both simultaneously and independently, using the
maximum obtained value. The resulting effect is a variation of 3-6% of
the signal cross section.

A summary of the systematic uncertainties is provided in Table 3.

7. Results and interpretation

In the absence of a significant observed signal, exclusion limits are
obtained by performing a background-only fit and a combined signal-
plus-background fit to the m,, , mass distributions, independently for
the Z and Higgs boson signals, and the J/y and y(2S) hypotheses.

The Higgs and Z boson signals are fitted to the H and Z SRs, respec-
tively. Each fit also includes the CR, which constrains the normalization
of the Z boson Dalitz backgrounds. The H boson Dalitz backgrounds are
fixed to the SM background expectation, because the number of selected
events is not sufficient to constrain this process.

In the fit, based on a profile likelihood, the parameters and the nor-
malization of the background in each category are left free to float.
The systematic uncertainties in the signal are treated as nuisance pa-
rameters profiled in the statistical interpretation [58], using log-normal
constraints for the normalization uncertainties and Gaussian constraints
for the muon and photon energy scale and resolution. The Z boson
Dalitz background signal strength, Hy Sy is extracted from a stan-
dalone fit to the m iy distribution measured for the CR events (shown
in Fig. 4). The result is statistically compatible with the SM expectation:
Hz oy = 1.18 +0.12.

Upper limits at 95% confidence level (CL) are set using the CL cri-
terion [59,60] in the asymptotic approximation [61] and cross-checked
with those obtained using the generation of pseudo-data [58]. The limits
derived with the two methods are in agreement within 5%.

The results are summarized in Fig. 5 and Table 4, where the branch-
ing fraction and signal strength values for each channel are reported.
The uncertainties that affect the signal normalization (factorization and
renormalization scales, and PDF) are treated differently depending on
how the exclusion is presented. When deriving upper limits on 8 or ¢ 8
these uncertainties are not varied in the fit. When placing limits on the
signal strength u, these nuisance parameters are fixed at their best-fit
values, in the same manner as the other systematic uncertainties. No sta-
tistically significant excess is observed. A deficit in the data consistent
with a downward fluctuation with a significance of 2.2 standard devi-
ations is seen in the Z — y(2S)y search channel. The previous results
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Table 4

Physics Letters B 865 (2025) 139462

Observed (expected) upper limits at 95% CL on the normalized values with respect to the SM expectation, denoted
as the signal strength parameter y, of the product of the cross section ¢ and the branching fraction 8 of the (H,Z) —
y(nS)y decays, and the branching fraction, assuming a SM Z and H boson cross section. The results are compared

with previous ones [24,26].

Process This work (123fb™") CMS (36fb™") [24]  ATLAS (139fb™") [26]
Hobs (”exp ) o Bobs (o- Bexp )[ pb] Bobs (8exp) Bobs (Bexp) Bobs (8exp)
Z - Jfyy 72(8.6%57) 384X 107 0607791070 150170 x107° 120703 x 107
Z-y(@2S)y  29(6873%) 8(197%)x 107 13315 %1070 — 24(3.073)x 107
H - J/yy 88(62739) L4(LOTD X107 26(1859)x 107 7.6(5.25H)x 107 2.0(1.870%Hx 107
H-wy@S)y 970(780750)  5.5(447Hx107  99@8.01%Hx10™ — 10.5@8.155)x 107
123 o' (13 TeV) |Appg + Agick |
= p(H = Jpyy) ¥ ————.
@ 103} cms i ™My - Jvy)
?' In this interpretation, the constraint is applied to «, directly. The
T [ e observed and expected intervals at 95% CL are (—166, +208) and
T -4 , .
%10 (—128, +169), respectively.
With respect to the previous CMS search [24], the sensitivity of this
analysis shows an improvement that exceeds the expectations from a
1075 E simple increase in the integrated luminosity because of the optimization
95% CL upper limits of the event selection, including the angular variables of the decays, the
- (E)bser:’e: categorization of the Higgs boson depending on the production mode,
10 ; z«:;edev. and the adoption of a more advanced statistical treatment represented
+2 std. dev. by the discrete profiling method, described in Section 6. When com-
7500y Zo0@Sy  Hodby  ASu@S)y pared with the 2016 CMS search updated with the larger data set, the

Fig. 5. Observed and expected (with +1, +2 standard deviation bands) exclusion
limits on the branching fraction of the (H,Z) — y(nS)y decays.

from the CMS and ATLAS Collaborations are also included for compar-
ison in Table 4 [24,26].

The upper limits on the H — J/yy signal strength are interpreted
within the x-framework [62] to constrain the ¢ quark Yukawa coupling.
The ratios of the signal strengths for the H — J/yy and H — yy decays
and their SM expectations are approximated as the ratio of their re-
spective partial decay widths, normalized to their SM expectations M,
Writing the partial H — JAyy decay width in terms of both direct and
indirect amplitudes Ay, and A, 4 from the diagrams reported in Fig. 1,
the ratio k. / K, between the coupling modifiers for the ¢ quark Yukawa
coupling and the effective coupling of the Higgs boson to photons can
be expressed as

pH = Jpyy)  TH = Iy /TNE = Iy
H(H = yy) I(H = yy)/TMH = vy)

2
[Ainaky + Agike | 1

K MH - Jfyy)

2
|ﬂind + ﬂdir’(c /Ky |
C ME- )

In this interpretation, the signal strength for H — yy comes from
Ref. [63], whereas the values for the direct and indirect amplitudes for
H — J/yy are extracted from Ref. [20]. This interpretation follows the
methodology used by the ATLAS Collaboration [26], which is based on
Refs. [20,64]. The observed constraint on the KC/KY ratio at 95% CL
corresponds to the interval (—157, +199), whereas the expected inter-
val from pseudo-experiments is (—121, +161). These results are similar
to those reported by ATLAS [26].

An alternative interpretation is considered. Under the pure SM as-
sumption, K, = 1 and consequently u(H — yy) = 1. Thus, the previous

equation simplifies to

selections optimized to leverage the unique features of each signal pro-
cess and the statistical treatment provide an improvement by a factor of
2 in the expected limit in the case of the H — J/yy decay, and of 30%
in the case of the Z — J/yy decay.

8. Summary

A search for rare decays of the Z and H bosons to a photon and a
y(nS) meson decaying to a pair of muons is presented. The data were
collected by the CMS experiment in proton-proton collisions at \/_ =
13 TeV during 2016-2018 and correspond to an integrated luminosity of
123fb~!. No statistically significant excess has been observed over the
standard model expectations. Upper limits at 95% confidence level are
set on the branching fractions: 0.6 X 107% and 1.3x 107 for the Z — Jvy
and Z — y(2S)y decays, respectively, and 2.6 X 107 and 9.9 x 107*
for the H —» J/yy and H — y(2S)y decays, respectively. The limit for
H — J/yy translates to an interval constraint on the ./ x, ratio of the
Higgs boson coupling modifiers of (—157, +199). If the standard model
value of K, = 1 is assumed, the observed interval becomes (—166, +208).
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