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A search for an exotic decay of the Higgs boson to a Z boson and a light pseudoscalar particle (a), decaying to a
pair of leptons and a pair of photons, respectively, is presented. The search is based on proton-proton collision
data at a center-of-mass energy of \/E = 13TeV, collected with the CMS detector at the LHC and corresponding
to an integrated luminosity of 138fb~'. The analysis probes pseudoscalar masses m, between 1 and 30GeV,
leading to two pairs of well-isolated leptons and photons. Upper limits at 95% confidence level are set on the

Higgs boson production cross section times its branching fraction to two leptons and two photons. The observed
(expected) limits are in the range of 1.1-17.8 (1.7-17.9) fb within the probed m, interval. An excess of data above
the expected standard model background with a local (global) significance of 2.6 (1.3) standard deviations is
observed for a mass hypothesis of m, = 3 GeV. Limits on models involving axion-like particles, formulated as an
effective field theory, are also reported.

1. Introduction

Following the discovery of the Higgs (H) boson by the ATLAS and
CMS Collaborations [1-3] at the CERN LHC, a thorough program of
precision measurements [4,5] was carried out to uncover possible de-
viations from the predictions of the standard model (SM) of particle
physics and to decipher the nature of the scalar sector. In particular,
deviations in the H boson decay width or the observation of exotic de-
cay modes would constitute evidence of beyond-the-SM (BSM) physics.

Axion-like particles, referred here as ALPs (a), were originally pro-
posed to address the strong CP problem [6]. Recently, it was shown
that ALPs could explain the observed anomaly in the magnetic moment
of the muon [7]. Theoretical overviews of ALP models can be found
in Refs. [8,9]. The models are formulated as an effective field theory
of ALPs coupled to various SM particles. In particular, these models al-
low couplings amongst the H boson, the Z boson, and the ALP fields,
where the Z boson is found to be longitudinally polarized [10]. Several
searches involving ALPs, targeting different processes and final states,
have been performed by the ATLAS and CMS Collaborations [11-19].
In particular, the search for H — aa — yyyy has probed the existence of
pseudoscalars with masses as low as 0.1 GeV [18].

In this Letter, we report a search for an exotic decay of the H boson
to an ALP and a Z boson, where the ALP decays to a pair of photons,
and the Z boson decays to electrons or muons. The dominant Feynman
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diagram contributing to this process is shown in Fig. 1. Such a final
state, with two charged leptons and two photons, results in an experi-
mental signature that has low cross section in the SM [20], and provides
a complementary channel for the search for ALPs. It is the first search
of this type at the LHC.

Assuming that the narrow-width approximation is valid for decays
of the ALP and that the Z boson is on-shell, only the mass range
m, < my — my ~ 34GeV is kinematically accessible to the H — Za de-
cay, where my and m;, are the H and Z boson masses, respectively. For
m, below 1 GeV, the two photons originating from the ALP decay can-
not be separated anymore in the detector [21]. Consequently, in this
analysis, the mass range of 1 < m; <30GeV is considered. The tabu-
lated results are provided as HepData records [22].

2. The CMS detector

The central feature of the CMS apparatus is a superconducting
solenoid of 6m internal diameter, providing a 3.8 T magnetic field.
Within the solenoid 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. Forward calorimeters extend the pseudorapidity
() coverage provided by the barrel and endcap detectors. Muons are
detected in gas-ionization chambers embedded in the steel flux-return
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Fig. 1. Feynman diagram for a BSM decay of the H boson into a Z boson and
a light pseudoscalar boson, subsequently decaying to two leptons (£ = e, ) and
two photons, respectively.

yoke outside the solenoid. A more detailed description of the CMS de-
tector, together with a definition of the coordinate system used and the
relevant kinematic variables, can be found in Ref. [23].

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 [24]. 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 [25].

3. Data and simulated samples

The proton-proton (pp) collision data at \/E = 13TeV used in this
analysis were collected in 2016-2018 and correspond to a total inte-
grated luminosity of 138 fb~!.

Signal samples for the physical processes pp - H — Za — £¢yy
(where 7 =e, |, and leptonic T decays are included in the signal) are
generated at leading order (LO) for m, range of 1-10GeV in 1GeV
steps, and 10-30 GeV in 5 GeV steps, using the MADGRAPH5_aMC@NLO
2.2.2 (2.4.2) [26-28] generator for analyzing data collected in 2016
(2017-2018). The H boson mass is assumed to be 125GeV, and only
the dominant production mode of the H boson, the gluon fusion, is con-
sidered. Other production modes were evaluated, but they were found
to have comparable signal selection efficiencies relative to the gluon fu-
sion mode, with no more than a 10% relative difference. Consequently,
since the final results are normalized to the H boson inclusive pro-
duction cross section, differences in kinematics between the different
production modes have a negligible impact (<1%) on the predicted sig-
nal normalization.

The predominant background in this search is the SM Drell-Yan pro-
duction of Z + jets, in which jets are misidentified as photons. As in
Refs. [29,30], this background contribution is modeled entirely from
data to extract the results. For the analysis selection optimization, sim-
ulated Drell-Yan events are used. They are generated at next to leading
order with the MADGRAPH5_aMC@NLO 2.2.2 (2.4.2) [26-28] generator
for the analysis of 2016 (2017-2018) data.

The set of parton distribution functions (PDFs) NNPDF3.0 [31]
(NNPDF3.1 [32]) is used for the 2016 (2017-2018) simulation. Par-
ton showering and hadronization are simulated using the pPyTHIA 8.230
generator [33] with the CP5 underlying event tune for the simulation of
all three years [34,35]. The response of the CMS detector is modeled us-
ing the GEANT4 toolkit [36,37]. Additional interactions in the same or
adjacent bunch crossings (pileup) are modeled by superimposing simu-
lated minimum bias collisions on the hard-scattering interaction, with
the multiplicity matching that observed in data.
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4. Event reconstruction

The primary vertex is taken to be the vertex corresponding to the
hardest scattering in the event, evaluated using tracking information
alone [38].

The particle-flow (PF) algorithm [39] aims to reconstruct and iden-
tify each individual particle in an event (PF candidate), with an opti-
mized combination of information from the various elements of the CMS
detector. The energy of photons is obtained from the ECAL energy de-
position in a supercluster, combining deposits from the photon and the
conversions, produced by the tracker material upstream of the ECAL de-
tector [40]. The energy of the electrons is estimated from a combination
of the electron momentum at the primary interaction vertex as deter-
mined by the tracker, the energy of the corresponding ECAL cluster, and
the energy sum of all bremsstrahlung photons spatially compatible with
the origin of the electron track. A multivariate regression technique is
employed to correct the photon and electron energies measured in the
ECAL. These procedures are described in Ref. [40]. The energy of muons
is obtained from the curvature of the corresponding track. The energy
of the charged hadrons is determined from a combination of their mo-
mentum measured in the tracker and the matching ECAL and HCAL
energy deposits, corrected for the response function of the calorimeters
to hadronic showers. Finally, the energy of neutral hadrons is obtained
from the corresponding corrected ECAL and HCAL energies.

Electrons with the transverse momentum py > 7GeV and || < 2.5
are identified with a multivariate discriminant, which is constructed
using variables related to the bremsstrahlung along the electron tra-
jectory, ECAL energy measurements, electromagnetic showers, missing
pixel detector hits, and the photon conversion vertex fit probability.
The momentum resolution for electrons with pr ~ 45 GeV from Z — ee
decays, where e refers to e* and e, is in the range 1.7-4.5%. For
electrons with pr < 30GeV, the momentum resolution is in the range
2.1-6.1% [40]. It is generally better in the barrel than in the endcaps,
and also depends on the bremsstrahlung energy emitted by the electron
as it traverses the material in front of the ECAL.

Muons are measured in the range || < 2.4, with detection planes
made using three technologies: drift tubes, cathode strip chambers,
and resistive-plate chambers. The efficiency of the single-muon trigger,
which has a 20GeV pr threshold, exceeds 90% over the full n range,
and the efficiency to reconstruct and identify muons is greater than
96%. Matching muons to tracks measured in the silicon tracker results
in a relative py resolution, for muons with pr up to 100 GeV, of 1% in
the barrel and 3% in the endcaps [41].

To reduce the contributions from leptons arising from hadron decays
within jets, a requirement is imposed on each lepton candidate using
their relative isolation, defined as:

If — ( pfrharged + max I:O’ Zpl%eutral + Zp:i‘ _ p?‘U(f):I >/p¥ @D

where the sums are over the PF candidates within an angular cone of
radius AR < 0.3 (where AR = 1/(An)? + (A¢)? and ¢ is the azimuthal
angle in radians), piT represents the py of individual charged or neutral
hadrons, photons, or pileup [42]. For electrons, the relative isolation
variable, I¢, is included in the multivariate discriminant. For muons,
the relative isolation is required to be I'# < 0.35. In addition, the three-
dimensional impact parameter of electrons and muons is required to be
consistent with the primary collision vertex.

An algorithm is utilized to account for final-state radiation (FSR)
from leptons. Photons reconstructed with the PF algorithm are consid-
ered as FSR candidates if they satisfy the requirement p% > 2GeV and
I" < 1.8, where I7 is calculated similarly to the lepton isolation vari-
able. Each FSR candidate is then assigned to the closest lepton in the
event. The candidates are further required to have AR(y,2)/ (p})2 <
0.012GeV~2 and AR(y,7) < 0.5. These FSR photon candidates are ex-
cluded from the calculation of the lepton isolation variables. The Higgs
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boson mass resolution is improved by about 1 — 4% with this FSR re-
covery algorithm.

Lepton reconstruction and selection efficiencies are measured in
data with the “tag-and-probe” technique with an inclusive sample of
Z boson events [43]. The differences between the efficiencies in data
and simulation are observed to be around 1-4%, depending on the pr
and # of the lepton considered. They are used to correct lepton efficien-
cies in simulation.

Prompt photons are distinguished from jets using a cut-based tech-
nique [29] that uses information related to the photon isolation vari-
ables, the ratio of the energy in the HCAL behind an electromagnetic
supercluster to the supercluster energy, and the transverse width of
the electromagnetic shower (o-,-,,m). Because the two photons are col-
limated for low m,, their o;,;, and photon isolation in the ECAL, which
reflect the relative contribution of energy from nearby photons in the
ECAL, depend on each other. In this analysis, ¢;,;, and the photon iso-
lation in the ECAL are removed from the identification requirement.
Photons are required to lie in the geometrical region |5| < 2.5 and to
have pr > 10GeV. The photon identification efficiency is measured us-
ing Z — ee events with electrons reconstructed as photons, using the
tag-and-probe technique.

5. Event selection optimization

A set of event requirements is defined to maximize the sensitivity
to a potential signal. The leading muon (electron) is required to have
pr > 20 (25) GeV and the subleading one pr > 10 (15) GeV, while each
photon is required to have pr > 10GeV.

For each event, Z boson candidates are formed by considering
all opposite-sign, same-flavor lepton pairs with the dilepton invariant
mass m,, closest to the nominal Z boson mass, while ALP candidates
are built from selected photons with the highest leading and sublead-
ing pr. For each dilepton and diphoton candidate, a Za candidate is
constructed. The Za candidates are required to satisfy m,, > 50GeV,
95 <mypy, < 180GeV, and AR(Z,y) > 0.4. A loose dilepton invariant
mass requirement, m,, > 50GeV, is applied in order not to introduce
any mass peak sculpting in the m,,,, mass distribution for high masses
of ALP candidates.

A boosted decision tree (BDT) event classifier is trained to separate
the signal from the background. In order to make the classifier output
uniform and sensitive to the full m, range considered in this search,
the training sample is parameterized as a function of m, [44]. In this
approach, a parameter equal to the hypothesized pseudoscalar mass
M, 1yp is provided as one of the inputs to the training. The parameter-
ized classifier requires only one single training and is able to provide
interpolation to intermediate m, hypotheses that were not used during
the training. Simulations corresponding to various m, hypotheses are
combined and treated as a common signal in the training. The value
of m, pyp is set equal to the mass hypothesis for the signal simulation.
For the background, simulated Drell-Yan events are used in the training
and the parameter m, ., is randomly distributed as a flat function in
the m, range. The variables used to train the BDT are chosen such that
the value of m,,., cannot be inferred from the inputs. For this purpose,
the correlations between the input variables and m, ., are checked, and
the variables that have a strong correlation with my ., are removed. Fi-
nally, the following discriminating variables are used as input to the
BDT:

+ pr(y1) and py(y2), where y1 and y2 are the leading and subleading
photons, respectively;

* Ry(y1) and Rg(y2): the energy sum of the 3x3 crystal array cen-
tered around the most energetic crystal in the supercluster, divided
by the energy of the supercluster;

* 01,y (Y1) and o, (v2): the second moment of the log-weighted dis-
tribution of crystal energies in #, calculated in the 5X5 matrix
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around the most energetic crystal in the supercluster and rescaled
to units of crystal size;

Iy(yl) and Iv(y2): the isolation variable obtained by summing the
pr of photons inside an isolation cone of AR = 0.3 with respect to
the photon direction, while the impact of another selected photon
is also included;

I, ,, the isolation variable obtained by summing the py of photons
inside an isolation cone of AR = 0.3 with respect to the direction
of the ALP candidate;

the angular separation between the Z boson and the diphoton pair,
AR(Z,a);

the angular separation between the two photons, AR(Y;,7,);

the angular separation between the leading photon and the Z bo-
son, AR(yy,2);

the ALP candidate’s py divided by my.,,;

the H boson candidate’s p;

the difference between the invariant masses of the ALP candidate
and the m parameter divided by mypy,, (my — Mgy py0) /My

a,hyp

Because the leptons have been selected with tight requirements, lep-
ton identification criteria are not included as discriminating variables.
In addition, the fact that angular variables have low ranking among the
BDT input variables makes the difference between pseudoscalar and
scalar assumptions negligible. The simulated signal and background
data sets from the different data-taking years are scaled by the cor-
responding integrated luminosity and combined into a large training
sample. Additionally, signal and background events are divided into
independent training and testing samples to confirm the absence of
overtraining.

The four most discriminating variables, shown in Fig. 2, are (m, —
My hyp)/ Mg sy, the leading photon’s oy, the subleading photon’s o,
and the leading photon’s Rqy. The distributions of the simulated back-
ground and the data are found to be in reasonable agreement. Since
the background model used to extract the limits is estimated from data
(see Section 8), any remaining disagreement between data and simu-
lated background does not bias the final results. The shape discrepancy
between the data and simulated background is propagated to the final
BDT selection, and the impact is checked to be negligible (<2%).

A unique BDT output is obtained for each m, hypothesis. Fig. 3
shows the distributions of the BDT outputs for data and simulated
events for m, = 1,10,20, and 30 GeV.

Events are categorized according to the output of the BDT. The BDT
thresholds maximize the approximate mean significance (AMS) [45]
over all possible categories in the signal region (115 < mgpy <
135 GeV), separately for each m,. The AMS is defined as:

AMS=\/2[(S+B)1n(1+%)—S. @

In Eq. (2), S and B refer to the number of signal and background
(Drell-Yan simulation) events in the signal region. In order to minimize
the impact of statistical fluctuations, the output BDT distribution of the
background is smoothed, using the super-smoothing technique [46,47].
This optimization procedure is performed separately for each m, hy-
pothesis for up to two categories, based on the BDT score. An increase
of less than 1% in the AMS value is observed when increasing the num-
ber of categories beyond 1. Therefore, a single category based on the
BDT output is considered. Table 1 details the category boundaries, the
related signal efficiencies, and the Drell-Yan background yields.

6. Statistical procedure

The statistical procedure to extract the results is identical to that de-
scribed in Ref. [48]. An unbinned maximum likelihood fit is performed
on the my,,, distribution in the mass range 95 < m,,,, < 180GeV for
each m, hypothesis, with an m, granularity of 1GeV in the range
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Fig. 2. Distributions of the four most discriminating variables used as input to the BDT: (m, — my,)/m,.,, (upper left), leading photon’s o;,, (upper right),

subleading photon’s c,,;,

(lower left), and leading photon’s R, (lower right). The events pass the selection criteria described in Section 5. The signal is scaled to a

cross section of 0.1 pb and the background sample is normalized to an integrated luminosity of 138 fb~!. The systematic uncertainties included in the shaded band
are related to the photon efficiency, lepton efficiency, and pileup modeling. The impact of the remaining disagreement between data and simulation is negligible.

1-30GeV. A likelihood function is defined for each m, hypothesis us-
ing analytic models that describe the m,,, distributions of signal and
background processes. Nuisance parameters are included to account for
the experimental and theoretical systematic uncertainties described in
Section 9. The data collected in 2016-2018 are combined, with the
electron and muon channels merged together. The best-fit values and
confidence intervals for the parameters of interest are estimated using
a profile likelihood test statistic:

15

~ L(a,
g(@)=-2In

>

]I

) , 3

L(@,

>
=

where & and 6 describe the unconditional maximum likelihood es-
timates for the parameters of interest and the nuisance parameters,

respectively, whereas 53 corresponds to the conditional maximum like-
lihood estimate for fixed values of the parameters of interest, a.

7. Signal model

The signal shape for the m, ., distribution, for each nominal signal
hypothesis, is constructed from simulation. After all the selection crite-
ria are applied, a signal model is built for each m, hypothesis and for
each data-taking year. The my,, distribution is modeled with a sum
of n Gaussian functions (n < 5). The electron and muon channels are
treated separately. These signal models, scaled by the corresponding in-
tegrated luminosity, are summed together to construct the final signal
model.

The number of Gaussian functions used for the signal modeling is
determined with an F-test [49]. First, an F-test is performed to deter-
mine the order of the Gaussian fit, and then the parameters that fit the
signal distribution best are extracted. As an example, the signal models
are shown in Fig. 4 for m, = 30GeV in the electron and muon channels
and for the year 2018. The full width at half maximum (FWHM) and the
effective standard deviation (o.¢), which is defined as half the width of



The CMS Collaboration

Events

CMS 138 fb' (13 TeV)
R R R N RARRR EEan
10° + Data
mmZ- e
10° Stat. uncertainty
Syst. uncertainty
10 —m,=1GeV

Data/Bkg

Events

T T[T T T [ TT T T[T T T[T T T T[T T T [ TTI[ [ TTTT[TTTT[TTTr

>—

Tyl
=

i
4+

0'5lllllllllllllllllllllllllllllllllllllllllllllllll
01 02 03 04 05 06 07 08 09 1
BDT output
CMS 138 fb™' (13 TeV)
\\\\‘\\\\‘\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
10° + Data
mmZ- e
10° Stat. uncertainty
E1 Syst. uncertainty
10* — m, =20 GeV

Data/Bkg

T T[T T T T [ TT T T TT T T [ TT T T TT T T [ TTTT[TITT[TTTT[TTT7T

0.5

PR A N I AN T ) IO I B
A

02 03 04 05 06 07 08 09 1

BDT output

Physics Letters B 852 (2024) 138582

CMS 138 fb' (13 TeV)
Q \\H‘\\\\‘\H\ TTTT \\H‘\H\‘\H\‘\\H‘HH‘\H\
g 10°
>
w )
10 Stat. uncertainty
Syst. uncertainty
10 m, = 10 GeV
10°
102
10
1
10"
102
15rTTTT‘TTTT‘TTTT‘TTT ‘TTTT‘TTTT‘TTTT‘TTT ‘ TT ‘TTTT
s —e— == —— |
% 5 e A
8
@ =
o [ === e
O'SLLllllllllllllllllllllllllllllllllllllllllllllllll
0 01 02 03 04 05 06 07 08 09 1
BDT output
CMS 138 b (13 TeV)
‘(e \\\\‘\\\\‘\\\\ TTTT \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
s 6
o 10 ¢ Data
it mmZ- e
10° Stat. uncertainty
Syst. uncertainty
104 — m, =30 GeV
10°
10?
10
1
107"
102
15PTTT‘TTTT‘TTTT{TTTT{TTTT{TTTT{TTTT‘TTTT‘TTTT‘TTTT
F 4
2 4 .7
Q ! B =t
% ? = se s
a C T ]
OASLL1111111ll111111111111111111111111111111111111111
0 01 02

03 04 05 06 07 08 09 1

BDT output

Fig. 3. Distributions of the BDT output for m, = 1 GeV (upper left), 10 GeV (upper right), 20 GeV (lower left), and 30 GeV (lower right). The events pass the selection
criteria described in Section 5. The signal is scaled to a cross section of 0.1 pb and the background sample is normalized to an integrated luminosity of 138 fb™'. The
systematic uncertainties included in the shaded band are related to the photon efficiency, lepton efficiency, and pileup modeling.

Table 1

Minimum BDT output values used to define the signal region, with
the associated signal efficiencies and background yields in the sig-

nal region. The statistical uncertainties are also shown.

m, (GeV)  Min. BDT Signal efficiency ~ Drell-Yan
output value (%) background yields

1 0.955 49+33 83+27
2 0.980 67+2.7 26 £ 10
3 0.985 76 +2.4 79+49
4 0.980 84+2.1 5.1+£45
5 0.985 85+2.1 5.1£39
6 0.990 82+2.3 25+22
7 0.985 86+2.1 53+4.0
8 0.990 80+2.5 11+48
9 0.990 78+£2.5 16+5.6
10 0.990 77+£2.6 11+47
15 0.990 70+£29 13+52
20 0.990 63+3.1 18 +6.1
25 0.985 64+£2.7 37+11
30 0.980 67+£22 44 +13

the smallest interval containing 68% of the m,,, distribution, are also
shown.

To build the signal models for the intermediate mass hypotheses
in the range 10 < m, < 30GeV, two factors must be considered: the
shape of the m,,,, distribution and its normalization. Since the shape
of the m;,,, distribution does not significantly depend on m, in the
interpolation range, only the normalization of the signal model is pa-
rameterized. Fig. 5 shows the product of the efficiency and acceptance
as a function of m, for the intermediate mass hypotheses. The BDT selec-
tion efficiency is higher in the regions with lower diphoton background
contributions because the diphoton invariant mass related information
((my = my pyp)/Mppry,) is included in the BDT training. Since the dipho-
ton background contamination is minimal for masses around 5 GeV, the
product of the efficiency and acceptance has a maximum at m, ~ 5 GeV.
The photons from the ALP decay are easier to distinguish in the high
mass regions, which makes the separation between the signal and back-
ground by the BDT easier. This effect leads to an increase of the product
of the efficiency and acceptance beyond 20 GeV. A better momentum
resolution makes the efficiency times acceptance of the muon channel
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Fig. 4. Fit to the simulated m,,,, distributions for a signal with m, =30GeV in
the electron (upper) and muon (lower) channels for the year 2018.

higher than that of the electron channel. However, the efficiency de-
creases because of higher pileup in later data-taking years. For each
intermediate point, a signal model is constructed using the m,,,, shape
of the nearest mass hypothesis and the normalization is interpolated
from the two nearest mass hypotheses.

8. Background model

The background model is built to describe the shape of the m,,,,
distribution that comes from processes other than the decay of the
H boson. Since the shape of this distribution is not known, different
functional forms must be considered. They result in different numbers
of estimated background events in the signal region, affecting the sig-
nal extraction. The uncertainty arising from the choice of background
model is handled with the envelope method [50]: the background mod-
eling is performed using data as in Ref. [29], and the choice of the
background functional form is treated as a discrete nuisance parameter
in the likelihood fit to data. As shown in Fig. 6, the m,,,, distribution
consists of a turn-on peak around 105-115GeV, driven by the pho-
ton pr selection, and a falling spectrum at higher mass. To model the
background distribution, functions with the following general form are
considered:

P(mff'yy; H,0,S, (_f) = / N(."{’ a)(mffy'y - t) f(t; a)e(S, Z)dta (4)
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Fig. 5. Product of detector efficiency and analysis acceptance for signal sam-
ples with various m, values for the electron (upper) and muon channel (lower).
The error bars include statistical and systematic uncertainties. The photon ef-
ficiency, lepton efficiency, and pileup modeling uncertainties are taken into
account for the systematic uncertainty.

where N is a Gaussian function with mean y and standard deviation
o, O is the Heaviside step function defining the cutoff point s below
which the falling spectrum function f with shape parameters @ has
no influence, and f is a falling spectrum function with shape parame-
ters @. The falling spectrum function families considered in the analysis
are exponentials, Bernstein polynomials, Laurent series, and power-law
functions. A subset of functions from each family is used to build the
background model. For each family, the maximum order of parameters
to be used is chosen with an F-test, and the minimum order is deter-
mined by applying a requirement on the goodness-of-fit to the data. A
penalty is added to take into account the number of floating parameters
in each candidate function. When making a measurement of a given pa-
rameter of interest, the discrete profiling method minimizes the overall
negative logarithm of the likelihood considering all allowed functions.
The fit is performed over the range 95 < my,,, < 180 GeV where the
background model is extended from the sideband region (95 < my,,, <
115GeV and 135 < my,,, < 180 GeV) to the signal region, and data from
all data-taking years and from the electron and muon channels are com-
bined to construct the background model. A unique background model
is created for each m, hypothesis. For intermediate m, hypotheses, the
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Fig. 6. Invariant mass m,,, distribution in data (black points). The signal-plus-
background model fit is shown for m, = 1 (upper) and 30 (lower) GeV, where
the solid red line shows the total signal-plus-background contribution, and the
dashed red line shows the background component only. The lower panels show
the residual signal yield after the background subtraction. The one (green, in-
ner) and two (yellow, outer) standard deviation bands show the uncertainties
in the fitted background model. These bands include the uncertainty due to the
choice of function and the uncertainty in the fitted parameters.

BDT boundary is taken from the closest simulated m,. Fig. 6 shows the
best-fit functions for m, = 1 and 30 GeV.

For each m, hypothesis, an ensemble of pseudo-experiments was
generated using the various background functions. Each pseudo-
experiment was fitted using the discrete profiling method, and it was
verified that the chosen functional form used to describe the back-
ground does not introduce any bias in the signal extraction.

9. Systematic uncertainties

The systematic uncertainty associated with the background mod-
eling is taken into account with the envelope method, as described
in Section 8. The signal modeling has systematic uncertainties of two
kinds: those that modify the shape of the m,,, distribution, and those
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that leave the shape of my ., distribution unchanged but affect the over-
all normalization of the signal process.

Uncertainties affecting the shape of the m,,, distribution are typ-
ically related to the energy of the individual photons and leptons, and
therefore impact the mean and width of the signal model. Their sources
are the following:

+ Photon energy scale and resolution: corrections are applied to the
photon energy scale in data and to the energy resolution in simu-
lation. The uncertainties related to these corrections are computed
using Z — ee events [40]. The resulting uncertainty on the signal
strength due to the uncertainty on the energy scale and resolution
is estimated to be 5.7% (2016), 3.5% (2017), and 4.5% (2018). The
uncertainties for each data set are fully correlated,;

Lepton energy scale and resolution: corrections are applied to the
lepton energy scale in data and to the energy resolution in simula-
tion. The uncertainties related to these corrections are computed
using Z — £¢ events [40,41]. The resulting uncertainty on the
signal strength due to the uncertainty on the energy scale and reso-
lution is estimated to be 4.3 (4.9)% (2016), 4.2 (4.4)% (2017), and
4.9 (5.2)% (2018) in the electron (muon) channel. The uncertain-
ties for each data set are fully correlated.

The uncertainties that affect the normalization of the signal model
are the following:

« Integrated luminosity: uncertainties in the integrated luminosity
measurement are estimated to be 1.2% (2016), 2.3% (2017), and
2.5% (2018) [51-53]. The uncertainty in the total integrated lumi-
nosity of the three years combined is 1.6%. The uncertainties for
each data set are partially correlated and account for the common
sources in the luminosity measurement schemes;

Pileup modeling: the total inelastic pp cross section is varied by
+5%, and the analysis is repeated with the shifted weights. Then,
the maximum difference of the yield compared to the nominal yield
is taken as the systematic uncertainty. The average magnitude of
the resulting uncertainty is below 3% across the full m, range. The
uncertainties for each data set are fully correlated,;

Lepton and photon identification efficiencies: the analysis is rerun
by shifting the lepton and photon identification scale factors, which
are applied to simulations to match the lepton and photon selection
efficiencies in data, by one standard deviation and the maximum
difference of the yield with respect to the nominal yield is taken as
the systematic uncertainty. The average magnitude of the resulting
uncertainty is around 10% across the full m, range. The uncertain-
ties for each data set are fully correlated;

The BDT uncertainties: because the BDT score is used to define the
signal region, uncertainties in the BDT can lead to event migration
across boundaries. The systematic uncertainties in the input vari-
ables, which include the data-MC differences in the shower shape
variables, are propagated to the final BDT selection. Using the same
BDT score boundaries to define the signal region, the maximum dif-
ference of the yield with respect to the nominal yield is taken as the
systematic uncertainty. The resulting uncertainty is less than 2%.

Theoretical PDF and scale uncertainties have a negligible impact on
the analysis results and therefore are not applied. A summary of all the
systematic uncertainties is given in Table 2. The impact of systematic
uncertainties on the expected upper limit in the cross section is about
1% across the probed m, range and the analysis is primarily limited by
the statistical uncertainty.

10. Results and interpretation

Upper limits at 95% confidence level (CL) on the cross section times
branching fraction of the H boson decaying to a Z boson and an ALP
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Table 2
Sources of systematic uncertainties and their impact on
the signal strength for each data-taking period.

my ., distribution shape 2016 2017 2018
Photon energy scale <0.1% <0.1% <0.1%
Photon energy resolution 5.7% 3.5% 4.5%
Electron energy scale <0.1% <0.1% <0.1%
Electron energy resolution 4.3% 4.2% 4.9%
Muon energy scale <0.1% <0.1%  <0.1%
Muon energy resolution 4.9% 4.4% 5.2%

Signal model normalization

Integrated luminosity 1.2% 2.3% 2.5%

Pileup modeling 2.9% 2.9% 2.5%

Photon efficiency 10% 10% 10%

Electron efficiency 1.7% 1.5% 1.6%

Muon efficiency 0.8% 0.5% 0.5%

BDT uncertainties <2% <2% <2%
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Fig. 7. Expected and observed 95% CL limits on the product of the production
cross section of the H boson and its branching fraction into a dilepton and a
diphoton pair via a Z boson and a pseudoscalar, o(pp — H) B(H — Za — ¢¢yy).
The dashed black curve is the expected upper limit, while the one and two
standard-deviation bands are shown in green and yellow, respectively. The solid
black curve is the observed upper limit.

are evaluated using a CLg criterion, taking the profile likelihood as a
test statistic [54-56]. In this procedure, an asymptotic approximation
for the likelihood was used [45]. The limits are calculated in the mass
range of 1-30GeV and are shown in Fig. 7. The observed (expected)
limits are in the range 1.1-17.8 (1.7-17.9)fb within the probed m,
interval of 1-30 GeV. An excess of data above the expected SM back-
ground with 2.6 (1.3) o local (global) significance [57] is observed for
a mass hypothesis of m, =3 GeV.

Upper limits at 95% CL are calculated on C;fPfI /A [8,9], as shown
in Fig. 8, where C;f}_fl is the effective coupling parameter of the H bo-
son, the Z boson, and the ALP, and A is the scale of BSM physics. In
this interpretation, in order to avoid the issue of ALPs being long-lived
in the detector, the ALP is assumed to decay promptly with the branch-
ing fraction B(a — yy) = 100% [19]. The indirect limit from the search
for invisible decays of the Higgs boson performed by the CMS Collabo-
ration [58] is also shown. Whereas the expected limits on the H boson
production cross section times its branching fraction into a dilepton and
a diphoton pair via a Z boson and a pseudoscalar, shown in Fig. 7, do
not exhibit a strong mass dependence for m, > 3 GeV, the limits on the
C;g /A are several factors stronger in the low-mass region with respect
to m, =30GeV.
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Fig. 8. Expected and observed limits at 95% CL on C;fl_fl /A, assuming the ALP
decays exclusively to a photon pair. The dashed black curve is the expected
upper limit, while the one and two standard-deviation bands are shown in green
and yellow, respectively. The solid black curve is the observed upper limit. The
red curve represents the interpreted results from the search for invisible decays

of the Higgs boson performed by the CMS Collaboration.

11. Summary

A search for Higgs boson (H) decays to a Z boson and an axion-
like particle (ALP), which subsequently decay into a lepton pair and a
photon pair, respectively, is presented. The analysis is based on proton-
proton collision data collected at \/E = 13 TeV by the CMS experiment
in 2016-2018, corresponding to an integrated luminosity of 138fb™".
The analysis probes pseudoscalar masses (m,) in the range 1-30 GeV.
This is the first search for Higgs boson decays in the final state of two
leptons and two photons. Upper limits are set at 95% confidence level
on the production cross section of the Higgs boson times its branching
fraction into a dilepton and a diphoton pair via a Z boson and a pseu-
doscalar, o(pp — H) B(H —» Za — £¢vy), where ¢ = e, . The observed
(expected) limits vary in the range 1.1-17.8 (1.7-17.9) fb within the
probed m, interval of 1-30 GeV. The largest excess with respect to the
standard model prediction is observed for m, = 3GeV and has a local
(global) significance of 2.6 (1.3) standard deviations. Constraints are
set on the ALP model parameter C;fl_fl /A, which describes the coupling
between the Higgs boson, Z boson, and ALP.
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