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Axion-like particles (ALPs) are predicted in many extensions of the Standard Model and provide
a well-motivated portal between visible and hidden sectors through their coupling to photons. We

search for ALPs produced in the process e™

e~ — ~va, a — 7, using a data sample corresponding

to an integrated luminosity of 408 fb~! recorded by the Belle II detector at the SuperKEKB ete™
collider. Events containing three photons are used to reconstruct the ALP as a narrow peak in the
di-photon invariant mass spectrum over the range 0.17 < m, < 9.80 GeV/cQ. No significant excess
above background is observed. We set 95% confidence level upper limits on the production cross
section and on the ALP—photon coupling ga~~, reaching sensitivities at the level of 107* GeV~!. The
limits are the most restrictive to date over nearly the entire mass range 0.17 < m, < 5.00 GeV/c?,
and improve upon previous results by up to a factor 9.

Axion-like particles (ALPs) appear in many extensions
of the standard model (SM) [I]. They share the same
quantum numbers as the QCD axion [2], but their mass
and couplings are not linked. Light ALPs, around the
MeV scale and below, are relevant for astrophysics and
cosmology and may act as cold dark matter [3]. Heav-
ier states can mediate interactions between dark mat-
ter and SM particles [4]. ALPs that couple to the neu-
tral electroweak sectors via v and Z-bosons are much
less constrained than those with couplings to fermions or
gluons. The latter often induce rare flavor-changing pro-
cesses, which are strongly constrained [5]. In this work,
we search for an ALP a with mass m, that couples dom-
inantly to photons with coupling strength gq,~. We as-
sume the coupling to 77 is negligible, so that the branch-
ing fraction @ — 7y is unity [4].

In the MeV/c? to GeV/c? mass range, the strongest
limits for photon-coupled ALPs come from a variety
of production modes at different accelerator-based ex-
periments. Light ALPs are constrained by reinterpre-
tations of ete™ —~ + invisible and beam-dump exper-
iments [4, [6H8], and by searches at fixed-target exper-
iments [9] and at forward facilities [10]. Intermediate
masses are constrained by reinterpretations of ete™ —
~vv [II, 12] and coherent Primakoff production on nu-
clei [13} [14], and by searches for ete™ —~a [15], and for
J/1 — ~va decays [16], [17]. Heavier ALPs are constrained
by photon-photon fusion in peripheral heavy-ion colli-
sions [I8] [19].

In this letter, we search for ALPs produced in the ra-
diative process ete™ — va using data collected by the
Belle IT experiment at the SuperKEKB collider. We use
events with three photons to search for an ALP signal
as a narrow peak in the reconstructed di-photon mass

distribution resulting from a — 77 decays. Within our
search range, the ALP width is negligible relative to the
experimental resolution, and the ALP decays promptly.
The probed ALP masses span the range 0.17 < m, <
9.80 GeV/c?. The lower limit is determined by the ir-
reducible 7° background, whereas the upper limit is de-
termined by the event selection, which is optimized to
suppress the rapidly increasing background from SM pro-
cesses and to ensure stable signal extraction.

The Belle IT experiment [20] operates at the Su-
perKEKB electron—positron collider [21] located at KEK
in Tsukuba, Japan. The beam energies are 7 GeV for
electrons and 4 GeV for positrons, corresponding to a
boost of fy = 0.28 of the center-of-mass (c.m.) frame
relative to the laboratory frame. The data used in this
analysis were recorded at a center-of-mass energy /s
corresponding to the mass of the Y(4S) resonance, as
well as at an energy approximately 60 MeV below this
resonance. The total integrated luminosity amounts to
408.1 + 1.7fb~1 [22], of which 42.6fb~! were collected
below the Y(45) resonance.

The Belle IT detector consists of a variety of sub-
detectors surrounding the interaction point (IP) in a
cylindrical manner. The trajectories of charged parti-
cles (tracks) are reconstructed by a combination of a
two-layer silicon pixel detector, a four-layer silicon strip
detector, and a central drift chamber. The tracking de-
tectors cover an angular region of 17° < 001ar < 150° and
are surrounded by time-of-propagation [23] and aerogel
ring-imaging Cherenkov detectors used for particle iden-
tification. Photons are reconstructed by an electromag-
netic calorimeter (ECL) that also serves in the identifi-
cation of electrons, covering 12° < Opo1ar < 155°. The
ECL is surrounded by a 1.5 T superconducting solenoid.
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The outermost subdetector is a K? and muon detector,
which is installed in the iron flux return of the solenoid.
The longitudinal direction, the transverse plane, and the
polar angle 6,1, are defined with respect to the detec-
tor’s solenoidal axis in the direction of the electron beam.
In the following, quantities are defined in the laboratory
frame unless specified otherwise.

Simulated events are used to optimize the event
selection and determine signal efficiencies and reso-
lutions.  Signal samples are generated with MAD-
GRrRAPHSQNLO [24], including initial-state radiation
(ISR) [25], for several hypotheses of m, in step sizes
matching approximately half the signal mass resolution.
To account for variations in efficiency due to varying
beam-background conditions, simulated signal events are
overlaid with beam-induced backgrounds sampled from
data. An approximately linear dependence of the sig-
nal reconstruction efficiency on the background level
is observed, and the efficiency at dataset’s luminosity-
weighted average background level is determinedined
from a linear fit.

The SM background processes ete™ — ete (7)
and ete~ — vv(y) are simulated with
BABAYAGA@QNLO [26]. Here, the notation () in-
dicates that any number of additional photons, including
none, may be produced by the generator. Background
processes ete” — h%y(y), where h® is a pseudoscalar
meson (70, n, '), are simulated with PHOKHARAY [27],
including production through the radiative decays of the
intermediate vector resonances p, w, and ¢. The same
generators are used to compute the corresponding cross
sections. Other SM background processes were found to
be negligible.

The detector response is simulated with GEANT4 [28].
Event reconstruction and analysis are performed with the
Belle II analysis software framework [29, [30]. To avoid
the experimenter’s bias, we examine the experimental
data only after finalizing the analysis selection and fit-
ting procedure.

All selection criteria are optimized to maximize a figure
of merit for a discovery with a significance of five stan-
dard deviations [31]. The following selections are applied
to all ALP mass search windows, as the differences com-
pared to a mass-dependent optimization are found to be
small.

Photon candidates are reconstructed from clusters in
the ECL without associated charged tracks. They are
required to have an energy above 0.5 GeV, a polar angle
17° < Bpolar < 150°, and a minimum distance in the
transverse plane of 50 cm to the nearest track. This
distance is measured between the cluster centroid and
the extrapolation of the track to the calorimeter surface.
The cluster timing must satisfy |Tciuster] < 200 ns with
respect to the global event time.

Event candidates are formed from the three most en-
ergetic photons 1, 72 and 73 in each event, where v; is

the highest energetic photon in the event. The ALP can-
didate is reconstructed from any two photons, yielding
three ALP candidates per event.

The helicity angle A of the ALP is defined as the an-
gle between the momentum of one decay photon and the
momentum of the initial eTe™ system, both evaluated in
the ALP rest frame. For signal events, the helicity an-
gle of the ALP is expected to be uniformly distributed,
while scattering processes such as ete™ — yy(~) exhibit
a strong preference for cos A = £1. Each ALP candidate
is required to satisfy | cos A\| < 0.74. The helicity angle se-
lection reduces the number of candidates per event from
three to an average of 1.24.

Furthermore, the clusters in each event are required
to be consistent in time with one another and the global
ECL time. Their reconstructed mass is required to sat-
isfy 0.80+/s < My,~,+, < 1.054/s. Events with two or
more charged tracks originating from the IP are rejected
to reduce backgrounds from radiative Bhabha scatter-
ing. Events with one charged track originating from the
IP are allowed in the selection due to the existence of
beam-background induced tracks. We require the sum of
the energies of all clusters in the ECL in the polar-angle
region 22° < Opolar < 128° to be between 4 GeV and
13 GeV to reject events with very high beam-background
energy depositions in the ECL.

A kinematic fit is applied to improve the invariant mass
resolution of the diphoton system by constraining the
sum of the three-photon final state four-momentum to
the known initial state four-momentum. This results in
narrower M., distributions and a weaker dependence of
the signal mass resolution on the photon energy. The fit
also aligns the reconstructed peak position more closely
with the generated ALP mass, eliminating the need for
additional bias corrections.

To suppress backgrounds from photon conversions oc-
curring outside the tracking detector volume, events are
rejected if the angular differences for photon pairs sat-
isfy |A91,3| < 0.014 rad and ‘A¢173‘ < 0.4 rad, or
|Af 3] < 0.014 rad and |[A¢g 3| < 0.4 rad. A 7 veto
is applied by requiring M,,,, > 0.16 GeV/c? for all pho-
ton pairs y;7; constructed from the four highest energetic
photons.

An event classifier based on a feedforward neural net-
work [32] is used to separate signal from the largest
ete™ — vy(v) background. The network takes 19 input
features that describe the event kinematics and topol-
ogy, including the invariant mass and the absolute mo-
mentum in the center-of-mass frame of the three-photon
system, individual photon energies, the energy product of
the photon pairs, the differences in polar and azimuthal
angles, the three-dimensional opening angle, the event
sphericity, and the ratio of second to zeroth Fox—Wolfram
moments. While no single input feature separates signal
from background across all ALP mass hypotheses, the
network exploits their combined discriminating power,



motivating a single classifier trained uniformly over all
mass hypotheses. The network is trained on a class-
balanced sample consisting of simulated events generated
under different beam-background conditions and signal
events with a uniform distribution in mass.

In addition, we retain events that satisfy at least one of
two trigger conditions. Either the total energy deposition
in the ECL in the polar-angle region 22° < Opg1ar < 128°
exceeds 1 GeV and the event passes a veto of two back-
to-back high energy clusters, or the event contains two
back-to-back clusters in the ECL and no nearby charged
tracks. In both cases, clusters are required to have en-
ergies in the c.m. frame above 3 GeV, with at least one
cluster above 4.5 GeV. The trigger efficiency is close to
100% for all ALP masses passing the previously described
selection due to the complement of the aforementioned
trigger decisions.

The overall signal selection efficiency is typically 25-
35% for masses up to about 7 GeV/c? and decreases ap-
proximately linearly to about 10% at the highest masses.
The resulting M, distributions are shown in Fig. [I] to-
gether with the stacked contributions from simulated
SM background samples normalized to the recorded in-
tegrated luminosity. From simulation we conclude that
more than 99% of the remaining events originate from
the processes ete™ — yy(7).
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Figure 1. Distribution of M~ together with the stacked con-

tributions from the various simulated SM background sam-
ples. Simulation is normalized to a luminosity of 408 fb™?.

Signal hypotheses are formed in the invariant di-
photon mass distribution M., and are tested by extended
unbinned maximum-likelihood fits. The signal probabil-

4

ity density function (PDF) consists of two components:
a peaking contribution from correctly reconstructed sig-
nal photons and a combinatorial contribution from incor-
rect combinations of a signal photon and a recoil photon.
The peaking component is modelled with a double-sided
Crystal Ball (DSCB) function [33H35], whose parameters
are determined from fits to simulated M., distributions
for all scanned m, samples. The resolution O'ISD%CB after
kinematic fit increases smoothly from about 10 MeV /c?
for the smallest to about 16 MeV /c? for the largest ALP
masses. The combinatorial signal component is described
by an additional first-order polynomial, with its normal-
ization relative to the correctly reconstructed component
fixed from simulation. This normalization ranges from
0% at very low and very high ALP masses to a maxi-
mum of ~ 30% near m, = 7 GeV/c?, beyond which it
falls off rapidly. In the fits to data, the mass-dependent
signal parameters are fixed to the values obtained from
simulation.

The background is described by polynomial functions
whose order is determined from simulation to provide the
minimal adequate description: fourth order for 0.17 <
m, < 1.00 GeV/c? and 8.50 < m, < 9.80 GeV/c?,
and second order elsewhere. All polynomial coefficients
are left free in the fits. We exclude ALP candidates
with 0.45 < m, < 0.63 GeV/c? to remove peaking
backgrounds from n — v decays, and 0.72 < m, <
0.81 GeV/c? to suppress contributions from w — 70y
decays. The contribution from 7’ — v decays is found
to be negligible.

We extract the signal cross-section as a function of
mg by performing a series of independent fits [35] in
:|:200153i§0B signal mass windows in steps of 5 MeV. This
step size is always smaller than half of the signal mass
resolution.

We evaluate systematic uncertainties affecting the pho-
ton detection efficiency, photon resolutions, selection ef-
ficiency, ISR modeling, trigger efficiency, differences of
beam-background dependent simulation, luminosity and
signal shape. The differences between data and simula-
tion for the photon reconstruction efficiency, the energy
and the spatial resolutions are measured using radiative
muon-pair events. Event efficiency differences of 0.5-2%
are corrected for, and an uncertainty of approximately
2.5% per event is assigned due to this correction, show-
ing only small variation with m,. The energy resolution
is found to be 17% worse in data than in simulation, while
the spatial resolutions are found to be in agreement. In-
tegrated over the entire photon energy spectrum, the rel-
ative energy resolution is estimated to be approximately
1.4% in data, while in simulation we find 1.2%. To esti-
mate the impact on the signal shape, we adjust the pho-
ton energy for the observed difference during the signal
reconstruction. The signal resolution o)§.p after kine-
matic fit shows agreement within statistical uncertainty



with and without the adjusted energy. No additional
systematic uncertainty is assigned for differences in pho-
ton energy resolution and the uncertainty in the signal
shape arises from the limited number of simulated signal
events. The uncertainty of the energy bias correction, de-
termined using symmetric 7° — 4y and n — vy decays,
is also found to be negligible.

The trigger efficiency is measured directly on the se-
lected data and found to agree with simulation, being
close to 100%. We estimate the uncertainty of the trig-
ger efficiency determination from the statistical precision
to be 0.01% across all ALP mass scan points.

The uncertainty due to the interpolation of the signal
efficiency for different beam-background conditions is es-
timated to be about 0.2%, independent of the ALP mass.

A relative systematic uncertainty of 0.42% is assigned
to the integrated luminosity. The impact of ISR mod-
elling is evaluated by comparing signal samples generated
with WHIZARD [36, [37) and MADGRAPH@QNLO, and
the observed difference in the signal efficiency is taken as
the systematic uncertainty. This systematic uncertainty
ranges from approximately 7% at low ALP masses and
decreases to approximately 1% at the highest masses.
The full difference between data and simulation normal-
ization is also treated as a systematic contribution to the
selection efficiency with a relative value of 4%. The total
systematic uncertainty of the signal efficiency is obtained
by adding all individual contributions in quadrature. It
ranges from about 8% at low ALP masses to about 4%
at high masses. For low ALP masses, the uncertainty is
dominated by ISR modelling, while for high masses it is
dominated by the selection efficiency.

The systematic uncertainties due to the signal effi-
ciency, the luminosity, and the signal shape are included
as Gaussian nuisance parameters with a width equal to
the systematic uncertainty. A systematic uncertainty due
to the choice of the background shape polynomial order
is found to be negligible.

The local significance S of the signal for a given
mass hypothesis is defined as S = /2(In£ — In L),
where £ is the maximum likelihood from the signal-plus-
background fit and Ly, is the maximum likelihood for
the background-only hypothesis. The largest local signif-
icance, including systematic uncertainties, is 3.30, found
near m, = 0.22 GeV/c?. Taking into account the look-
elsewhere effect [38], this excess corresponds to a global
significance of 1.40.

We compute the upper limits at 95% confidence level
(C.L.) on the cross section o, = o(ete” — ~va,a —
vy) as a function of m, using a two-sided frequentist
profile-likelihood method [39]. The expected limit under
the background-only hypothesis and the observed upper
limits on o, are shown in Fig.

To convert the limits on the cross-section to the cou-
pling gay~, we compare the fitted limits with the sim-
ulated cross-sections for a fixed coupling. This calcula-

tion does not account for possible energy dependence of
QQED O gavy H0O]. The observed upper limits on the
ALP-photon coupling g,~~, together with existing con-
straints from previous experiments, are shown in Fig. [3]
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Figure 2. Expected and observed upper limits (95% C.L.)

on the cross section o(eTe™ — ya,a — ) as a function of
the ALP mass m,. The regions corresponding to the vetoed
w and 7 masses are indicated in gray.
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Figure 3. Exclusion region (95% C.L.) in the plane of

the ALP-photon coupling ¢, and ALP mass m, from this
work (teal) and previous constraints from Belle II ([15]),

BES 111 ([16} [17]), CMS ([19]), ATLAS ([1]), FASER ([10]),

and NA64 ([9]). Also shown are constraints derived from rein-
terpretations not performed by the experimental collabora-

tions, namely E137 ([4, [6]), LEP-II ([I1}, 12]), PrimEx ([I3}
[14]) and NuCal ([ [7, [8]), indicated by gray shading with

dashed outlines.

In conclusion, we have searched for the process
ete™ — 7va, a — vy over a wide ALP mass range us-
ing Belle IT data. This analysis improves upon the previ-
ous Belle II result [I5]. The main improvements are the
use of kinematic fits, an event-classifier neural network,



and a substantially larger data sample, which together
lead to a significant increase in sensitivity. No significant
excess of events consistent with the signal hypothesis is
observed, and we set the most restrictive upper limits to
date on the ALP—photon coupling g, over nearly the
entire mass range 0.17 < m, < 5.00 GeV/c?, except near
mg = 0.22 GeV/c?, and improve upon previous results
by up to a factor 9.
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FIT RESULT AT MAXIMUM LOCAL
SIGNIFICANCE

Fig. [S1] shows the fit result for the ALP mass hypothe-
sis my = 0.22 GeV/c?, corresponding to the highest local
(global) significance S of 1.40 (3.30) observed in the ALP

mass scan.
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Figure S1. Unbinned maximum likelihood fit result for an
ALP mass hypothesis of m, = 0.22 GeV/c?. Top: data dis-
tribution (black points), fitted signal (yellow), background
(blue), and total (purple) PDFs. Bottom: pull between the
data and the fitted total PDF.
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