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The search is based on a 711 fb−1 data sample collected at the Υ (4S) resonance energy,

corresponding to a sample of 772×106 Υ (4S) events. In this study, we search for the decay

of the axion-like particle into a pair of photons, a→ γγ. We scan the two-photon invariant

mass in the range 0.16GeV − 4.50GeV for the K modes and 0.16GeV − 4.20GeV for the

K∗ modes. No significant signal is observed in any of the modes, and 90% confidence level

upper limits are established on the coupling to the W boson, gaW , as a function of a mass.

The limits range from 3×10−6GeV−1 to 3×10−5GeV−1, improving the current constraints
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1 Introduction

The Peccei-Quinn (PQ) theory introduces axions as a solution to the strong-CP problem,

positioning them as promising candidates for dark matter in extensions to the standard

model (SM) [1–3]. Other extensions to the SM introduce axion-like particles (ALPs) a,

which share the quantum numbers of axions, but, unlike the QCD axion, have couplings

that are independent of their masses. While the PQ axion is expected to have a mass below

O(1MeV) inversely proportional to its decay constant fa (ma ≈ 6.3 eV·106 GeV/fa), ALPs

encompass a broader mass spectrum. ALPs have the potential to address fundamental

problems [4–6]. In particular, they can act as dark matter mediators through the axion

portal at the O(GeV) scale [7].

Recent years have seen a surge of interest in ALPs in the MeV and GeV mass range

[8–19]. The ALP couplings to photons, leptons, and gluons have been extensively studied

by collider and beam dump experiments [20–27]. In contrast, the coupling to W± bosons

remains relatively uncharted [28]. The most recent study of ALP coupling to W± bosons

was conducted by the BABAR experiment using the B+ → K+a(→ γγ) decay [29]. In this

paper, we work in natural units (ℏ = c = 1), and charge-conjugate modes are implicitly

included. Although the ALP is assumed to primarily couple to the W boson, gauge-boson

mixing induces a coupling to photons, resulting in a nearly 100% branching fraction for

the a→ γγ decay in the analysed mass range, ma < MW .

– 1 –
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Figure 1: The Feynman diagram for a B → K(∗)a(→ γγ) decay.

The coupling of the ALP to W± bosons is described by the Lagrangian [28],

L = −gaW
4
aWµνW̃

µν , (1.1)

where a is the ALP field, gaW is the coupling strength of the a to W bosons, and Wµν is

the gauge boson field strength for a W boson, with dual tensor W̃µν = ϵµνρσWρσ/2, where

ϵµνρσ is the four-dimensional Levi-Civita symbol. The branching fraction of the process

B → K(∗)a(→ γγ), which is shown in Fig. 1, depends quadratically on gaW (see the details

in the Appendix A), reflecting the fact that the ALP decay width is given by

Γ =
1

τa
= g2aWm

3
a sin

4 θW /64π , (1.2)

where θW is the weak mixing angle, and τa is the ALP lifetime [29].

In this paper, we report a search for ALPs in B → K(∗)a(→ γγ) decays using four kaon

modes, K0
S , K

+, K∗0, and K∗+. The data were collected with the Belle detector [30] at

the asymmetric-energy e+e− KEKB collider [31], operating at a centre-of-mass energy of

10.58GeV, corresponding to the Υ (4S) resonance in e+e− collisions. This search is based

on a data set of 772± 11 million Υ (4S) mesons, corresponding to an integrated luminosity

of 711 fb−1. Our study has better sensitivity than the previous BABAR study, leveraging the

higher total integrated luminosity of the Belle experiment, as well as additional kaon modes.

The ALP mass hypotheses for the K+ and K0
S modes range from 0.16GeV to 4.50GeV,

while for the K∗+ and K∗0 modes the range is 0.16GeV to 4.20GeV. This analysis also

probes regions of parameter space in which the ALP lifetime is non-negligible, leading to

displaced decays a few centimetres from the interaction point. Once we obtain the results

separately for each mode, we combine the four kaon modes using a simultaneous fit to

improve the constraint on gaW .

2 The Belle detector and simulation

The Belle detector is a general purpose detector, described in detail in [30]. It has a

cylindrical symmetry around the beam line, with the z-axis being defined as the direction
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opposite to the positron beam. The detector consists of six subdetectors: a silicon vertex

detector (SVD) for precise vertex determination, a central drift chamber (CDC) for re-

construction of charged particle trajectories (tracks) and for measuring their momentum,

an aerogel Cherenkov counter (ACC) and a time-of-flight scintillation counter (TOF) for

particle identification, an electromagnetic calorimeter (ECL) for photon detection, photon

energy measurement, and electron identification, surrounded by a 1.5T superconducting

solenoid, and resistive plate chambers installed in the flux-return yoke to detect K0
L and µ

(KLM). The ECL, which is crucial for this analysis, consists of 8736 CsI(Tl) crystals with

a nearly projective geometry covering the polar angle range of 12° < θ < 157°.
To mitigate possible biases in the analysis, we establish the event selection and the

search method using simulation, and we validate these with control modes and off-resonance

data before the experimental data are examined. The signal B → K(∗)a(→ γγ) processes

are simulated using the EvtGen generator [32]. We generate 60 samples for K modes, with

a masses ranging from 0.16GeV to 4.50GeV, and 56 samples for K∗ modes, with a masses

ranging from 0.16GeV to 4.20GeV. The long-lived a sample is simulated with the ALP

lifetime cτ varying from 10mm to 500mm, where τ is the proper lifetime. In addition, we

simulate a sample with uniformly distributed diphoton invariant mass in the entire mass

range from 0.01GeV to 4.78GeV for K modes, and 0.01GeV to 4.28GeV for K∗ modes

with 10MeV intervals.

Several processes contribute as background, including e+e− → Υ (4S) → BB with

B-meson decaying to SM particles that can mimic the signal, as well as e+e− → qq (q =

u, d, s, c) continuum processes. We simulate the background processes Υ (4S) → BB and

e+e− → qq (q = u, d, s, c) using the EvtGen [32] and PYTHIA [33] generators. Final-

state radiation is simulated using PHOTOS [34]. The detector response is simulated with

GEANT3 [35]. Both experimental data and simulated events are converted to the Belle II

format using B2BII [36] and then analysed using the Belle II analysis software frame-

work [37, 38].

3 Selection of signal events

The charged particles in B → K(∗)a(→ γγ) decays, which originate from one of the four

kaon modes K+, K∗0, K∗+, and K0
S , are required to have a point of closest approach to

the interaction point of less than 4 cm in the z-direction and less than 3 cm in the radial

direction. The charged kaons (K+) are identified using a likelihood ratio P, which compares

two particle hypothesis i and j, P(i : j) = Li/(Li + Lj). The likelihoods L are calculated

based on the Cherenkov photon yield in the ACC, the energy-loss measurements in the

CDC, and the time-of-flight information from the TOF. To select K+, we require P(K :

π) > 0.6 and P(K : p) > 0.4. The K∗ candidates are reconstructed from the decay modes

K∗0 → K+π− andK∗+ → K0
Sπ

+ within the invariant mass range of 0.8GeV to 1.0GeV. To

select charged pions π± we require P(π : K) > 0.4 and P(π : p) > 0.7, with the likelihood

ratio definitions being the same as for the charged kaon. The identification efficiencies for

pions and kaons are 96.9% and 85.3%, respectively, with misidentification rates for pions as

kaons and vice versa of 10.3% and 1.3%, respectively, while the misidentification rates for
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protons are negligible. The K0
S candidates are reconstructed from the K0

S → π+π− decay

mode. Pairs of oppositely charged pions are combined, and an artificial neural network [39]

is then used to identify the K0
S candidates. The neural network is trained with 13 variables.

The dipion invariant mass is required to be within a range of 20MeV around the nominal

mass of the K0
S [40]. This range corresponds to approximately ±5σ window around K0

S

mass, where σ is the π+π− invariant mass resolution. Detailed information is provided in

Ref. [41]. Particles with high lepton probability are excluded from our analysis. For the

electron identification, we primarily use the information from the ECL along with other

subdetectors. The electron likelihood ratio is defined as P(e) = Le/(Le +Le), where Le is

the electron likelihood and Le is the non-electron likelihood, a product of likelihoods from

the ACC, CDC, and ECL. For muon identification, the likelihood is calculated using the

information from the KLM. The likelihood ratio is defined as P(µ) = Lµ/(Lµ +Lπ +LK),

where the value Lµ is determined based on whether the charged particle has an associated

KLM signature. We require P(e) < 0.9 and P(µ) < 0.9 to veto leptons.

The ALP candidates are reconstructed from the a→ γγ decay. Photons are identified

from ECL energy deposits that are not associated with reconstructed charged particles.

To suppress the contribution from photons that originate from beam background, each

photon candidate is required to have a minimum energy that depends on the ECL region:

Eγ > 50MeV in the barrel (32.2° < θ < 128.7°), Eγ > 100MeV for the forward endcap

(12.0° < θ < 31.4°), and Eγ > 150MeV for the backward endcap (131.5° < θ < 157.1°),
where θ is the polar angle of the photon candidate in the laboratory frame.

The signal B candidates are then formed by combining an ALP candidate with a K(∗)

candidate. We select B candidates using two kinematic variables: the beam-constrained

mass Mbc =
√
E2

beam − p2B and the energy difference ∆E = EB −Ebeam, where pB and EB

are the momentum and energy of the B candidate in the centre-of-mass (c.m.) frame, and

Ebeam is the beam energy in the c.m. frame. We require Mbc > 5.27GeV and −0.2GeV <

∆E < 0.1GeV. A kinematic fit is applied to the selected B candidates, constraining the

B decay position to the interaction point, and the invariant mass of the K(∗)γγ to the

nominal B mass. After B meson reconstruction, about 25% of events have multiple signal

candidates. For such events, we select the candidate with the smallest |∆E|. According to

Monte Carlo simulations, approximately 85% of the candidates are correctly reconstructed

after the candidate selection.

A series of fast boosted decision tree (BDT) classifiers [42] are used after event selection

to suppress the background processes. To train the BDT classifiers, ALP simulations with

uniformly distributed diphoton invariant mass,Mγγ , are used. This ensures that the classi-

fiers do not learn or exploit the signal peak position in their background rejection strategy,

and consequently avoids bias in the search for ALPs at a specific mass hypothesis. Since the

distributions of input variables differ significantly between the low and high mass regions,

the data above and below 1GeV are treated separately to enhance classification power.

The training of all classifiers is based on simulated samples that are statistically indepen-

dent of those used to develop and validate the fitting strategy. This separation ensures an

unbiased optimization of the background suppression procedure before its application to
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the unblinded data.

We apply two continuum suppression (CS) classifiers to suppress the dominant back-

ground process, e+e− → qq. The first classifier, CS1, uses 10 variables. These are the

ratio of zeroth to second Fox-Wolfram moments (R2) [43], several modified Fox-Wolfram

moments [44, 45], the cosine of the angle between the signal B-thrust and the rest-of-event

(ROE) thrust axes, the cosine of the angle between the signal B-thrust and the z axes, and

the magnitude of the ROE thrust. The thrust axis is defined as the axis that maximizes the

sum of the projected momenta of all particles [46]. The signal B thrust axis is calculated

using particles in the signal candidate, while the ROE thrust axis is determined from the

charged particles and photons not used in the signal candidate reconstruction. The second

classifier, CS2, is trained using events with CS1 > 0.1 and utilizes the event sphericity and

aplanarity (which is a linear combination of the sphericity eigenvalue and 3/2 of the third

sphericity eigenvalue[47]), the sum of the absolute value of the momenta of the particles

moving along or against the thrust axis, harmonic moments (coefficients of the spherical

harmonic event expansion around the thrust axis), the energy asymmetry between the two

photons, modified Fox-Wolfram moments, and number of ALP candidates per event. The

most discriminating variables in both classifiers are the cosine of the angle between the

signal B-thrust and ROE-thrust axes for the low ALP mass hypothesis and the reduced

Fox-Wolfram R2 for the high ALP mass hypothesis.

A major background arises from π0 mesons produced in Υ (4S) → BB̄ or e+e− → qq̄

processes, decaying into γγ. To suppress these, we first calculate identification variables by

combining one photon, γa, from the reconstructed ALP candidate with any other photon,

γb, in the ROE. For each pair of photons (γa, γb), we perform three binary classification

tests, each based on different assumptions about their source:

(1) We compare a pair in which γa is from a true ALP signal and γb is from the ROE in

a signal event, against a pair from the same π0 decay in a background event;

(2) We compare a pair in which γa is from a true ALP signal and γb is from the ROE

in a signal event, against a pair where γa and γb are from different processes in a

background event;

(3) We compare a pair in which both γa and γb come from different processes in a

background event, against a pair where both photons come from the same particle

decay, such as a π0, also in a background event.

The tests are carried out with BDTs trained with multiple variables from Monte Carlo

simulated events such as the ratio of energies E9 and E25 in the inner 3 × 3 and 5 × 5

crystals around the central crystal (E9/E25), the energy of the most energetic crystal in

the ECL cluster, the sum of weights of all crystals in an ECL cluster, the photon energy,

as well as kinetic properties of the diphoton system such as its mass, energy, opening

angle, transverse momentum, and energy asymmetry. Among the various possible partner

photons γb, the one that yields the highest π0-like score in each test is selected. These

three individual scores are then combined into a single score, which is used to calculate the
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probabilities, Pπ0(γ1) and Pπ0(γ2), for each signal candidate photon, γ1 and γ2, to originate

from a π0.

For each ALP amass range and kaon mode, selection criteria on the four BDT classifier

scores, CS1, CS2, Pπ0(γ1) and Pπ0(γ2), are optimized using the Punzi figure of merit

(PFM) [48]. A four-dimensional grid search with a step size of O(10−3) is performed,

selecting the points with the highest PFM value as the minimum acceptance values of the

BDT score. The BDT selections have average signal efficiencies of 66.7%, 87.5%, 96.1%,

99.0%, with average background events rejection rates of 95.4%, 31.1%, 27.8% and 11.1%,

respectively.

An additional background contribution comes from the process B → Xsγ, where Xs is

any hadronic state that contains an s quark. To suppress these events, we employ a BDT

classifier trained with six variables, separately for the low and high ALP mass regions.

These variables include the E9/E25 ratio of each photon, the energy of the most energetic

crystal in the ECL cluster, and two helicity angles. The first angle is between the photon

momentum and the direction opposite to the B momentum in the a rest frame, and second

angle is between theK(∗) momentum and the direction opposite to the c.m. system in the B

rest frame. The most powerful discriminating variables for all mass hypotheses are the first

helicity angle and the energy of the most energetic photon in the c.m. frame. The BDT for

Xsγ suppression achieves an average signal efficiency of 76.6%, with a background rejection

rate of 53.0%. Distributions of the BDT classifier scores can be found in Appendix B.

The signal-selection efficiency varies across different kaon modes, and within each K(∗)

mode, the efficiency depends on the ALP mass, which strongly correlates with the K(∗)

momenta.

After all selection requirements, the signal selection efficiency varies across different

kaon modes. The K+ mode shows the highest efficiency, but it also depends on the ALP

mass. In the low-mass region, the efficiency varies between 8% and 10%, while in the high-

mass region it shows a stronger variation, reaching a minimum of 7.5% and peaking at

about 16% near an ALP mass of 3 GeV. The K0
S mode follows with slightly lower efficiency

between 6% and 11%. The K∗0 mode shows further reduced efficiency between 3% and

8%. The K∗+ mode has the lowest efficiency, around 2% across the entire mass range.

4 Simulation calibration

We use the off-resonance data to evaluate corrections to the simulation by comparing ex-

perimental data with simulated distributions. The off-resonance data are collected 60MeV

below the Υ (4S) resonance energy, where e+e− collisions produce all processes except for

BB pair production. There are two types of discrepancy found between the experimental

data and the simulation: the number of background events, and the shape of the event

kinematic and topology variables. For the former, we derive the ratios between the off-

resonance data and simulation for each ALP mass range as weights, which are then applied

to both the off-resonance and on-resonance continuum simulations. For the latter, we

adopt a data-driven method [49]. A BDT classifier is trained to distinguish the differences

between the off-resonance data and simulation, using the same variables applied for contin-
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Figure 2: Diphoton invariant mass distribution of ALP candidates in B+ → K+a decay,

overlaid with simulated background contributions from e+e− → qq (blue vertical hatched),

e+e− → Υ (4S) → B+B− (red cross-hatched), and e+e− → Υ (4S) → B0B0 (green diagonal

hatched) normalized to the experimental data luminosity, with all weights applied.

uum suppression. Given the BDT output p(i) with 0 < p(i) < 1 for each simulation event i,

we calculate the weight w(i) = p(i)/(1−p(i)), which is then applied as a “continuum shape

correction” factor. This procedure gives greater importance to simulated events that most

closely resemble the real data, improving the agreement between the weighted simulated

and experimental distributions. Reweighting based on the off-resonance data enhances the

simulated two-photon invariant mass distribution, which then matches the experimental

distribution within statistical uncertainty. The resulting on-resonance Mγγ distributions

for low and high ALP mass regions in the B+ → K+a decay are shown in Fig. 2.

5 Signal extraction and validations

The signal yield NSig and its standard deviation σSig are obtained from an unbinned max-

imum likelihood fit to the Mγγ distribution. We use a double-sided Crystal Ball func-
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Figure 3: Extracted signal yield (NSig) (top) and the significance level (ZSig) (bottom)

for four kaon modes. The grey bands are the excluded regions corresponding to the π0, η

and η′ mass regions.

tion [50] to model the signal Mγγ distribution. The non peaking background in the Mγγ

distribution is parametrized using a second-order polynomial. The peaking background

components from h → γγ (h = π0, η, or η′) are modelled with double-sided Crystal Ball

functions.

We perform a mass scan with a step size equal to the high-side mass resolution param-

eter from the Crystal Ball signal, σRγγ . The latter varies with the ALP mass, ranging from

7.8MeV at ma = 0.160GeV to 19.4MeV at ma = 1.9GeV, and decreasing to 17.9MeV at

ma = 4.5GeV. The improved mass resolution in the highest ma region results from kine-

matic fitting. Each fit range extends over an Mγγ interval with a width of 9× (σRγγ + σLγγ),

where σLγγ is the low-side Crystal Ball resolution parameter. The signal peak shape param-

eters depend on the ALP mass, and are derived from the corresponding signal samples.
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The shape parameters and position of the peaking background are fixed based on values

obtained from the simulation. The combinatorial background parameters are floating in

the fit, along with the signal and peaking background normalization, other than the ηc.

Due to the peaking background from π0, η and η′ decays, masses below 0.160GeV, in

the ranges 0.497GeV–0.578GeV and 0.938–0.997GeV, are excluded from the ALP mass

scan. The latter two correspond to ±3σ mass resolution windows centred on the η and

η′, respectively. Note that despite these exclusions, the tails of these peaking background

components extend into the fitting regions. The ALP mass ranges close to the kinematic

limit, from 4.50GeV to 4.78GeV for K and from 4.20GeV to 4.38GeV for K∗, are excluded

from our analysis due to low signal efficiency and insufficient background population for

reliable signal extraction. The ηc mass region is included in the ALP mass scan, as the

branching fraction of B → K(∗)ηc(→ γγ) is sufficiently small that its contribution can be

adequately controlled. The normalization factor for the Υ (4S) → BB background com-

ponent involving ηc is constrained to the world-average value within the SM uncertainty,

while the normalization of the ηc component in the e+e− → qq background is treated as a

free parameter in the fit.

To validate the signal extraction method, we measure the branching fraction of B →
Kh(→ γγ) using the fitting procedure described above. The branching fractions of the

B+ → K+η and B+ → K+η′ decays are measured to be (0.95± 0.27)× 10−6 and (1.79±
0.45) × 10−6, respectively, consistent with both the previous Belle results [51] and world

average values excluding the Belle result [40]. The parametrisation of signal shapes are also

validated with these control modes. In all control modes, the shape parameters measured

from data and simulated samples are compatible.

In addition, a toy Monte Carlo (ToyMC) study [52] — a simplified, fast simulation

in which observables are sampled from probability density functions (p.d.f.) — is carried

out to evaluate the fitting bias and signal sensitivity. Ten thousand pseudo-datasets are

generated for each ALP mass hypothesis across the four kaon modes using the fitted p.d.f.

and the Poisson distribution of signal and background yield obtained from the fit. The

result of fits on pseudo-data from the ToyMC has a small negative bias of 4.2%× σSig on

average, where σSig is the width of the signal yield distributions obtained with ToyMC

study. This is applied as a correction factor to the signal yields in data.

For all ALP mass hypotheses and kaon modes, the decay yield of B → K(∗)a(→ γγ)

is measured under the assumption that all signal events originate from the prompt decay

of the ALP. However, the ALP can be long-lived, and the displaced vertex reduces the

signal efficiency. The primary reason for the reduced signal efficiency is the assumption

that the photons originate from the IP. The calculated opening angle between the two

photons, which enters the ALP mass calculation, is systematically smaller than the true

value, which produces a low-side tail on the reconstructed mass distribution. The fit using

Crystal Ball parameters from prompt decays systematically underestimates the number

of signal events for displaced vertices, effectively reducing the efficiency. To quantify this

effect, signal processes with lifetimes cτ of 10mm, 50mm, 100mm, 200mm, 300mm, 400mm
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Figure 4: 90% CL upper limits on the coupling gaW as a function of the ALP mass

obtained with the CLs method with simultaneous fit to the four kaon modes. The green and

yellow bands are the ±1 and ±2 standard deviation ranges, respectively, for the expected

upper limits in the background only model. The red bands are the excluded π0, η and

η′ mass regions. The vertical dashed line indicates the nominal ηc mass. Systematic

uncertainties are included in the figure.

and 500mm are generated. The decrease in the signal efficiency is modelled as

εSig(cτ)

εSig(0)
= rea1cτ + (1− r)ea2cτ , (5.1)

where εSig(0) and εSig(cτ) are the reconstruction efficiencies of prompt and long-lived ALPs,

a1, a2 and r are floating parameters obtained from fits to the long-lived ALP simulation

results for each ALP mass hypothesis. The resulting functions are incorporated into the

upper limit calculation. Consequently, ALP signals with relatively low mass have a longer

lifetime and lower signal efficiency, leading to less stringent limits on gaW .

The significance is evaluated as ZSig =
√

2(Ls+b − Lb), where Ls+b and Lb are the

negative log-likelihoods of the fits with and without signal hypothesis, respectively. The

largest observed positive local significance is 2.74σ at ma = 3.482GeV in the K∗0 mode.

This local significance corresponds to 1.89σ global significance, after including the look-

elsewhere effect [53]. As shown in Fig. 3, no significant excess over background is observed

and we set 90% confidence level (CL) upper limits on the coupling gaW using the CLs

method [54, 55]. For each kaon mode and ALP mass hypothesis, we obtain the branching

fractions of B → K(∗)a(→ γγ) decays as

B(B → K(∗)a(→ γγ)) =
NSig

(2×NΥ (4S) × fx × εSig)
, (5.2)
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Table 1: Summary of the systematic uncertainties (%). The “Prompt decay signal ” term

is derived from a control sample: it includes the indented items that follow, as well as

additional effects (see the text for details).

Source K0
S mode K+ mode K∗0 mode K∗+ mode

Prompt decay signal 21.0

⊢ Continuum shape correction [57] 4.1

⊢ Photon-detection efficiency [58] 4.0

⊢ K+ identification efficiency - 3.6 3.6 -

⊢ f00 or f+− [56] 1.7 2.1 1.7 2.1

⊢ K0
S reconstruction efficiency [59] 1.6 - - 1.6

⊢ NΥ (4S) [60] 1.4

⊢ Tracking efficiency [58] 0.7 0.4 0.7 1.1

Long-lived ALP efficiency 7.4

Total 22.3

where NΥ (4S) is the total number of Υ (4S) mesons, fx is the production fraction of BB

pairs for the neutral mode, f00, or the charged mode, f+− [56], and εSig is the signal

efficiency. For each ALP mass hypothesis, a simultaneous fit is performed on four kaon

modes to obtain gaW . Figure 4 shows the resulting limit on the coupling constant gaW as

a function of mass. The expected limits obtained with the background only hypothesis are

also shown as green and yellow bands.

6 Systematic uncertainties

The systematic uncertainties that affect the extraction of gaW can be classified into two

main categories: those originating from prompt decay signal and from long-lived ALP

efficiency (Table 1).

The uncertainty on the prompt decay signal is derived from our most precise control

sample, B0 → K∗0η. The obtained branching fraction B(B0 → K∗0η) × B(η → γγ) =

(6.8±1.3)×10−6 is in good agreement with the world-average value of (6.3±0.4)×10−6 [40].

We therefore use the 21% uncertainty on the measurement as a conservative estimate of

the systematic uncertainty. The indented items listed under the prompt decay signal in

Table 1 represent numerically estimable components that affect the prompt decay signal

calculation. Other sources not explicitly listed in the table, such as MVA selection efficiency,

could not be individually determined and are thus incorporated into the total prompt decay

signal alongside the indented items. Consequently, the quadratic sum of the individual

components differs from the overall prompt decay signal value.

The systematic uncertainty of the long-lived ALP signal efficiency constraint is derived

from K0
S → π0π0 decays reconstructed in D∗+ → D0(→ K0

Sπ
+π−)π+ events by treating

the K0
S as ALP. Using the same method used for long-lived ALP decays (Eq. 5.1), we

construct the signal efficiency function for K0
S → π0π0 and determine the expected mass

resolution on M(π0π0), the invariant mass of the π0π0 system, from this function and K0
S

simulation with zero lifetime. The M(π0π0) mass resolution is extracted via p.d.f. fitting

in both data and simulation, following the same approach used in ALP signal extraction.
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Figure 5: The 90% CL upper limits on the coupling gaW from a simultaneous fit to the four

B → K(∗)a modes as a function of the ALP mass, compared with existing constraints [28,

29, 61, 62].

The difference between the obtained values and the expectation is (6.0 ± 4.4)%, leading

to a conservative estimation of the systematic uncertainty of 7.4% for the long-lived ALP

efficiency calculation. The efficiency for long-lived ALP signals decreases as the ALP

mass increases, since higher masses correspond to shorter lifetimes. This effect becomes

negligibly small for masses above 2.0 GeV. However, as our analysis is dominated by

statistical uncertainties, and since mass-dependent refinements to systematic uncertainties

would not significantly impact the final results, we have applied the most conservative

systematic uncertainty estimate across the entire mass range in our calculations.

The total systematic uncertainty is obtained by summing the prompt decay signal

and long-lived ALP efficiency uncertainties in quadrature. The resulting systematic uncer-

tainty is found to be 22.3% for all kaon modes and ALP mass hypotheses. The resulting

systematic uncertainty is included in the upper limit calculation procedure by convolving

an appropriate Gaussian function with the signal likelihood.

7 Result and conclusion

We report a search for an axion-like particle in B → K(∗)a(→ γγ) decays using a 711 fb−1

data sample collected by the Belle experiment at the KEKB e+e− collider at a centre-of-

mass energy of 10.58GeV. We search for the decay of the axion-like particle into a pair
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of photons, a → γγ, and explore four kaon modes, K0
S , K

+, K∗0 and K∗+. We scan the

two-photon invariant mass in the range 0.16GeV–4.50GeV for the K modes and 0.16GeV–

4.20GeV for the K∗ modes. No significant signal is observed in any of the modes. Figure 5

shows the resulting 90% confidence level upper limits on the gaW coupling as a function

of ma, derived from the combination of four kaon modes. The limits are 3 × 10−6GeV−1

for the ALP mass hypotheses above 2.0GeV, increasing to 3 × 10−5GeV−1 at the lowest

ALP mass. This trend is due to the increase in the lifetime, which leads to a lower signal

efficiency. Figure 5 also shows the constraints derived from the NA62 K+ → π++ invisible

search [61]. Based on the methodology presented in Ref. [62] we reinterpret the NA62

results on a dark scalar decaying to SM particles as limits on ALPs. The constraints on

the coupling of the axion-like particle to electroweak gauge bosons gaW are improved by a

factor of two compared to the most stringent previous experimental results.[29]
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A Decay width of B → K(∗)a(→ γγ) and coupling strength gaW

The B → K(∗)a(→ γγ) decay width is given by

Γ(B → Ka) =
M3

B

64π
|gabs|2(1−

M2
K

M2
B

)2f20 (m
2
a)λ

1/2
Ka ,

Γ(B → K∗a) =
M3

B

64π
|gabs|2A2

0(m
2
a)λ

3/2
K∗a,

(A.1)

where

gabs = −3
√
2GFM

2
W gaW

16π2

∑

α=c,t

VαbV
∗
αsf(

M2
α

M2
W

),

f(x) ≡ x[1 + x(log x− 1)]

(1− x)2
,

f0(m
2
a) =

0.330

1−m2
a/37.46

,

A0(m
2
a) =

1.364

1−m2
a/27.88

− 0.990

1−m2
a/36.78

,

λK(∗)a = (1− (ma +MK(∗))2

M2
B

)(1− (ma −MK(∗))2

M2
B

).

(A.2)

Here,MB,MK andMW are the masses of B meson, kaon andW boson, respectively, while

ma is the ALP mass. The functions f0(q) and A0(q) are the form factors from the hadronic

matrix elements [63, 64], GF is the Fermi constant, and Vαb and Vαs with α = c, t are the

corresponding Cabibbo-Kobayashi-Maskawa (CKM) matrix elements.
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B Figures

The following includes additional figures.

Figure 6: Distributions of the first continuum suppression BDT classifier scores from

experimental data (black points with error bars) for the B+ → K+a(→ γγ) decay with

ma > 1.0GeV/c2 along with simulated background contributions from e+e− → qq (blue ver-

tical hatched), e+e− → Υ (4S) → B+B− (red cross-hatched), and e+e− → Υ (4S) → B0B0

(green diagonal hatched) normalized to the experimental data luminosity. All correction

weights are applied to the continuum events.

Figure 7: Distributions of the second continuum suppression BDT classifier scores. The

colour convention used in this histogram is identical to that in Fig. 6
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Figure 8: Distributions of Pπ0(γ1) BDT classifier scores. The colour convention used in

this histogram is identical to that in Fig. 6

Figure 9: Distributions of Pπ0(γ2)BDT classifier scores. The colour convention used in

this histogram is identical to that in Fig. 6

Figure 10: Distributions of Xsγ suppression BDT classifier scores. The colour convention

used in this histogram is identical to that in Fig. 6
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Figure 11: Diphoton invariant mass distribution of ALP candidates in B0 → K0
Sa decay,

The colour convention used in this histogram is identical to that in Fig. 2
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Figure 12: Diphoton invariant mass distribution of ALP candidates in B0 → K∗0a decay,

The colour convention used in this histogram is identical to that in Fig. 2
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Figure 13: Diphoton invariant mass distribution of ALP candidates in B+ → K∗+a

decay, The colour convention used in this histogram is identical to that in Fig. 2
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Figure 14: The 95% CL upper limits on the coupling gaW as a function of the ALP mass

obtained with CLs method with simultaneous fit. The green and yellow bands are ±1 and

±2 standard deviation ranges, respectively, of expected upper limit of background only

model. The red bands are the excluded π0, η and η′ mass regions. The vertical dashed line

indicates the nominal ηc mass.
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Figure 15: The 95% CL upper limits on the coupling gaW from a simultaneous fit to the

four B → K(∗)a modes as a function of the ALP mass, compared with existing constraints.
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