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Axion is a strong case of Physics Beyond the SM
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Strong case for physics beyond the Standard Model 

• Standard Model (SM) describes interactions of all 

known particles with remarkable accuracy

• SM describes only about 15% of matter content in 

the universe

• Theorists have proposed plenitude of dark matter 

(DM) candidates

• Best motivated candidates those which occur in SM 

extensions solving also other problems, such as  

• Hierarchy problem: Neutralino

• Strong CP problem: Axion

[Kim,Carosi 10]

• Solve the strong QCD problem

• A potential dark matter candidate

• Unlike SUSY, it does not solve the 
hierarchy problem.



Strong QCD Problem: the  term  in QCDθ
• QCD Lagrangian: here  

           


• This  term violates T and P, thus CP.

• Most sensitive probe of T and P violation in flavor-conserving process: 
EDM of neutron 
      


• Experiment: current best limit: 
                [Abel etal 2020]


• It implies 
                          

  Strong CP problem: why  is so small.

−π ≤ θ̄ ≤ π

ℒ = q̄(iγμDμ − Mq)q −
1
4

Ga
μν Ga, μν −

αs

8π
θ̄ Ga

μν G̃a, μν

θ

dn(θ̄) = 2.4 × 10−16 θ̄ ecm

|dn | = (0.0 ± 1.1stat ± 0.2sys) × 10−26 ecm

| θ̄ | < 10−10

θ̄



A Dynamical solution: axion field
• Dynamical solution of strong CP problem based on observation that the vacuum energy 

in QCD has minimum at θ̄ = 0
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A dynamical solution

• Dynamical solution of strong CP problem based on observation that the vacuum energy in QCD has mini-

mum at           

• If     is a dynamical field,                           , its vacuum expectation value would be zero

• Particle excitation: “axion”

• Mass: 

[Di Vecchia,Veneziano `80;

Leutwyler,Smilga 92]

[Peccei,Quinn 77]

[Weinberg 78; Wilczek 78]

[Vafa,Witten 84]

• If  is a dynamical field, . Its VEV would be zero (to solve the strong CP)

• The particle excitation is called the axion. 


• The mass:     . Note if it is not the 

QCD axion, this mass relation does not hold.

θ̄ θ̄(x) = a(x)/fa

ma ≃
∑

fa

mumd

mu + md
≃

mπ fπ
fa

mumd

mu + md
≃ 6 meV ( 109 GeV

fa )



Axion Dark Matter

• DM prediction:  


• For , axion DM can be substantial and even 100%.

• A lot of experiments searching for axion DM: 

Ωah2 ≃ ( fa
9 × 1011 GeV )

1.165

θ2
i ≃ 0.12 ( 6μeV

ma )
1.165

θ2
i

fa > 109 GeV
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Experimental hunt 

• Strong motivation for current und upcoming axion DM experiments: 
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ALP couples to photon pairs and fermions

INTRODUCTION

AXION-LILE-PARTICLE INTERACTIONS

The axion, as a pseudo-Goldstone boson, has derivative couplings to ferrmions, as well

as CP -odd couplings to the gauge field strengths. Before rotating the B and W i
fields to

the physical �, Z,W±
, the interactions of the axion are given by

L = Lf + Lgg + LBB + LWW (1)

where

Lf =

X

f

@µa

fa
f̄�µ

(1 + �5
)f =

X

f

�i
2mf

fa
af̄�5f

Lg = �Cg
a

fa
GA

µ⌫G̃
µ⌫,A

LBB = �CBB
a

fa
Bµ⌫B̃

µ⌫

LWW = �CWW
a

fa
W i

µ⌫W̃
µ⌫,i

where A = 1, ..., 8 is the SU(3) color index and i = 1, 2, 3 is the SU(2) index. We can then

rotate B,W 3
fields into �, Z by

0

@ W 3
µ

Bµ

1

A =

0

@ cw sw

�sw cw

1

A

0

@ Zµ

Aµ

1

A (2)

where cw, sw are cosine and sine of the Weinberg angle. We obtain the interactions of the

axion with fermions and gauge bosons as

Lgauge =

X

f

�i
2mf

fa
af̄�5f � Cg

a

fa
GA

µ⌫G̃
µ⌫,A

� a

fa

h
(CBBc

2
w + CWW s2w)Fµ⌫F̃

µ⌫
+ (CBBs

2
w + CWW c2w)Zµ⌫Z̃

µ⌫

+ 2(CWW � CBB)cwswFµ⌫Z̃
µ⌫

+ CWWW+
µ⌫W

�µ⌫
i

(3)
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II. THEORETICAL SETUP

A. Model

The axion, as a pseudo-Goldstone boson, has derivative couplings to fermions, as well as

CP -odd couplings to the gauge field strengths. Before rotating the B and W i fields to the

physical �, Z, W±, the interactions of the axion are given by [10–12]

L = Lf + Lg + LBB + LWW (1)

where,

Lf = � ia

fa

X

f

gaf mdiag
f f̄�5f

Lg = �Cg
a

fa
GA

µ⌫G̃
µ⌫,A

LBB = �CBB
a

fa
Bµ⌫B̃

µ⌫

LWW = �CWW
a

fa
W i

µ⌫W̃
µ⌫,i.

where a represents the ALP field, fa is the ALP decay constant, A = 1, ....8 is the SU(3)

color index and i = 1, 2, 3 is the SU(2) index. The B,W 3 fields rotated into �, Z by
0

@W 3
µ

Bµ

1

A =

0

@ cw sw

�sw cw

1

A

0

@Zµ

Aµ

1

A . (2)

where cw,sw are cosine and sine of the Weinberg angle. The axion interactions with the

fermion and the physical gauge bosons are given by

L = � ia

fa

X

f

gafm
diag
f f̄�5f � Cg

a

fa
GA

µ⌫G̃
µ⌫A � a

fa

⇥
(CBBc

2
w + CWW s2w)Fµ⌫F̃µ⌫+

(CBBs
2
w + CWW c2w)Zµ⌫Z̃µ⌫ + 2(CWW � CBB)cwswFµ⌫Z̃µ⌫ + CWWW+

µ⌫W̃
�µ⌫

⇤
(3)

The dimensionful couplings associated with ALP interactions from 3 is given by;

ga�� =
4

fa
(CBBc

2
w + CWW s2w), (4)

gaWW =
4

fa
CWW , (5)

gaZZ =
4

fa
(CBBs

2
w + CWW c2w), (6)

gaZ� =
8

fa
swcw(CWW � CBB) . (7)

3



INTRODUCTION

AXION-LILE-PARTICLE INTERACTIONS

The axion, as a pseudo-Goldstone boson, has derivative couplings to ferrmions, as well

as CP -odd couplings to the gauge field strengths. Before rotating the B and W i
fields to

the physical �, Z,W±
, the interactions of the axion are given by

L = Lf + Lgg + LBB + LWW (1)

where

Lf =

X

f

@µa

fa
f̄�µ

(1 + �5
)f =

X

f

�i
2mf

fa
af̄�5f

Lg = �Cg
a

fa
GA

µ⌫G̃
µ⌫,A

LBB = �CBB
a

fa
Bµ⌫B̃

µ⌫

LWW = �CWW
a

fa
W i

µ⌫W̃
µ⌫,i

where A = 1, ..., 8 is the SU(3) color index and i = 1, 2, 3 is the SU(2) index. We can then

rotate B,W 3
fields into �, Z by

0

@ W 3
µ

Bµ

1

A =

0

@ cw sw

�sw cw

1

A

0

@ Zµ

Aµ

1

A (2)

where cw, sw are cosine and sine of the Weinberg angle. We obtain the interactions of the

axion with fermions and gauge bosons as

Lgauge =

X

f

�i
2mf

fa
af̄�5f � Cg

a

fa
GA

µ⌫G̃
µ⌫,A

� a

fa

h
(CBBc

2
w + CWW s2w)Fµ⌫F̃

µ⌫
+ (CBBs

2
w + CWW c2w)Zµ⌫Z̃

µ⌫

+ 2(CWW � CBB)cwswFµ⌫Z̃
µ⌫

+ CWWW+
µ⌫W

�µ⌫
i

(3)

This work was supported by MoST with grant nos. MoST-110-2112-M-007-017-MY3.

2

In terms of the conventional  , etc :  gaγγ ℒ = −
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reaches down to 1.8 ⇥ 10�4GeV�1. The e+e� ! e+e�a, a ! �� channel o↵ers the least

sensitivity (for Ma=0.1 GeV gaZZ coupling only reaches down to 4.3 ⇥ 10�4GeV�1). The

limit from the e+e� ! µ+µ�a, a ! �� channel is intermediate (for Ma=0.1 GeV the

gaZZ coupling reaches down to 3.4⇥10�4GeV�1). This trend is visible across the entire ALP

mass range from Ma = 0.1 GeV to 100 GeV.

FIG. 7: Summary plot of the sensitivity of ga�� that we can achieve at the Higgs factory
p
s = 250 GeV with an integrated luminosity 2 ab�1, and compared with other existing

constraints. Existing constraints in the figure include PrimEx [48], BES III [49], Belle II[41],

LEP [23], OPAL [50], CMS [51], ATLAS [52] and LHC [50] (extracted from the GitHub

page [53]).

V. CONCLUSIONS

In this study, we have explored the sensitivity potential of the future Higgs factories,

including ILC, CEPC, and FCC-ee, on probing dimensionful coupling constants ga��, gaZ�,

gaWW , and gaZZ of the axion-like particle, via the processes e+e� ! ff̄a (f = e, µ, ⌫)

followed by a ! ��. We used a center-of-mass energy
p
s = 250 GeV with an integrated
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e+e� Collider
p
s (GeV) Integrated Luminosity (fb�1)

ILC 250 2000

CEPC 240 5600

FCC-ee 250 5000

TABLE I: A few proposals of e+e� colliders running as a Higgs factory, at which the

center-of-mass energy and integrated luminosity are shown.

• The search for the process e+e� ! �a with a ! �� has recently been conducted by

Belle II [41] for the ALP mass ranging between 0.1 GeV and 10 GeV. The data utilized

in this search corresponded to an integrated luminosity of (445±3)pb�1, and the mass

range explored was 0.2 GeV < Ma < 9.7 GeV.

• The process e+e� ! e+e�a with a ! �� at ILC has recently been studied in Ref. [42–

44]. Ref. [43] showed that the ILC running at
p
s = 250 GeV or

p
s = 500 GeV can

discover ALPs in this range of masses with significantly smaller couplings to the SM

than previous experiments, down to gaBB = 10�3 TeV�1. Ref. [42] showed that with

more than 109 Z bosons produced in the Giga-Z mode of the future ILC experiment

equipped with the high granular nature of the detector, one can discover of the ALPs

coupled to hypercharge with couplings down to nearly 10�5 GeV�1 over the mass range

from 0.4 to 50 GeV.

C. ALP production at Higgs Factories

A few proposals of Higgs factories are put forward, including the ILC [7], CEPC [8] ,

and FCC-ee [9], running at center-of-energies at
p
s = 240 � 250 GeV with the nominal

luminosities shown in Table I. One of the main goals is to carry out the precision study of

the Higgs boson couplings. We investigate the potential search for ALPs e+e� collisions at

the Higgs factories. Without loss of generality, we choose
p
s = 250 GeV and a conservative

integrated luminosity of 2 ab�1.

At the Higgs factories, the leptonic processes that we consider are e+e� ! ff̄a where

f = e, µ, or ⌫, followed by a ! ��. This study explores the e↵ects of the coupling

5
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where cw,sw are cosine and sine of the Weinberg angle. The axion interactions with the

fermion and the physical gauge bosons are given by
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�µ⌫

⇤
(3)

The dimensionful couplings associated with ALP interactions from 3 is given by;

ga�� =
4

fa
(CBBc

2
w + CWW s2w), (4)

gaWW =
4

fa
CWW , (5)

gaZZ =
4

fa
(CBBs

2
w + CWW c2w), (6)

gaZ� =
8

fa
swcw(CWW � CBB) . (7)
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We consider 3 channels: 
 







e−e+ → e−e+a; a → γγ
e−e+ → μ−μ+a; a → γγ
e−e+ → νν̄a; a → γγ
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FIG. 1: Typical Feynman diagrams for production of axion-like particles a via the process

e+e� ! ff̄a at e+e� collisions, where f = e, µ, ⌫.

III. SIGNAL VERSUS BACKGROUND

We use MadGraph5aMC@NLO [44, 45] to generate events for the production of ALPs at

e+e� collisions. We consider the following channels for detecting the ALP signal:

• e+e� ! e+e�a with a ! ��

To obtain the production cross-sections of the ALP with mass from Ma = 0.1 GeV

to 100 GeV, we apply the following initial cuts on the transverse momentum peT and

rapidity |⌘e| of the electrons in the final state, as well as the transverse momentum p�T

and rapidity |⌘�| of the photons in final state.

– peTmin = 10 GeV

– |⌘emax| = 1.83 (| cos ✓e| < 0.95)

– p�Tmin = 10 GeV

– |⌘�max| = 2.5

• e+e� ! µ+µ�a with a ! ��

The final state consisting of muons (µ±) and a pair of photons from the ALP decay

6
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TABLE II: The ALP coupling strengths ga��, gaZ�, gaZZ . and gaWW with

CWW = 2, CBB = 1, fa = 103 GeV using Eqs. (4) – (7).

ALP couplings Numerical Value (GeV�1)

ga�� 4.88⇥ 10�3

gaZ� 1.38⇥ 10�3

gaZZ 7.11⇥ 10�3

gaWW 8⇥ 10�3

FIG. 2: The ALP signal and SM cross-sections at the Higgs factory with
p
s = 250 GeV. Signal

cross-sections are calculated with the coupling strengths listed in Table. II:

ga�� = 4.88⇥ 10�3 GeV�1, gaZ� = 1.38⇥ 10�3 GeV�1, gaZZ = 7.11⇥ 10�3 GeV�1, and

gaWW = 8⇥ 10�3 GeV�1).

To suppress the irreducible background, we apply a cut on the transverse momentum of

the photon pair. In Fig. 3, we compare the transverse momentum of the photon pair for

Ma = 0.1� 100 GeV with the corresponding background. A selection cut of pT�� > 50 GeV

can suppress the SM background.
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FIG. 8: Branching ratios of the ALP with CWW = 2, CBB = 1, and fa = 1 TeV.
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FIG. 3: Transverse momentum pT�� distributions of the photon pair for the signal processes

with Ma = 0.1� 100 GeV and the corresponding SM background at e+e� colliders with
p
s = 250 GeV.

IV. SENSITIVITY ON THE ALP MODEL

The number of signal events NT at e+e� colliders with
p
s = 250 GeV is estimated as

NT = �(e+e� ! ff̄ a)⇥ B(a ! ��)⇥
N(pT�� > 50 GeV)

Nsim
⇥ L , (8)
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Selection cuts: 






pe,μ
T > 10 GeV, |cos θe,μ | < 0.95

pγ
T > 10 GeV, |ηγ | < 2.5

Emiss
T > 20 GeV

Impose a further cut of pTγγ
> 50 GeV



Estimating the Sensitivities 

FIG. 3: Transverse momentum pT�� distributions of the photon pair for the signal processes

with Ma = 0.1� 100 GeV and the corresponding SM background at e+e� colliders with
p
s = 250 GeV.
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The number of signal events NT at e+e� colliders with
p
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NT = �(e+e� ! ff̄ a)⇥ B(a ! ��)⇥
N(pT�� > 50 GeV)

Nsim
⇥ L , (8)
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where �(e+e� ! ff̄ a) is the ALP production cross-section, B(a ! ��) is the branching

ratio of the ALP to a pair of photons (see Appendix), N(pT�� > 50GeV) is the number of

events surviving the pT�� > 50 GeV cut, and Nsim is the total number of events simulated.

In this study, we generated Nsim = 105 events using MadGraph5aMC@NLO and L is the

integrated luminosity, which we conservatively choose L = 2 ab�1. Similarly, the number of

background events NSM
T is estimated as

NSM
T = �(e+e� ! ff̄ ��)⇥

N(pT�� > 50 GeV)

Nsim
⇥ L . (9)

The number of signal eventsNT is proportional to the square of the ALP coupling strength

g. In this study, we consider all possible ALP interactions encoded in Eq. (3), from all

possible channels of ALP production listed in Fig. 1. The bound on the ALP coupling as a

function of ALP mass can be obtained by requiring the significance Z > 2. The significance

Z is defined as [47]:

Z =

s

2 .
h
(s+ b) ln

⇣(s+ b)(b+ �2
b )

b2 + (s+ b)�2
b

⌘
� b2

�2
b

ln
⇣
1 +

�2
bs

b(b+ �2
b )

⌘i
, (10)

where the numbers of signal and background events are represented by s and b, respectively.

The systematic uncertainty associated with the SM background b is denoted by �b. A

significance value of Z = 2 is considered, which corresponds to 95% confidence level (C.L.).

In the following subsections, we discuss the sensitivity of the ALP couplings from ALP

production with three di↵erent leptonic final states at the Higgs factory.

A. e+e� ! e+e�a, a ! ��

The process of ALP production, in conjunction with a pair of electrons mediated by � and

Z bosons, is illustrated in Fig.1. In this process, the e↵ective couplings of the ALP to ZZ,

��, and �Z are associated with the dimensional couplings gaZZ , ga��, and gaZ�, respectively.

The numbers of signal and background events are estimated using Eqs. (8) and (9), and are

shown in the left panel of Fig. 4.

The combination of production via photon fusion followed by the ALP decay into diphoton

yields the highest number of signal events for the specified value of ga�� coupling listed in

Table. II. The number of ALP events from the ALP-ZZ vertex is intermediate, while the

ALP-Z� vertex gives the least number of events, even the SM event rate is higher than the
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e+e− → e+e−a, a → γγ

FIG. 4: Left panel: The number of ALP events from the channel e+e� ! e+e�a followed by

a ! �� (event rates are estimated with the coupling strengths listed in Table. II:

ga�� = 4.88⇥ 10�3 GeV�1, gaZ� = 1.38⇥ 10�3 GeV�1, and gaZZ = 7.11⇥ 10�3 GeV�1]. Right

panel: The 95% C.L. sensitivity curves on ga�� (solid blue) and gaZZ (solid orange) for

e+e� ! e+e�a, a ! ��.

latter one. The kinks in the number of signal event curves arise from the branching ratio of

the ALP into diphoton a ! ��.

We then estimate the sensitivity in the ALP couplings versus the ALP mass, especially

ga�� and gaZZ using Eq. (10). We account for the systematic uncertainty associated with

the background estimation by including assuming an uncertainty of �b = 10%. The bounds

on the ALP couplings ga�� (blue) and gaZZ (orange) as a function of the ALP mass Ma

are shown in the right panel of Fig. 4. It is easy to see that the sensitivity of the ga��

coupling is a few times better than the gaZZ coupling. At lighter ALP mass of Ma = 0.1

GeV, the sensitivity of ga�� can reach down to ⇠ 1.5⇥10�4 GeV�1, while gaZZ reaches down

to ⇠ 4.3 ⇥ 10�4 GeV�1. The sensitivity curves stay more or less flat until Ma = 30GeV

with some irregularities due to the branching ratio into diphoton. As Ma increases beyond

30 GeV, the sensitivity is largely worsened due to smaller phase space for the production of

heavier ALPs. AtMa = 100 GeV, the bounds on ga�� and gaZZ are reduced to approximately

2.5⇥ 10�4 GeV�1 and 7.5⇥ 10�4 GeV�1, respectively.
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e+e− → μ+μ−a, a → γγ

B. e+e� ! µ+µ�a, a ! ��

FIG. 5: Left panel: The number of ALP events from the channel e+e� ! µ+µ�a followed by

a ! �� (event rates are estimated with the coupling strengths listed in Table. II:

ga�� = 4.88⇥ 10�3 GeV�1, gaZ� = 1.38⇥ 10�3 GeV�1, and gaZZ = 7.11⇥ 10�3 GeV�1]. Right

panel: The 95% C.L. sensitivity curve of gaZZ (solid blue) for e+e� ! µ+µ�a, a ! ��.

Here we consider the associated production of the ALP with a µ+µ� pair. This process

only arises from s-channel diagrams listed in Fig. 1. The left panel of Fig. 5 shows the

number of ALP events arising from various ALP vertices. The highest number of ALP

events comes from ALP production associated with the ALP-ZZ vertex. The numbers of

ALP events produced via the ALP-Z� and ALP-�� vertices arre lower than that of the SM.

The right panel of Fig.5 shows the sensitivty reach of the gaZZ coupling as a function of ALP

mass Ma. The e↵ect of the diphoton branching ratio also reflects in the sensitivity curves.

At Ma = 0.1 GeV, gaZZ can be probed down to ⇠ 3.4 ⇥ 10�4 GeV�1. The sensitivity of

gaZZ weakens with the increment of the ALP mass, especially for Ma above 30 GeV.

Comparing the bounds of gaZZ obtained in the channels e+e� ! µ+µ�a (Fig. 5) and

e+e� ! e+e�a (Fig. 4), we can see that gaZZ from the muon channel performs better than

the electron channel over the entire ALP mass range. This is simply because the background

in the muon channel is only a fraction of the electron channel.
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e+e− → νν̄a, a → γγ
C. e+e� ! ⌫⌫̄a, a ! ��

FIG. 6: Left panel: The number of ALP events from e+e� ! ⌫ ⌫̄ a, followed by a ! �� (event

rates are estimated with the coupling strengths listed in Table. II: gaZ� = 1.38⇥ 10�3 GeV�1,

gaZZ = 7.11⇥ 10�3 GeV�1, and gaWW = 8⇥ 10�3 GeV�1]. Right panel: The 95% C.L.

sensitivity curves on gaZZ (solid blue) and gaZ� (solid orange) for e+e� ! ⌫ ⌫̄ a, a ! ��.

As already shown in Fig. 2, the channel e+e� ! ⌫⌫̄a with a ! �� has the largest cross-

sections compared to the other two processes. This process also presents an opportunity to

investigate the ALP-WW vertex. In addition to the ALP-WW vertex, the ALP-ZZ and

ALP-Z� vertices also make contributions, which are depicted in Fig. 1.

The number of ALP events from the ALP-ZZ vertex is higher than that from the other

two vertices. The ALP production rate from the ALP-WW vertex is the lowest and is even

lower than that of the SM.

The bounds on gaZZ and gaZ� couplings are shown in the right panel of Fig.6. In this

case, the gaZ� coupling has a better bound compared to the gaZZ coupling. At Ma=0.1 GeV,

the gaZ� coupling can reach down to ⇠ 10�4 GeV�1, while the gaZZ coupling reaches down

to 1.8⇥ 10�4 GeV�1. Similar to previous cases, the sensitivity of the couplings weakens as

the ALP mass Ma increases.

When comparing the bounds of gaZZ coupling obtained from all di↵erent channels the

best sensitivity comes from e+e� ! ⌫⌫̄a , a ! ��. At Ma=0.1 GeV, the gaZZ coupling
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reaches down to 1.8 ⇥ 10�4GeV�1. The e+e� ! e+e�a, a ! �� channel o↵ers the least

sensitivity (for Ma=0.1 GeV gaZZ coupling only reaches down to 4.3 ⇥ 10�4GeV�1). The

limit from the e+e� ! µ+µ�a, a ! �� channel is intermediate (for Ma=0.1 GeV the

gaZZ coupling reaches down to 3.4⇥10�4GeV�1). This trend is visible across the entire ALP

mass range from Ma = 0.1 GeV to 100 GeV.

FIG. 7: Summary plot of the sensitivity of ga�� that we can achieve at the Higgs factory
p
s = 250 GeV with an integrated luminosity 2 ab�1, and compared with other existing

constraints. Existing constraints in the figure include PrimEx [48], BES III [49], Belle II[41],

LEP [23], OPAL [50], CMS [51], ATLAS [52] and LHC [50] (extracted from the GitHub

page [53]).

V. CONCLUSIONS

In this study, we have explored the sensitivity potential of the future Higgs factories,

including ILC, CEPC, and FCC-ee, on probing dimensionful coupling constants ga��, gaZ�,

gaWW , and gaZZ of the axion-like particle, via the processes e+e� ! ff̄a (f = e, µ, ⌫)

followed by a ! ��. We used a center-of-mass energy
p
s = 250 GeV with an integrated
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Atmospheric axion-like particles at Super-Kamiokande
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We consider a muonphilic axion-like-particle (ALP), denoted as a, lighter than twice the muon
mass. ALPs of this mass range dominantly decay into a pair of photons, induced by a triangular
muon loop. Such light muonphilic ALPs are naturally long-lived. At the atmosphere, the ALPs are
copiously produced from charged-meson decays in air showers, such as ⇡± ! µ±⌫a, via the ALP-
muon coupling gaµµ. After propagating tens of kilometers, the ALPs decay with a ! �� inside
large-volume Cherenkov detectors near the Earth’s surface, such as Super-Kamiokande (SK). We
find the present SK observation constrains on muonphilic ALPs of mass range [1 MeV, 30 MeV] and
ALP-muon coupling [10�3, 102], assuming the proper decay length c⌧a in [10�3 km, 106 km] either
dependent on or independent of gaµµ. We conclude that atmospheric searches of such exotic states
can be complementary to collider and beam-dump experiments as well as astrophysical probes.

I. INTRODUCTION

The strong CP problem [1–4] in the Standard Model
(SM) can be solved by introducing a global U(1)PQ sym-
metry which was spontaneously broken down by a dy-
namical CP-conserving axion field. The corresponding
pseudo-Nambu-Goldstone-boson of the broken symme-
try is called the QCD axion, which in addition serves
as a dark matter candidate [5–7]. The breaking scale of
the new symmetry should be high: fa & 109 GeV [8],
demanding tiny masses of the QCD axion and their cou-
plings to the SM particles, since the latter two are in-
versely proportional to fa. This results in a very long
lifetime of the QCD axions.

A closely-related hypothetical particle is known as
axion-like particle (ALP), which, like the QCD axion,
is also a pseudoscalar boson. Unlike the QCD axion, the
ALP mass is not linearly proportional to the couplings
to the SM particles, and the ALP hence does not nec-
essarily fix the strong CP problem. However, the ALP
remains one of the possible dark matter candidates, and
its mass could possibly range across more than 20 or-
ders of magnitude [9–11]. Further, such ALPs appear in
various theoretical models beyond the SM [12–15].

In general, the ALPs can couple to photons, leptons,
quarks, as well as gauge bosons at either tree level or loop
level. The phenomenology with only ALP-photon inter-
actions ga�� has been vastly investigated (see Ref. [16]
and the references therein). In particular, for sub-GeV
ALPs, PRIMEX [17] and Belle II [18] provide the most
stringent upper bounds on |ga�� |, and ALPs of mass
ma . 30 MeV [16, 19] are disfavored by beam-dump
experiments. However, for ALP-muon interactions, only

⇤ cheung@phys.nthu.edu.tw
† juilink1@uci.edu
‡ tpoyan1209@gmail.com
§ wzs@mx.nthu.edu.tw

BaBar [20] gives constraints, for ALPs heavier than twice
the muon mass [19]. As far as we know, muonphilic ALPs
lighter than twice the muon mass have not been directly
constrained. Therefore, we choose to focus on this sce-
nario in the present work.

When cosmic rays reach the Earth’s atmosphere, large
atmospheric air showers are produced including copious
production of pseudoscalar mesons. Such mesons can
decay to light long-lived particles (LLPs) (see Refs. [21–
23] for reviews on LLPs), which travel macroscopic dis-
tances before decaying potentially in the large-volume
neutrino experiments at the Earth’s surface. This allows
to probe various models predicting such LLPs includ-
ing heavy neutral leptons [24–29], the lightest neutralinos
in the R-parity-violating supersymmetry [30], light dark
matter [31, 32], axion dark radiation [33, 34], and milli-
charged particles [35]. Similarly, the muonphilic ALPs
can be abundantly produced via charged-meson decays
from the atmosphere air showers. Such ALPs should be
long-lived, because both they are very light and their
decay channels are radiatively suppressed if their mass
is below twice the muon mass. After traveling tens of
kilometers across the atmosphere, these ALPs may sub-
sequently decay into two photons inside the detectors of
neutrino experiments, such as Super-Kamiokande (SK).
With the tool MCEq [36], we numerically compute the
ALPs’ flux from the air showers including the propaga-
tion through dense medium. We then estimate the signal
event rates at the SK detector, which is sensitive to events
of energy below O(100) GeV [37]. After discussing the
background events, we obtain SK bounds on both phys-
ical observables and model parameters.

This article is organized as follows. In Sec. II, we intro-
duce the theoretical scenario we investigate in this work.
The estimation of the ALP flux from the air showers is
detailed in Sec. III, followed by Sec. IV and Sec. V ex-
plaining the ALP detection on the Earth and introducing
the SK experiment, respectively. The final numerical re-
sults are presented and discussed in Sec. VI. At the end,
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Large numbers of mesons including charged pions are produced in the 

atmospheric air showers resulting from cosmic rays. Once ALPs are 

produced from these charged-pion decays, if long-lived, they can travel 

tens of kilometers downwards to the Earth’s surface thanks to the large 

Lorentz boost, and decay in large-volume neutrino experiments such as 

Super-Kamiokande (SK), leading to Cherenkov signal events. 


Motivation



ALP-MUON INTERACTIONS 
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II. ALP-MUON INTERACTIONS

In this work, we consider the interactions between the
ALP and muon with an e↵ective Lagrangian expressed
as

L � �igaµµaµ̄�5µ , (1)

where gaµµ is a dimensionless coupling constant. For
ALP mass ma larger than twice the muon mass mµ, the
ALP can decay into a pair of muons, while for a lighter
ALP only decays into a SM photon pair induced by a
triangular muon loop. The loop-induced interaction be-
tween ALP and photons can be described by
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with the e↵ective coupling being [38]
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which is valid for ma  2mµ. The lifetime of ALP with
ma < 2mµ then reads
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With the ALP-muon coupling, ALPs can be produced
from charged-meson decays in air showers, dominated by
the decay of charged pions ⇡

±
! µ

±
⌫a; therefore, the

kinematically allowed ALP mass range is 0  ma  m⇡�

mµ assuming massless SM neutrinos.
In Fig. 1, we present two Feynman diagrams for the

production and decay of the ALPs, respectively.
The ALP-muon and ALP-photon couplings both con-

tribute to the muon magnetic dipole moment, aµ =
(g� 2)µ/2 [19]. The one-loop result of gaµµ leads to neg-
ative contributions to aµ. However, if we also include the
ALP-photon coupling, ga�� , the two couplings will induce
two-loop light-by-light and Barr-Zee diagrams [39, 40],
which, in combination, provide positive contributions to
aµ [41]. On the experimental side, the updated combined
results of Fermilab [42] and BNL [43] measurements in-
dicate a 4.25� positive deviation from the SM theoretical
prediction:
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= (251 ± 59) ⇥ 10�11
. (5)

However, theoretical uncertainties arising from hadronic
vacuum polarization may alleviate the tension between
these measurements and the SM [44]. Given the large
uncertainties within the SM computation, we do not take
into account (g � 2)µ in our analysis.

III. ALP FLUX FROM AIR SHOWERS

We utilize the numerical code MCEq [36] to compute
the ALP flux at the Earth’s surface. MCEq numerically
solves cascade equations of particles propagating in a
dense medium; in this work, we use it to study the ALP
production throughout the cascade of secondary cosmic
rays. We adopt the H3a parameterization of the cosmic
ray flux at the top of atmosphere provided in Ref. [45]
and take the hadronic interaction model SIBYLL2.3c in
Ref. [46]. The atmosphere is modeled by the CORSIKA
parameterizations of the U.S. Standard Atmosphere [47].
To implement the process ⇡
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⌫a in MCEq, we

compute the corresponding decay matrix
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where T⇡± and Ta are the kinetic energy of the pion and
the ALP in the lab frame, with i, j and �T

i

⇡± being the
kinetic energy bin indices and width. The ALP energy
spectrum dNa/dTa in the lab frame is obtained by apply-
ing a Lorentz boost to the energy spectrum in the pion
rest frame
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where E⇤
a
is the energy of the ALP in the pion rest frame

and |@E
⇤
a
/@Ta| is the Jacobian between E

⇤
a
and Ta. De-

tailed derivation of dNa/dTa is given in App. A1.
After the decay matrix is tabulated, we augment the

decay channels of ⇡
± with ⇡

±
! µ⌫a. We first con-

sider the case that the ALP decay into two photons is
unrelated to the production coupling gaµµ, i.e., the ALP
flux at production is proportional to g

2
aµµ

while the de-
cay is determined by the decay length c⌧a in the ALP
rest frame. Note that we assume that the overall distri-
bution of other decay products such as muon and neu-
trino is not a↵ected by the newly added channel as its
branching ratio is suppressed. The results can be eas-
ily reinterpreted for other theoretical scenarios where the
atmospheric charged pions decay to an LLP which then
subsequently decays visibly in the SK detector. Then, we
study the case that both production and decay depend
on the coupling constant gaµµ.

IV. ALP DETECTION ON THE EARTH

After arriving at the Earth, the ALP can decay into
two photons through a muon loop, with a lifetime given

1 The dNa/dTa distribution is found to be smooth enough so that
the bin width implemented by MCEq should have minimal aliasing
e↵ect.

• For ALP mass larger than  , ALP decays mostly into 2 muons. But for 

lighter than  , it decays into a pair of photons. The loop-induced ALP-photon 

coupling is 

2mμ

2mμ
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mµ assuming massless SM neutrinos.
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production and decay of the ALPs, respectively.
The ALP-muon and ALP-photon couplings both con-

tribute to the muon magnetic dipole moment, aµ =
(g� 2)µ/2 [19]. The one-loop result of gaµµ leads to neg-
ative contributions to aµ. However, if we also include the
ALP-photon coupling, ga�� , the two couplings will induce
two-loop light-by-light and Barr-Zee diagrams [39, 40],
which, in combination, provide positive contributions to
aµ [41]. On the experimental side, the updated combined
results of Fermilab [42] and BNL [43] measurements in-
dicate a 4.25� positive deviation from the SM theoretical
prediction:
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However, theoretical uncertainties arising from hadronic
vacuum polarization may alleviate the tension between
these measurements and the SM [44]. Given the large
uncertainties within the SM computation, we do not take
into account (g � 2)µ in our analysis.
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We utilize the numerical code MCEq [36] to compute
the ALP flux at the Earth’s surface. MCEq numerically
solves cascade equations of particles propagating in a
dense medium; in this work, we use it to study the ALP
production throughout the cascade of secondary cosmic
rays. We adopt the H3a parameterization of the cosmic
ray flux at the top of atmosphere provided in Ref. [45]
and take the hadronic interaction model SIBYLL2.3c in
Ref. [46]. The atmosphere is modeled by the CORSIKA
parameterizations of the U.S. Standard Atmosphere [47].
To implement the process ⇡
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where T⇡± and Ta are the kinetic energy of the pion and
the ALP in the lab frame, with i, j and �T
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⇡± being the
kinetic energy bin indices and width. The ALP energy
spectrum dNa/dTa in the lab frame is obtained by apply-
ing a Lorentz boost to the energy spectrum in the pion
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sider the case that the ALP decay into two photons is
unrelated to the production coupling gaµµ, i.e., the ALP
flux at production is proportional to g
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while the de-
cay is determined by the decay length c⌧a in the ALP
rest frame. Note that we assume that the overall distri-
bution of other decay products such as muon and neu-
trino is not a↵ected by the newly added channel as its
branching ratio is suppressed. The results can be eas-
ily reinterpreted for other theoretical scenarios where the
atmospheric charged pions decay to an LLP which then
subsequently decays visibly in the SK detector. Then, we
study the case that both production and decay depend
on the coupling constant gaµµ.
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where gaµµ is a dimensionless coupling constant. For
ALP mass ma larger than twice the muon mass mµ, the
ALP can decay into a pair of muons, while for a lighter
ALP only decays into a SM photon pair induced by a
triangular muon loop. The loop-induced interaction be-
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With the ALP-muon coupling, ALPs can be produced
from charged-meson decays in air showers, dominated by
the decay of charged pions ⇡
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⌫a; therefore, the

kinematically allowed ALP mass range is 0  ma  m⇡�

mµ assuming massless SM neutrinos.
In Fig. 1, we present two Feynman diagrams for the

production and decay of the ALPs, respectively.
The ALP-muon and ALP-photon couplings both con-

tribute to the muon magnetic dipole moment, aµ =
(g� 2)µ/2 [19]. The one-loop result of gaµµ leads to neg-
ative contributions to aµ. However, if we also include the
ALP-photon coupling, ga�� , the two couplings will induce
two-loop light-by-light and Barr-Zee diagrams [39, 40],
which, in combination, provide positive contributions to
aµ [41]. On the experimental side, the updated combined
results of Fermilab [42] and BNL [43] measurements in-
dicate a 4.25� positive deviation from the SM theoretical
prediction:
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However, theoretical uncertainties arising from hadronic
vacuum polarization may alleviate the tension between
these measurements and the SM [44]. Given the large
uncertainties within the SM computation, we do not take
into account (g � 2)µ in our analysis.

III. ALP FLUX FROM AIR SHOWERS

We utilize the numerical code MCEq [36] to compute
the ALP flux at the Earth’s surface. MCEq numerically
solves cascade equations of particles propagating in a
dense medium; in this work, we use it to study the ALP
production throughout the cascade of secondary cosmic
rays. We adopt the H3a parameterization of the cosmic
ray flux at the top of atmosphere provided in Ref. [45]
and take the hadronic interaction model SIBYLL2.3c in
Ref. [46]. The atmosphere is modeled by the CORSIKA
parameterizations of the U.S. Standard Atmosphere [47].
To implement the process ⇡
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where T⇡± and Ta are the kinetic energy of the pion and
the ALP in the lab frame, with i, j and �T
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⇡± being the
kinetic energy bin indices and width. The ALP energy
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± with ⇡
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flux at production is proportional to g
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while the de-
cay is determined by the decay length c⌧a in the ALP
rest frame. Note that we assume that the overall distri-
bution of other decay products such as muon and neu-
trino is not a↵ected by the newly added channel as its
branching ratio is suppressed. The results can be eas-
ily reinterpreted for other theoretical scenarios where the
atmospheric charged pions decay to an LLP which then
subsequently decays visibly in the SK detector. Then, we
study the case that both production and decay depend
on the coupling constant gaµµ.

IV. ALP DETECTION ON THE EARTH

After arriving at the Earth, the ALP can decay into
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ALP mass ma larger than twice the muon mass mµ, the
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ALP only decays into a SM photon pair induced by a
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tribute to the muon magnetic dipole moment, aµ =
(g� 2)µ/2 [19]. The one-loop result of gaµµ leads to neg-
ative contributions to aµ. However, if we also include the
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production throughout the cascade of secondary cosmic
rays. We adopt the H3a parameterization of the cosmic
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parameterizations of the U.S. Standard Atmosphere [47].
To implement the process ⇡

±
! µ

±
⌫a in MCEq, we

compute the corresponding decay matrix

D
ij

⇡±!a
= �T

i

⇡±
dNa

dTa

(T i

⇡± , T
j

a
) , (6)

where T⇡± and Ta are the kinetic energy of the pion and
the ALP in the lab frame, with i, j and �T

i

⇡± being the
kinetic energy bin indices and width. The ALP energy
spectrum dNa/dTa in the lab frame is obtained by apply-
ing a Lorentz boost to the energy spectrum in the pion
rest frame

dNa

dTa

=

Z
d⌦

4⇡

dNa

dE⇤
a

����
@E

⇤
a

@Ta

���� , (7)

where E⇤
a
is the energy of the ALP in the pion rest frame

and |@E
⇤
a
/@Ta| is the Jacobian between E

⇤
a
and Ta. De-

tailed derivation of dNa/dTa is given in App. A1.
After the decay matrix is tabulated, we augment the

decay channels of ⇡
± with ⇡

±
! µ⌫a. We first con-

sider the case that the ALP decay into two photons is
unrelated to the production coupling gaµµ, i.e., the ALP
flux at production is proportional to g

2
aµµ

while the de-
cay is determined by the decay length c⌧a in the ALP
rest frame. Note that we assume that the overall distri-
bution of other decay products such as muon and neu-
trino is not a↵ected by the newly added channel as its
branching ratio is suppressed. The results can be eas-
ily reinterpreted for other theoretical scenarios where the
atmospheric charged pions decay to an LLP which then
subsequently decays visibly in the SK detector. Then, we
study the case that both production and decay depend
on the coupling constant gaµµ.
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After arriving at the Earth, the ALP can decay into
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With the ALP-muon interaction the ALP can be produced in the 
charged pion decay
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FIG. 1. Left panel : Feynman diagram for production of the muonphilic ALP from the charged-pion decay. The decay vertex
factor g⇡µ⌫ denotes the e↵ective coupling for the charged pion decay ⇡+ ! µ+⌫µ. Its conjugated diagram with ⇡� decays is
not shown here. Right panel : Feynman diagram for the decay of the muonphilic ALP into a pair of photons, via a triangular
muon loop.

in Eq. (4). The photons so-produced can then be de-
tected by the Cherenkov detector in neutrino experi-
ments. Given zenith angle ✓, detector geometry, and
data-taking time �t, the event distribution can be cal-
culated by

d
2
Nevent

dTad cos ✓
= ✏�tAe↵(Ta, cos ✓)

d
2�a

dTad cos ✓
, (8)

where ✏ is the detection e�ciency and we use the output
of MCEq for the di↵erential flux d

2�a/(dTad cos ✓). The
computation of e↵ective detection area Ae↵ , depending
on Ta and cos ✓, is given in the appendix of Ref. [27] and
is also demonstrated in App. B for completeness. The
main SM background of such a two-photon signal from
the ALP decay consists of neutral pions decaying into two
photons, and neutrino-induced electron-like events that
create multiple Cherenkov rings in the electromagnetic
showers. In 5326 live days, the number of these events
have been studied in Ref. [37], with the best-fit values be-
ing 1727 and 797, respectively. These background events
will be taken into account in Sec. VI when we estimate
the sensitivity reach of SK.

In addition to the signals from ALP decaying into a
�-pair, ALP can interact with atoms in the detector to
create mono-� signal with an energy similar to the en-
ergy of ALP, the so-called inverse-Primako↵ process. The
cross section of inverse-Primako↵ process was studied in
details in [48], which can be expressed as

�IP '
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⇥ 2GeV�2
. (9)

However, since Ae↵ for detecting the ALP decay is larger
by orders of magnitude than the e↵ective cross section
of inverse-Primako↵ process NT�IP with NT being the
total number of target atoms inside the fiducial volume
of the detector, we can infer that the event rate from

the ALP decay dominates over that from the inverse-
Primako↵ process; therefore, we will not consider this
possibility further in this work.

V. SUPER-KAMIOKANDE

We note that only when the charged pions have
a kinetic energy below their critical energy2 ✏⇡± =
115GeV [49] and hence a small Lorentz boost, do they
essentially all decay well before reaching the Earth’s sur-
face; therefore, ALP flux at Ta & ✏⇡± is strongly sup-
pressed. In order to maximize the sensitivity, we fo-
cus on the water-based Cherenkov detector of Super-
Kamiokande (SK), which has good energy resolution in
the sub- and multi-GeV ranges [37].

Following the analysis in Ref. [37], the geometry of
the SK detector is assumed to be a cylinder with radius
RSK = 20m and height HSK = 40m. The lifetime of SK
is taken to be 5326 days with a flat detection e�ciency of
0.75. Fully-contained events in SK can be grouped into
di↵erent categories according to the energy and configu-
ration of observed Cherenkov rings. Since the signal from
ALP decay constitutes two electron-like Cherenkov rings,
we consider data of ⇡0-like two-ring events in 5 energy-
bins for sub-GeV Ta and electron-like multi-ring events
in 5 cos ✓-bins for multi-GeV Ta provided in Ref. [37].

2 As the branching ratio of ⇡± ! µ±⌫a is suppressed, we adopt
the critical energy of the charged pion predicted in the SM.
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not shown here. Right panel : Feynman diagram for the decay of the muonphilic ALP into a pair of photons, via a triangular
muon loop.
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main SM background of such a two-photon signal from
the ALP decay consists of neutral pions decaying into two
photons, and neutrino-induced electron-like events that
create multiple Cherenkov rings in the electromagnetic
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the sensitivity reach of SK.
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create mono-� signal with an energy similar to the en-
ergy of ALP, the so-called inverse-Primako↵ process. The
cross section of inverse-Primako↵ process was studied in
details in [48], which can be expressed as

�IP '

 
g
e↵
a��

1GeV�1

!2

⇥ 2GeV�2
. (9)

However, since Ae↵ for detecting the ALP decay is larger
by orders of magnitude than the e↵ective cross section
of inverse-Primako↵ process NT�IP with NT being the
total number of target atoms inside the fiducial volume
of the detector, we can infer that the event rate from

the ALP decay dominates over that from the inverse-
Primako↵ process; therefore, we will not consider this
possibility further in this work.

V. SUPER-KAMIOKANDE

We note that only when the charged pions have
a kinetic energy below their critical energy2 ✏⇡± =
115GeV [49] and hence a small Lorentz boost, do they
essentially all decay well before reaching the Earth’s sur-
face; therefore, ALP flux at Ta & ✏⇡± is strongly sup-
pressed. In order to maximize the sensitivity, we fo-
cus on the water-based Cherenkov detector of Super-
Kamiokande (SK), which has good energy resolution in
the sub- and multi-GeV ranges [37].

Following the analysis in Ref. [37], the geometry of
the SK detector is assumed to be a cylinder with radius
RSK = 20m and height HSK = 40m. The lifetime of SK
is taken to be 5326 days with a flat detection e�ciency of
0.75. Fully-contained events in SK can be grouped into
di↵erent categories according to the energy and configu-
ration of observed Cherenkov rings. Since the signal from
ALP decay constitutes two electron-like Cherenkov rings,
we consider data of ⇡0-like two-ring events in 5 energy-
bins for sub-GeV Ta and electron-like multi-ring events
in 5 cos ✓-bins for multi-GeV Ta provided in Ref. [37].

2 As the branching ratio of ⇡± ! µ±⌫a is suppressed, we adopt
the critical energy of the charged pion predicted in the SM.

Followed by a → γγ



ALP Flux from air shower
• We used the MCEq (Fedynitch et al., 1503.00544) to numerically solve the 
cascade equations of particles propagating in a dense medium.


• The ALP is produced throughout the propagation of the secondary cosmic rays. 
                           


• To implement the process  into MCEq, we compute the decay matrix 

                           

  where  and  are k.e. of pion and ALP,  is the bin width, j,i are bin labels


• The ALP energy spectrum  in lab frame is obtained by a Lorentz boost to that  
in the pion rest frame: 

                          

π± → μ±νa
π± → μ±νa

Dij
π±→a = ΔTi

π±
dNa

dTa
(Ti

π±, Tj
a)

Tπ± Ta ΔTπ±

dNa/dEa

dNa

dEa
= ∫

dΩ
4π

dNa

dE*a

∂E*a
∂Ta



• Production rate of  scales on the coupling-square . 

• Two cases for the decay of : 

 (1) the decay is determined by the decay length  in the ALP rest frame, 

   independent of . The results can be easily reinterpreted for other theoretical 

   scenarios where the atmospheric charged pions decay to an LLP which  
  then subsequently decays visibly in the SK detector. 
 
 (2) Both decay and production depend on .  

π± → μ±νa g2
aμμ

a → γγ
cτa

g2
aμμ

g2
aμμ



ALP Detection on the Earth

• After arriving at the Earth, the ALP decays into , which are detected by 
the Cherenkov detector in neutrino experiments.


• The event distribution is 

      


   where  is the Zenith angle,  is the effective detector area,  is the efficiency,  

     is the output from MCEq. 


• The main SM background comes from  and neutrino-induced electron-like  
events that create multiple Cherenkov rings in the electromagnetic showers. 

γγ

d2Nevent

dTad cos θ
= ϵ Δt Aeff(Ta, cos θ)

d2Φa

dTad cos θ
θ Aeff ϵ

d2Φa

dTad cos θ

π0 → γγ



• Another possible signal of the ALP is via the inverse-Primakoff  process. The  
ALP interacts with atoms to create a mono-  signal with an energy similar to  
that of the ALP.

γ

• The cross section of the inverse-Primakoff is  

          


• However,  for detecting ALP decay is orders of magnitude larger than the effective  

cross section of inverse-Primakoff   with  the total number of atoms inside  
the fiducial volume of the detector. 

σIP ≃ ( gaγγ

1 GeV−1 ) × 2 GeV−2

Aeff

NTσIP NT



Super-Kamiokande

• Only charged pion with energies below the critical energy ,  
can they decay well before reaching the Earth surface. So ALP flux with  

 is suppressed.

• Water-based Cherenkov detector of SK has good resolution at sub- and  

multi-GeV ranges.


• The geometry of SK: . The lifetime is taken to be  

5326 days and efficiency .

• Since the ALP decay signal consists of two e-like Cherenkov rings, we consider 

the data of -like two-ring events in sub-GeV , and e-like multi-ring events 

for multi-GeV  range.

εcrit = 115 GeV

Ta > εcrit

RSK = 20 m, HSK = 40 m
ϵ = 0.75

π0 Ta

Ta
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FIG. 2. Left panel : 90% C.L. sensitivity reach of SK to the muonphilic ALPs for independent gaµµ and c⌧a (solid curves), and
c⌧a as a function of gaµµ according to Eq. (4) (dashed lines) in the (c⌧a, gaµµ) plane, for three benchmark values of ma: 1, 10,
and 25 MeV. Right panel : constraints on (ma, gaµµ) assuming c⌧a is proportional to 1/g2aµµ. Note that gaµµ always induces
the ALP production from the charged pion decays. For comparison, we also include the constraint from BaBar which holds
only for larger ma [20], and the bounds from SN1987A which cover gaµµ ⇠ [10�10, 2⇥ 10�3] for ma  10MeV [50].

VI. CONSTRAINTS ON THE PARAMETER
SPACE

We perform �
2-fit to the SK data mentioned in Sec. V

using [27]

�
2
i
= 2

(
N
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sig +N
i

bkg � N
i

obs

"
1 � log
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obs

N
i

sig +N
i

bkg

!#)
,

(10)

where N
i

sig, N
i

bkg, and N
i

obs are numbers of expected
signal events of ALP, background events, and observed
events in each data bin, respectively. For each bin, the
expected ALP signal events can be computed by

N
i

sig =

Z
i

dTad cos ✓
d
2
Nevent

dTad cos ✓
. (11)

The background and observed events are extracted from
Ref. [37]. For a total of 10 bins considered in this work,
we derive the 90% C.L. constraint by requiring ��

2
⌘

�
2

� �
2
0  4.865 with �

2 =
P

i
�
2
i
and �

2
0 being the case

without ALP contribution.
We show the 90% C.L. sensitivity reach of SK in Fig. 2

for the case where gaµµ and c⌧a are independent of each
other (solid lines in the left panel) and the case where
c⌧a depends on gaµµ (blue area in the right panel). In
the left panel, we observe that for ma = 1MeV, the
best sensitivity of SK lies at c⌧a ⇠ 5 ⇥ 10�2 km, while
for larger ma, the best sensitivity of SK is reached at

larger c⌧a. In the same plot we also overlap the gaµµ-c⌧a-
independent sensitivity curves with dashed lines depict-
ing c⌧a as a function of gaµµ using Eq. (4). This allows
us to crosscheck with the right panel where we assume
both production and decay are mediated by gaµµ; the in-
tersection of the solid and dashed lines in the left plot for
each fixed mass should coincide with the corresponding
parameter point on the outer edge of the blue area in
the gaµµ vs. ma plane in the right panel. We find in the
right plot that for ma = [0.1, 33] MeV, SK can exclude
gaµµ = [5 ⇥ 10�3

, 50], comparable to the BaBar exclu-
sion limits, which, however, only hold for larger ma [20].
Below gaµµ ⇠ 2 ⇥ 10�3 and for sub-GeV ma, the pa-
rameter space is covered by the SN1987A constraint; see
Ref. [50] and earlier studies [51, 52]. Note that dedi-
cated treatment is required to derive the SN1987A con-
straint for ma > 10MeV [50, 53, 54]. Thus, we only
show the SN1987A constraint for ma  10MeV in the
right panel of Fig. 2. For each mass value within the sen-
sitive range, the SK exclusion limits are bounded from
both top and bottom. This is because when gaµµ is too
small, the production rate of the ALPs is insu�cient
and the decay length is too long. On the other hand,
with a too large gaµµ, despite the enhanced production
rate, the decay length is so short that the ALPs decay
before reaching the SK detector. We note that future
muon beam-dump experiments can improve the sensi-
tivity at the ALP mass range of interest in this work
down to around gaµµ ⇠ 6⇥10�6; see Ref. [55] for details.
The results presented here are only based on charged

• Solid: 90% C.L. sensitivity reach of  
SK for independent  and .


• Dash:  as a function of .

gaμμ cτ

cτ gaμμ
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c⌧a as a function of gaµµ according to Eq. (4) (dashed lines) in the (c⌧a, gaµµ) plane, for three benchmark values of ma: 1, 10,
and 25 MeV. Right panel : constraints on (ma, gaµµ) assuming c⌧a is proportional to 1/g2aµµ. Note that gaµµ always induces
the ALP production from the charged pion decays. For comparison, we also include the constraint from BaBar which holds
only for larger ma [20], and the bounds from SN1987A which cover gaµµ ⇠ [10�10, 2⇥ 10�3] for ma  10MeV [50].
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where N
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obs are numbers of expected
signal events of ALP, background events, and observed
events in each data bin, respectively. For each bin, the
expected ALP signal events can be computed by
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Z
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The background and observed events are extracted from
Ref. [37]. For a total of 10 bins considered in this work,
we derive the 90% C.L. constraint by requiring ��
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without ALP contribution.
We show the 90% C.L. sensitivity reach of SK in Fig. 2

for the case where gaµµ and c⌧a are independent of each
other (solid lines in the left panel) and the case where
c⌧a depends on gaµµ (blue area in the right panel). In
the left panel, we observe that for ma = 1MeV, the
best sensitivity of SK lies at c⌧a ⇠ 5 ⇥ 10�2 km, while
for larger ma, the best sensitivity of SK is reached at

larger c⌧a. In the same plot we also overlap the gaµµ-c⌧a-
independent sensitivity curves with dashed lines depict-
ing c⌧a as a function of gaµµ using Eq. (4). This allows
us to crosscheck with the right panel where we assume
both production and decay are mediated by gaµµ; the in-
tersection of the solid and dashed lines in the left plot for
each fixed mass should coincide with the corresponding
parameter point on the outer edge of the blue area in
the gaµµ vs. ma plane in the right panel. We find in the
right plot that for ma = [0.1, 33] MeV, SK can exclude
gaµµ = [5 ⇥ 10�3

, 50], comparable to the BaBar exclu-
sion limits, which, however, only hold for larger ma [20].
Below gaµµ ⇠ 2 ⇥ 10�3 and for sub-GeV ma, the pa-
rameter space is covered by the SN1987A constraint; see
Ref. [50] and earlier studies [51, 52]. Note that dedi-
cated treatment is required to derive the SN1987A con-
straint for ma > 10MeV [50, 53, 54]. Thus, we only
show the SN1987A constraint for ma  10MeV in the
right panel of Fig. 2. For each mass value within the sen-
sitive range, the SK exclusion limits are bounded from
both top and bottom. This is because when gaµµ is too
small, the production rate of the ALPs is insu�cient
and the decay length is too long. On the other hand,
with a too large gaµµ, despite the enhanced production
rate, the decay length is so short that the ALPs decay
before reaching the SK detector. We note that future
muon beam-dump experiments can improve the sensi-
tivity at the ALP mass range of interest in this work
down to around gaµµ ⇠ 6⇥10�6; see Ref. [55] for details.
The results presented here are only based on charged

• Constraint on , taking 

.


• Production  scales as 




• SN1987A covers  
 

for 

• Future prospect at Hyper-K:  

judicial volume increased by  
25 times.

(ma, , gaμμ)
cτ ∼ 1/g2

aμμ

π± → μ±νa
g2

aμμ

gaμμ ∼ [10−10, 2 × 10−3]
ma ≤ 10 MeV



Summary

• Higgs factories can improve the sensitivity to  for 

 . 


• Search for the ALP at Super-K via  can cover a  

region of  that is not covered before by SN1987A and BaBar.

gaγγ ∼ 2 × 10−4 GeV−1

0.1 MeV ≤ ma ≤ O(10) MeV
π± → μ±νa, a → γγ

gaμμ


