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Theoretical prospects of axionlike particles
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Motivation
Issues in the SM:

Dark matter (DM)
Hierarchy problem

Strong CP problem
. . .

QCD axion solves both of them [Peccei, Quinn 1977, Dine, Fischler 1983,
. . .]
More generally → Axionlike particles (ALPs): light pseudo-Nambu–
Goldstone bosons that emerge from spontaneously broken
approximate global symmetries
Couplings and Mass decoupled; unlike the axion
ma ranges from 10−22 eV to several hundred GeV or even higher
Predicted in many BSM theories: string compactifcations,
supersymmetry models, Froggat-Nielsen models of flavor, . . .
Can solve the hierarchy problem (the relaxion mechanism)
[Graham, Kaplan, Rajendran 2015]
Can explain the EW baryogenesis [Im, Jeong, Lee 2022]
The ALP is highly motivated!
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Dim-5 effective field theory of the ALP

L5 ⊃ 1

2
(∂µa)(∂µa)− m2

a
2

a2+
∑

f

Cff
2

∂µa
Λ

f̄ γµγ5f

+g2s CGG
a
Λ

GµνG̃µν + g2CWW
a
Λ

WµνW̃µν + g′2CBB
a
Λ

BµνB̃µν

After EWSB:

L5 ⊃ e2Cγγ
a
Λ

Fµν F̃µν +
2e2

swcw
CγZ

a
Λ

Fµν Z̃µν +
e2

s2wc2w
CZZ

a
Λ

Zµν Z̃µν

cγγ = CWW + CBB,CγZ = c2wCWW − s2wCBB,CZZ = c4wCWW + s4wCBB

Interactions with h appear only at dim-6 and higher...
Additionally: QFV, LFV, coupled to dark photons/HNLs, ...
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ALP decays

Γ(a → γγ) =
4πα2m3

a
Λ2

|Ceff
γγ |2

Γ(a → ℓ+ℓ−) =
mam2

ℓ

8πΛ2
|Ceff

ℓℓ |
2

√
1−

4m2
ℓ

m2a

Γ(a → QQ̄) =
3mam̄2

Q(ma)

8πΛ2
|Ceff

QQ|
2

√
1−

4m̄2
Q

m2a

[Bauer, Heiles, Neubert, Thamm 2019]

ALP decay rates into pairs of SM particles obtained by setting the relevant effective Wilson
coefficients to 1

[Bauer, Neubert, Thamm 2017]
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Signal processes at e+e− colliders
ALP coupled to photons

e
−

e
+

γ

γ

a γ

γ

ALP-strahlung

J/Ψ

c

c̄

γ∗

γ

a

Radiative decay
(BESIII, STCF)

Υ

b

b̄

γ∗

γ

a

Radiative decay
(B-factories)

[BESIII 2023, Merlo, Pobbe, Rigolin, Sumensari 2019]
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Signal processes at e+e− colliders
ALP coupled to leptons or photons

e
+

e
−

γ

µ
+

µ
−

a µ
+ µ

+

µ
−

µ
−

e
+

e
+

e
−

e
−

γ γ
a a

[Bauer, Neubert, Thamm 2017]

Z. S. Wang 王泽人 (合肥工业大学 HFUT) ALP theory 6 / 16

https://link.springer.com/article/10.1007/JHEP12(2017)044


.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Signal processes at e+e− colliders
ALP coupled to leptons with cLFV

e−

e+

τ−

τ+

γ∗/Z∗

τ -pair production

τ
e/µ

a

ALP production from
τ decays with cLFV

[Belle II 2019, Cheung, Soffer, ZSW, Wu 2019]
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Current collider bounds on gγγ

[AxionLimits]
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Current collider bounds on gℓℓ

e⁺e⁻ colliders sensitive

BaBar: e+e− → µ+µ−Z′,
with Z′ → µ+µ− and reinterpreted

[Bauer, Heiles, Neubert, Thamm 2019]
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Current collider bounds on cLFV and ALP

(a) (b)

nuisance parameter that is assumed to follow a Gaussian
distribution. Other sources of uncertainty from track
reconstruction efficiency, beam-energy determination,

relative reconstruction efficiency, and momentum-scale
correction have negligible impact on the results.
Inspection of events in the signal region shows that

asymmetrical uncertainties yield unreliable results. We,
therefore, revise our definitions and symmetrize their
distributions using their greater variation in each bin.
We observe no significant signal and determine upper

limits using the CLs method [33], a modified frequentist
approach based on a profile likelihood ratio [34]. Figure 2
shows the 95% C.L. upper limits as well as expectations
calculated assuming the background-only hypotheses,
ranging in ð1.1–9.7Þ × 10−3 for the electron channel and
in ð0.7–12.2Þ × 10−3 for the muon channel. Systematic
uncertainties degrade on average our upper limit sensitivity
by approximately 35% in both channels.
The fit results and upper limits are summarized in

Table III. The corresponding absolute upper limits for
Bðτ− → l−αÞ, computed using standard-model world-
average branching fractions for the reference channel
[35], are also provided for convenience. Our 95% C.L.
limits are 2.2–14 times more stringent than the best
previous bounds in Ref. [7], depending on the value of the
α mass.
In conclusion, we search for the lepton-flavor-violating

decay τ− → l−α using data collected by the Belle II
detector at an eþe− center-of-mass energy of 10.58 GeV,
corresponding to an integrated luminosity of 62.8 fb−1.
We observe no statistically significant signal and
set 90% and 95% confidence-level upper limits on the
branching-fraction ratios Bðτ− → l−αÞ=Bðτ− → l−ν̄lντÞ.
These constitute the most stringent limits on invisible

TABLE III. Central values with their uncertainties, 95% C.L., and 90% C.L. upper limits (UL) for the branching-
fraction ratios Beα=Beν̄ν (top) and Bμα=Bμν̄ν (bottom) for various masses of the α boson. Corresponding absolute
upper limits for Bðτ− → l−αÞ, computed using standard-model branching fractions from Ref. [35], are provided in
parentheses for convenience.

Mα ½GeV=c2% Beα=Beν̄ν ð×10−3Þ UL at 95% C.L. ð×10−3Þ UL at 90% C.L. ð×10−3Þ
0.0 −8.1& 3.9 5.3(0.94) 4.3(0.76)
0.5 −0.9& 4.3 7.8(1.40) 6.5(1.15)
0.7 1.7& 4.0 9.0(1.61) 7.6(1.36)
1.0 1.7& 4.2 9.7(1.73) 8.2(1.47)
1.2 −1.1& 2.6 4.5(0.80) 3.7(0.66)
1.4 −0.3& 1.0 1.8(0.32) 1.5(0.26)
1.6 0.2& 0.5 1.1(0.19) 0.9(0.16)

Mα ½GeV=c2% Bμα=Bμν̄ν ð×10−3Þ UL at 95% C.L. ð×10−3Þ UL at 90% C.L. ð×10−3Þ
0.0 −9.4& 3.7 3.4(0.59) 2.7(0.47)
0.5 −3.2& 3.9 6.2(1.07) 5.1(0.88)
0.7 2.7& 3.4 9.0(1.56) 7.8(1.35)
1.0 1.7& 5.4 12.2(2.13) 10.3(1.80)
1.2 −0.2& 2.4 3.6(0.62) 2.9(0.51)
1.4 0.9& 0.9 2.5(0.44) 2.2(0.38)
1.6 −0.3& 0.5 0.7(0.13) 0.6(0.10)

FIG. 2. Upper limits at 95% C.L. on the branching-fraction
ratios Bðτ− → e−αÞ=Bðτ− → e−ν̄eντÞ (top) and Bðτ− → μ−αÞ=
Bðτ− → μ−ν̄μντÞ (bottom) as a function of the α mass, as well as
their expectations from background-only hypothesis. All values
are linearly interpolated between mass points.
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[Belle II 2024]

Z. S. Wang 王泽人 (合肥工业大学 HFUT) ALP theory 10 / 16

https://www.worldscientific.com/doi/10.1142/S0217751X24420065


.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

BESIII and STCF sensitivities to ALP interactions with
gauge bosons and vector mesons

e
−

e
+

γ

ω

a

[Bai, Chen, Liu, Ma 2025]
see also [Bai, Chen, Liu, Ma 2025, Ovchynnikov, Zaporozhchenko 2025, Balkin, Coren, Soreq, Williams 2025]
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Belle II sensitivity to long-lived ALP with cLFV

• τ
gτµ→ µ a, a gµµ→ µ−µ+

[Cheung, Soffer, ZSW, Wu 2019]
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QFV ALP for explaining Belle II excess
• B(B+ → K+�E)exp = (2.3±0.7)×10−5 measured at Belle II [Belle II 2024]
• 2.7σ higher than the SM prediction:
• B(B+ → K+νν̄)SM = (4.43± 0.31)× 10−6

[Bečirević, Piazza, Sumensari 2023]
• This excess can be explained with an ALP
[Altmannshofer, Crivellin, Haigh, Inguglia, Martin Camalich 2024]:

0.0 0.5 1.0 1.5 2.0 2.5 3.0
mX [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2
10

5  x
 B

r[B
KX

]
BaBar K+/0 combined
BaBar K+/0 & Belle K+ combined
Belle II K+
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Belle II sensitivity to long-lived sterile neutrinos
from ALP with QFV

• B+ → K+a, a → NN • O(1010) B-mesons with 50 ab−1 int. lumi.

N

N
a

b̄ s̄

uu

g
d
3,2

Λ

gN

Λ

B
+

K
+

1.8 2.0 2.2 2.4

mN [GeV]

10−1110−11

10−1010−10

10−910−9

10−810−8

10−710−7

10−610−6

10−510−5

10−410−4

10−310−3

10−210−2

|V e
N
|2

0.05 eV < mν < 0.12 eV0.05 eV < mν < 0.12 eV

Belle II: 50 ab−1,
gd3,2
Λ

= 1× 10−9 GeV−1, gN
Λ

= 10−3 GeV−1

Excluded Region
ma = 4.2 GeV, 1DV

ma = 4.2 GeV, 2DV

ma = 4.7 GeV, 1DV

ma = 4.7 GeV, 2DV

[ZSW, Zhang, Liu 2025]
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Outlook

Accumulating luminosity⇒ stronger bounds (or discovery?)
Further BSM scenarios: dark photon, heavy neutral leptons, dark
scalar, . . .
New signatures: lepton number violation, baryon number violation,
missing energy, displaced vertices, . . .
BESIII and STCF: light new particle from direct collision or rare
decays of D0, Ds, J/Ψ, τ , . . .
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Summary

Axions and axionlike particles highly motivated
ALP EFT framework
ALP can couple to all SM particles
Showed existing bounds on ALP couplings with photons and with
charged leptons (LFC and LFV)
Displayed signal processes with Feynman diagrams
Also long-lived ALPs can be constrained at low-energy e+e− colliders
Extended theoretical scenarios of the ALP
Further BSM studies possible: theory, signature, . . .

Thank You! 谢谢！
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Back-up slides

Z. S. Wang 王泽人 (合肥工业大学 HFUT) ALP theory 17 / 16


	Background
	Summary
	Appendix
	Appendix


