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Models with an axionlike particle (ALP) can provide an explanation for the discrepancy between
experimental measurement of the muon anomalous-magnetic moment ðg − 2Þμ and the Standard Model
prediction. This explanation relies on the couplings of the ALP to the muon and the photon. We also
include more general couplings to the electroweak gauge bosons and incorporate them in the calculations
up to the 2-loop order. We investigate the existing experimental constraints and find that they do not rule out
the ALP model under consideration as a possible explanation for the ðg − 2Þμ anomaly. At the same time,

we find the future Tera-Z and Higgs factories, such as the CEPC and FCC-ee, can completely cover the
relevant parameter space through searches with final states ðγγÞγ, ðμþμ−Þγ, and ðμþμ−Þμþμ−.
DOI: 10.1103/PhysRevD.107.095016

I. INTRODUCTION

The strong CP problem in the Standard Model (SM)
[1–4] can be solved by the Peccei-Quinn mechanism,
leading to the prediction of the existence a pseudo-
Nambu-Goldstone boson, the axion [5–9]. The shift sym-
metry of the axion implies that it only has derivative
couplings except for nonperturbative effects through strong
interactions. In addition, other axionlike particles (ALPs)
are ubiquitous in many new physics scenarios. Similar to
the QCD axion, an ALP is a pseudo-Goldstone boson with
an approximate shift symmetry. The corresponding decay
constant fa and mass ma can be free parameters. It shares
similar interactions with the QCD axion at low energy and

predicts a rich phenomenology to be explored in various
experiments [10–16].
The anomalous magnetic-dipole moment of the muon,

ðg − 2Þμ is a powerful tool to test the SM and probe the
physics beyond the Standard Model [17–21]. The com-
bined results of the measurements at the Brookhaven
National Laboratory [22] and the Fermi National
Accelerator Laboratory [23] suggest a 4.2σ discrepancy
between the SM prediction [24–44] and experiment meas-
urement, as Δaμ ≡ aExpμ − aSMμ ¼ ð25.1� 5.9Þ × 10−10. It
is worth noting that the status of the theoretical calculation
of the SM prediction has not been settled yet [45,46]. In this
paper, we make the assumption that the apparent discrep-
ancy is due to the contribution of new physics beyond the
Standard Model.
In this work, we focus on a scenario with the contribution

of an ALP as the explanation of the apparent deviation in
ðg − 2Þμ. Since the ALP is a pseudoscalar, the axion-muon
coupling contributes Δaμ negatively. Therefore, a model in
which this is the dominant coupling can not explain the
ðg − 2Þμ anomaly. If the axion-photon coupling have a
different sign comparing with the axion-muon coupling, the
contribution can be positive [15,47–55]. Therefore, both of
these couplings need to be present at the same time. Since
the axion-photon coupling comes from the interaction with
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hypercharge gauge field and SUð2ÞL gauge fields, in
general, we should include both of them in addition to
the muon coupling. Taking into account these consider-
ations, we have the following effective Lagrangian at weak-
scale energy

LD≤5
eff ¼

X
f

Cff

2

∂
μa
fa

f̄γμγ5f þ g2

16π2
CWW

a
fa

Wi
μνW̃μν;i

þ g02

16π2
CBB

a
fa

BμνB̃μν; ð1Þ

whereW and B are the SUð2ÞL andUð1ÞY field strength. In
this paper, we study the existing constraints on the param-
eters in Eq. (1) from collider searches, and propose to exploit
searches with final states ðγγÞγ, ðμþμ−Þγ, and ðμþμ−Þμþμ−
at future electron-positron colliders [56,57], with runnings
in both the Tera-Z and theHiggs factorymodes, to search for
the ALP. We found that future Z factories can cover most of
the parameter region ofma up to 85 GeV, which can explain
the ðg − 2Þμ anomaly, while future Higgs factories can
extend the limits to much higher masses.
The ðg − 2Þμ and the constraints on the axion couplings

have been extensively studied in Refs. [15,51,53–55]. Our
work extends these results in the following aspects.
The 2-loop Barr-Zee diagram contributing to the

ðg − 2Þμ has a nontrivial counterterm arising from the
axion shift symmetry in the derivative coupling basis,
which is clarified recently in Ref. [54]. Their calculations
only consider the photon in the diagram. In our study, since
we are interested in axion mass up to Z mass, the
contributions from theW=Z gauge boson are also included.
Previous studies on the constraints from other experi-

mental searches focus on the effect of turning on a single
coupling. We start with both the fermion coupling Cμμ and
the gauge boson coupling CBB and CWW due to the require-
ment of ðg − 2Þμ. It opens up some unique channels, for
exampleZ → ðμþμ−Þγ, in themultiple-parameters scenario.
It differs from a previous study ofZ → ðμþμ−Þγ in Ref. [51],
which only focused on Cμμ and derived CγZ from the lepton
coupling at the 1-loop level. Therefore, we conducted a
reanalysis of this channel in the context of multiple
parameters and particularly focused on its implications
for the ðg − 2Þμ parameter region at future electron-positron
colliders. In addition,we update the constraints fromvarious
existing experiments. For example, the muonic force study
on Uð1ÞLμ−Lτ

at the CMS [58] can set limits on the axion-
muon coupling, but it is missing in the previous studies.
Moreover, with two gauge couplings, one of the couplings
Cγγ or CZγ can be very small, leading to significant changes
in the axion-decay branching ratio and lifetime. Therefore,
some previous studies do not directly apply to this case.
We should also mention the flavor physics measure-

ments can, in principle, offer sensitive probes to axion

couplings. For instance, in a UV completion of the ALP
Lagrangian, there may exist flavor off-diagonal derivative
couplings between the ALP and leptons. Such couplings
could trigger charged-lepton flavor-violation processes
such as μ → eγ and π → μe and are consequently strin-
gently constrained by experimental results [52,53,55,59].
Hence, we assume that the ALP-lepton coupling is flavor
diagonal at low-energy scales in the lepton-mass basis.
This setting implies that the UV completion of the ALP
model must possess a specific flavor structure to account
for the pronounced suppression of flavor off-diagonal
couplings [54,55]. Furthermore, the CWW coupling can
induce the flavor-violating couplings in the down-quark
sector through the top quark in the loop, which is severely
constrained by the precision meson measurements. The
CWW coupling can be constrained by Bþ → KþaðμμÞ,
B → K�aðμμÞ, Bþ → πþaðμμÞ for ma < 5 GeV [55]. The
CBB coupling is less constrained since it comes in at a
higher order. For Cμμ coupling, the three exotic B meson
decay channels provide similar constraints. There is one
more channel Bs → μþμ−, which can provide a constraint
competitive with the CMS-muonic force search [58] even
for large ma. At the same, such constraints depend on the
flavor model, which necessarily involves more parame-
ters. In this paper, we will assume that flavor constraints
are not enough to cover the interesting parameter space.
The paper is organized as follows. In Sec. II, we describe

the axion low-energy model and calculate the ðg − 2Þμ at
the 2-loop level. In Sec. III, we start without the coupling
between the ALP and the W boson. The signal final states
are classified as aþ γ and aþ f̄f and the existing
constraints from electron-positron colliders like BABAR
[60,61], Belle-II [62], the LEP [63–66], and the Large
Hadron Collider [58,67,68] are discussed extensively in
Sec. III A. We then discuss the constraints from exotic final
states at future Tera-Z and Higgs factory in Sec. III B and
extend the results including the general couplings to W
boson in Sec. III D. Section IV contains our conclusion.

II. THE ALP PROPERTIES AND
CONTRIBUTION TO ðg − 2Þμ

In this section, we present analytical results useful for
our numerical study, including the ALP couplings, relevant
decay widths, and their contribution to ðg − 2Þμ. Following
the notation of [54], we begin with the effective Lagrangian
on the basis of the fermion masses.

LD≤5
eff ¼

X
f

Cff

2

∂
μa
fa

f̄γμγ5f þ αCγγ

4π

a
fa

FμνF̃μν

þ αCγZ

2πswcw

a
fa

FμνZ̃μν þ αCZZ

4πs2wc2w

a
fa

ZμνZ̃μν

þ αCWW

πs2w

a
fa

ϵμνρσ∂
μWνþ∂ρWσ

− þ � � � ; ð2Þ
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with the coefficients

Cγγ ¼ CWW þ CBB; CγZ ¼ c2wCWW − s2wCBB;

CZZ ¼ c4wCWW þ s4wCBB; ð3Þ

where sw ≡ sin θW , cw ≡ cos θW with θW being the weak-
mixing angle. This EFT Lagrangian can be valid up to scale
Λ ¼ 4πfa [54,55]. We have omitted the gluon coupling and
interaction vertices containing more than three fields. In
this work, we only consider f ¼ μ for simplicity.
For illustrative purposes, we start with a simple case

CWW ¼ 0 to present our analytic results and discuss exper-
imental constraints before we present the full numerical
results withCWW ≠ 0. This simple choice is also favored by
electroweak precision data (EWPD) (see, e.g., Fig. 27 of
Ref. [15]). In this case, we have three free parameters

fma; Cμμ; CBBg: ð4Þ

In this case, the exotic Z decay Z → γa is induced by
CZγ ¼ −s2wCBB ¼ −s2wCγγ . The partial widths of the exotic
Z decay and the two axion decay channels a → μþμ− and
a → γγ are

ΓðZ → γaÞ ¼ α2ðmZÞm3
Z

96π3s2wc2wf2a
jCeff

γZ j2
�
1 −

m2
a

m2
Z

�
3

; ð5Þ

Γða → μþμ−Þ ¼ mam2
μ

8πf2a
jCeff

μμ j2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
μ

m2
a

s
; ð6Þ

Γða → γγÞ ¼ α2m3
a

64π3f2a
jCeff

γγ j2; ð7Þ

where the effective couplings are

Ceff
γγ ¼ Cγγ þ Cμμ

�
1þm2

μ

m2
a
· F

�
m2

a

m2
μ

��
þOðαÞ; ð8Þ

Ceff
γZ ¼ CγZ þ Cμμ

�
1

4
− s2w

��
1þ m2

μ

m2
a −m2

Z
·

�
F
�
m2

a

m2
μ

�

− F
�
m2

Z

m2
μ

���
þOðαÞ; ð9Þ

Ceff
μμ ¼ Cμμ þOðα2Þ; ð10Þ

F ðxÞ≡ ln2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xðx − 4Þp
− xþ 2

2

�
; ð11Þ

with the fine-structure constant evaluated at Z-pole
αðmZÞ ≈ 1=127.9. Since the axion gauge-boson coupling
Cγγ; CγZ enters to the ðg − 2Þμ at 1-loop, it is necessary to
include the 1-loop contributions in the effective couplings.
The effective couplings presented here are consistent with
those in Ref. [15].

A. The contribution to the ðg− 2Þμ
In this leptophilic-axion setup, there are three types of

diagrams, shown in Fig. 1, contributing to the ðg − 2Þμ and
potentially giving an explanation to Δaμ [54]. The first
two are 1-loop diagrams from muon and photon=Z boson
couplings, and the third one is the Barr-Zee-type diagram

from muon coupling only. The first diagram að1Þμ and third

diagram að3Þμ contribute negatively to Δaμ, with

að1;3Þμ ∝ −C2
μμ. This can be understood by the fact that

the axion is CP-odd pseudoscalar, resulting in an
extra minus sign in comparison with the scalar.
Therefore, to explain the ðg − 2Þμ anomaly, the contribu-

tion of the second diagram að2Þμ ∝ −CμμCγγ has to be
positive, implying that the couplings Cμμ and Cγγ should
have different sign [15,47,50]. Without loss of generality,
from now on, we assume that Cγγ=CBB is positive while
Cμμ is negative.

(a) (b) (c)

FIG. 1. The loop diagrams with ALP for ðg − 2Þμ up to 2-loop level. The gauge bosons in diagrams (b) and (c) are γ and Z bosons.
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The contributions of the diagrams in Fig. 1 are given by

Δa1 ¼ −
C2
μμm2

μ

16π2f2a

�
1þ 2xþ xð1 − xÞ lnðxÞ

þ 2xðx − 3Þ
x − 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xðx − 4Þ

p
ln

� ffiffiffiffiffiffiffiffiffiffiffi
x − 4

p þ ffiffiffi
x

p
2

��
; ð12Þ

Δa2γ ¼ −
αm2

μCμμCγγ

8π3f2a
· hγðx;ΛÞ; ð13Þ

Δa2Z ¼ αCγZCμμm2
μð4s2w − 1Þ

32π3c2ws2wf2a
· hZðx; y;ΛÞ; ð14Þ

Δa3γ ¼ −
αCμμCff

8π3
m2

μ

f2a
½Hγ þ hγðx;ΛÞ�; ð15Þ

Δa3Z¼−
αCμμCffm2

μð4s2w−1Þ2
128π3c2ws2wf2a

½HZþhZðx;y;ΛÞ�; ð16Þ

where the Hγ=Z and hγ=Z functions are

HZ ¼
Z

1

0

dz

�
Δ2

Δ2 −m2
a

�
−
m2

aðm2
a þ 2m2

μÞBðm2
μ; ma;mμÞ

3ðm2
a −m2

ZÞm2
μ

þ m6
a

6m4
μðm2

a −m2
ZÞ

ln

�
m2

a

m2
μ

��

þ Δ2

Δ2 −m2
Z

�
m2

Zð2m2
μ þm2

ZÞBðm2
μ; mZ;mμÞ

3m2
μðm2

a −m2
ZÞ

þ m6
Z

6m4
μðm2

Z −m2
aÞ
ln

�
m2

Z

m2
μ

��

þ Δ2

3m2
μ
þ Δ4ðΔ2 þ 2m2

μÞBðm2
μ; mμ;ΔÞ

3m2
μðΔ2 −m2

aÞðΔ2 −m2
ZÞ

þ Δ8

6m4
μðΔ2 −m2

aÞðΔ2 −m2
ZÞ

ln

�
m2

μ

Δ2

��
; ð17Þ

Hγ ¼
Z

1

0

dz
Δ2

2ðΔ2 −m2
aÞ
�
−
2

3

m2
a þ 2m2

μ

m2
μ

Bðm2
μ; ma;mμÞ þ

2

3

Δ2 þ 2m2
μ

m2
μ

Bðm2
μ; mμ;ΔÞ

þ Δ4

3m4
μ
ln

�
m2

μ

Δ2

�
þ m4

a

3m4
μ
ln

�
m2

a

m2
μ

�
þ 2

3

Δ2 −m2
a

m2
μ

�
: ð18Þ

hγ ¼ ln

�
Λ2

m2
μ

�
þ 2 −

x2

6
lnðxÞ þ x

3
þ xþ 2

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xðx − 4Þ

p
ln

� ffiffiffiffiffiffiffiffiffiffiffi
x − 4

p þ ffiffiffi
x

p
2

�
; ð19Þ

hZ ¼ ln

�
Λ2

m2
Z

�
þ xðxþ 2ÞBðm2

μ; ma;mμÞ
3ðx − yÞ þ yð2þ yÞBðm2

μ; mZ;mμÞ
3ðy − xÞ

þ ðxþ 6þ yÞ
3

−
6xþ y3 − 6y
6ðx − yÞ ln

�
x
y

�
−
x2 þ xy − 6þ y2

6
lnðxÞ; ð20Þ

with

x≡m2
a

m2
μ
; y≡m2

Z

m2
μ
; Δ2 ≡ m2

f

zð1 − zÞ ; ð21Þ

Bðm2
μ; ma=Z; mμÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

a=Zðm2
a=Z − 4m2

μÞ
q

ln

0
BB@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

a=Z − 4m2
μ

q
þma=Z

2mμ

1
CCA=m2

μ; ð22Þ

Bðm2
μ; mμ;ΔÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2ðΔ2 − 4m2

μÞ
q

ln

0
B@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 − 4m2

μ

q
þ Δ

2mμ

1
CA=m2

μ: ð23Þ
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The B function is the DiscB function in Mathematica Package X

[69]. Λ is the loop calculation UV cutoff scale. In our
muonphilic scenario, the loop fermion is restricted to the
muon lepton only, i.e., f ¼ μ. Explicit calculations
have been performed in Refs. [15,50,54], with the inner loop
of the Barr-Zee diagram using off shell axion and photon
propagators when connecting to the muon lines [54]. The
effective aFF̃ vertex function is then inserted into the loop,
which leads to the final answer of ðg − 2Þμ. As an appropriate
approximation, we only keep effective vertex function result
that is linear in the on shell photon’s momentum.
In addition, we add the contribution with internal Z

boson for completeness, denoted as Δa2Z and Δa3Z,
especially because we are interested in large ma compa-
rable to mZ. Moreover, for nonzero CWW , it is possible that
CγZ can be much larger than Cγγ . Thus the diagram with Z
boson in the loop is no longer negligible. The result in the
second diagram of Fig. 1 with an inner Z boson takes the
form Δa2Z ∝ log Λ2

m2
Z
þ 3=2 when expanded at large y,

which is consistent with calculations of Ref. [15]. In the
third diagram of Fig. 1, the contribution with internal Z
boson to the Barr-Zee diagram is not small due to the
counter-term (explained in detail below). Lastly, due to the
ALP’s antisymmetric coupling to the W� gauge bosons,
the contribution of the 2-loop Barr-Zee diagram with theW
boson in the loop is zero [55,70].
The calculations in Eqs. (12)–(16) are done with shift-

invariant derivative coupling ∂
μaf̄γμγ5f, which has a

subtlety in the last diagram. A direct 2-loop calculation
of the third diagram leads to the H function. However, the
vertex function of the inner loop is ambiguous since it is
linearly divergent. For the inner loop leading to an effective
aFF̃ vertex, it has to vanish when sending the fermion mass
in the inner loop to infinity to preserve the shift symmetry
of ALP. This fact is not satisfied for H function alone.
Therefore, one has to add the counterterm function h to fix
this problem as shown in Ref. [54]. The counterterm here
works as a shift-symmetry restoration in the derivative
coupling basis and should not be mixed with the counter-
terms in renormalization procedure.
It turns out that the function h dominates over H in the

parameter space we are interested in. It is suggestive to
compare with the results in the other operator basis. One
can do a chiral rotation to eliminate the derivative term,
which is equivalent to doing the following substitution,

Cff

2

∂
μa
fa

f̄γμγ5f

→ −
Cffmf

fa
af̄iγ5fþ g02ðY2

L þ Y2
RÞCff

32π2fa
aBμνB̃μν

þ g2T2
3Cff

32π2fa
aW3μνW̃3

μν þ gg0T3YLCff

16π2fa
aBμνW̃

μν
3 þ � � �

ð24Þ

→ −
Cffmf

fa
af̄iγ5f þ αQ2Cff

4πfa
aFμνF̃μν

þ αCffQð1
2
T3 − s2wQÞ

2πcwswfa
aFμνZ̃μν

þ αCffðs4wQ2 − s2wQT3 þ T2
3

2
Þ

4πc2ws2wfa
aZμνZ̃μν þ � � � ; ð25Þ

where YL, YR, and T3 are the hypercharge of left-handed,
right-handed, and weak isospin of fermions, respectively.
We have omitted the terms which are higher order in f−1a .
The anomalous aFμνZ̃μν part can be determined by the
calculation of anomalous triangle diagrams with massless
fermions running in the loop. Because of the Furry
theorem, only the vector part of Z coupling to fermions
contributes to the diagrams. When using the iaμ̄γ5μ
operator, the result for the first diagram is not changed,
while the third diagram returns exactly the H function.
Since there is no shift symmetry, the results are exact.
Furthermore, the extra aFμνF̃μν coupling in Eq. (25) leads
to a new contribution in the second diagram, which matches
the counterterm contribution as the h function. We have
done the calculation using Package-X [69]. The results of the
H functions are consistent with other calculations. For the
2-loop calculations, when the loop fermion mass mf and
the ALP mass ma satisfy the condition (mμ ≪ ma;mf), our
results of theH functions coincide with the 2-loop results in
Ref. [47] calculated with iμ̄γ5μ.
In Fig. 2, using Eqs. (12)–(16), we show the parameter

space which can give an explanation to the ðg − 2Þμ
anomaly at 2σ confidence level. The axion mass is chosen
to be 1; 5; 10; 50, 70, 80, and 100 GeV, respectively, which
will also serve as benchmark cases for the rest of the paper.
In the shaded regions between different color lines, an
explanation of the ðg − 2Þμ anomaly is possible. In these
regions, the decay to dimuon dominates over the diphoton
except at high-mass regions around Z-pole. For the upper-
right region, the Cμμ coupling is large and leads to a large
negative contribution, which requires a large Cγγ coupling
to cancel it. For larger couplings, this cancellation needs to
be more precise. Hence, there is less flexibility for Cγγ, and
the band on the upper-right region is much thinner than the
upper-left region.
The results presented in Fig. 2 indicate that a minimum

value of Cγγ

fa
can be around 40 TeV−1 to explain the ðg − 2Þμ

anomaly. This implies that the EFT Lagrangian given in
Eq. (2) should be valid up to the cutoff Λ ¼ 4πfa∼
300 GeV, which in turn suggests that fa ≪ vSM, with
vSM ¼ 246 GeV being the SM electroweak-breaking scale.
Consequently, the applicability of the EFT to the under-
lying UV model is a challenge, and the constraints on the
UV complete model may be important in phenomenologi-
cal constraints on EFT. These challenges have been
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comprehensively discussed in Ref. [54], which notes that
the flavor off-diagonal derivative coupling of the ALP is
inevitable, and therefore lepton flavor-violating processes
should be considered. We take all relevant points into
account, as recommended in Ref. [54]. Our findings
suggest that there is still room for ALP ðg − 2Þμ explan-
ation, which could be explored in future collider searches.

III. THE CONSTRAINTS FROM EXISTING
SEARCHES AND PROJECTION OF

FUTURE PROBES

The model of ALP with an explanation for the ðg − 2Þμ
anomaly can lead to a rich set of experimental signals.
For example, there are many existing experiments search-
ing for light new particles in a similar mass range, which
can set stringent limits on ALP couplings. In Sec. III A, we
will go through the existing experiments and check how
they can constrain the above parameter space. It turns out
that most of the interesting parameter space capable of
explaining the ðg − 2Þμ anomaly is still viable under the
existing constraints.
In addition, the above couplings can lead to exotic Z

decay Z → aγ and Z → aμþμ−, as shown in Fig. 3, with
relevant branching ratios presented in Fig. 4. These are the
main decay channels we will be considering in this paper.
We discuss the limits from the Z-pole run at future electron-
positron colliders in Sec. III B and found it can decisively

exclude the ALP solution up to ma ∼ 85 GeV. In this
section, we will focus on the simpler case of CWW ¼ 0.
This gives a simple picture of physics. In Sec. III D, we will
present the numerical results with nonzero CWW and
discuss the difference with the simpler case.

A. Constraints from current results
of light-particle searches

We focus on two final states, one is aþ γ and the other is
aþ f̄f. In addition, axion decay channels, a → γγ and
a → μþμ−, are considered. In the following, we will go
through the relevant experiments and set the limits on the
ALP couplings to muon and photon.

ma=1GeV

ma=5GeV

ma=10GeV

ma=50GeV

ma=70GeV

ma=80GeV

ma=100GeV

100 101 102 103
101

102

103

CWW=0

FIG. 2. The bands in the axion couplings which can give an explanation to the ðg − 2Þμ anomaly at 2σ confidence level. Different
bands correspond to different choices of axion mass ma. We set the cutoff scale, Λ, to be 1 TeV and the axion-W coupling CWW ¼ 0.

FIG. 3. The Feynman diagrams for exotic Z decay channels
Z → aγ and Z → aμþμ−, respectively.
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1. Constraints from searches for final states of a + γ

An ALP together with a photon can show up as
final states from either exotic Z decay Z → aγ or the
s-channel off shell photons and Z bosons production
eþe− → γ�=Z� → aγ, though couplings Cγγ and CγZ (for
CWW ¼ 0, CγZ is fixed by Cγγ) as shown in Fig. 5. Since
both Cμμ and Cγγ are nonzero in order to account for the
ðg − 2Þμ anomaly, the ALP will decay to μþμ− and γγ.
Therefore, the experimental searches for ðγγÞ þ γ and
ðμþμ−Þ þ γ final states, where the bracket indicates the
two particles inside form a resonance, should be sensitive to
this class of models.

(i) Two photon final state γγ: There have been a large
number of relevant searches at LEP and LHC which
focus on multiphoton final state. For very low-mass
ALPs, the two photons decayed from boosted ALPs
are too collimated to be resolved by the detector.
Therefore, the two photons will be recognized as one
single photon. As a result, in the low mass region the

2γ final-state search is more relevant. LEP-I inclu-
sive diphoton searches eþe− → X þ 2γ is exploited
to cover the low-mass ALPs in Refs. [65,71]. The
Z-pole production Z → aγ and virtual photon pro-
duction eþe− → γ�=Z� → aγ have been considered
and the limits on CγZ and Cγγ have been derived with
the assumption BRða → γγÞ ¼ 100%. With the in-
clusion of a → μþμ−, it can still place the most
stringent bound for ma ¼ 1 GeV as shown in Fig. 8
and for ma < 4 GeV as shown in the right panel
of Fig. 9.

(ii) Three photon final state ðγγÞγ where the pair ðγγÞ
come from the ALP decay1: The searches based on
this final state are relevant for higher ALP masses.
L3 and ATLAS have looked for exotic Z decay Z →
3γ [66,67], while the OPAL Collaboration has
searched for off shell γ=Z process eþe− → XðγγÞγ

FIG. 4. The exotic Z decay branching ratios for Z → aγ (left panel) and Z → aμþμ− (right panel), respectively. As examples, we
choose CWW ¼ 0; ma ¼ 5 GeV and 50 GeV.

(a) (b) (c)

FIG. 5. Feynman diagrams corresponding to aþ γ final states in various experimental searches. The diagram (a) is related to LEP/L3/
ATLAS [65–67] with on shell Z → ðγγÞγ, while diagrams (b) and (c) are related to OPAL searches for eþe− → ðγγÞγ via off shell γ=Z
[63] and on shell Z → ðμþμ−Þγ [64], respectively.

1In this paper, we use the convention that two particles inside a
bracket come from the ALP.
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[63]. The ATLAS experiment sets a limit BRðZ →
γγγÞ < 2.2 × 10−6 [67], which can be used to put
constraints on Ma ≲ 70 GeV. There is no limit on
ma > 70 GeV due to the experimental requirement
pγ
T > 17 GeV [72]. Recently, Belle-II has searched

for the channel eþe− → γa → 3γ at electron-
positron colliders for ALP mass range 0.2 < ma <
9.7 GeV [62], assuming BRða → γγÞ ¼ 100%.
After including the ALP-decay branching ratio to
muons, these experiment results can be recast to
set stringent limits on axion-photon coupling Cγγ .
In the right panel of Fig. 9, we have assumed that for
a given Cγγ and ma, the coupling to muon Cμμ is the
minimal value which can give an explanation to the
ðg − 2Þμ anomaly. In this case, one can see the limits
on Cγγ=fa should be ≲300 TeV−1 by LEP-I (2γ) for
ma < 10 GeV and ≲100 TeV−1 by L3 3γ for
4 GeV < ma < mZ. The ATLAS (Z → 3γ) search
is a little stronger than L3 (Z → 3γ), but is narrower
in the mass range covered. OPAL (3γ) can set limits
on Cγγ=fa < Oð150Þ TeV−1 for ma > 20 GeV and
can extend to limit to ma ≲ 190 GeV [71].

(iii) Muon pair with a radiated photon ðμþμ−Þ þ γ:
If ALP decays to muons, the experimental search
for final state μþμ−γ is relevant. The OPAL Col-
laboration has studied a pair of leptons lþl− plus a
radiated photon from a Z decay [64], where l ¼ e,
μ, τ, and set limits on the exotic Z decay
BrðZ → μþμ−γÞ < 5.6 × 10−4. They have also set
limits for new resonance from Z → Xγ with X →
lþl− for 60 GeV < mX < 84 GeV. It has been
used to constrain CZγ while assuming axion
decay Brða → lþl−Þ ¼ 100ð10Þ% in Ref. [15].
We adapt the results to our model with both Cγγ

and Cμμ couplings. However, with the choice
CWW ¼ 0, it only shows up in the left panel in
Fig. 9, where our choice of minimal Cγγ leads
to larger BRða → μþμ−Þ. In the right panel

of Fig. 9, this limit is not relevant and the cons-
traints are dominated by the photon final state
searches.

2. Constraints from searches for final states of a + f̄ f

The relevant processes with this class of final states are
shown in Fig. 6. Depending on whether the fermion is
muon lepton or not, this final state can be classified into two
categories.

(i) A muon pair together with a pair of other fermions
ðμþμ−Þ þ f̄f: If the associated fermions are not
muons, the ALP should be generated through axion-
gauge couplings alone as shown in the left panel of
Fig. 6. In this case, to recast the experiment limits to
our model, we need to rescale the constraint on
axion-gauge couplings by taking into account the
a → μþμ− branching ratio.

Several experimental searches belong to this
category. The CMS Collaboration has analyzed
multilepton final states in search for new scalar or
pseudoscalar particles, which decay to dimuon or
dielectron, assuming the particle is produced in pp
collisions associated with top-quark pairs, i.e.,
pp → tt̄ϕ with ϕ → μþμ− [68]. Recently, the
BABAR Collaboration [60] has published a search
result for dark leptophilic scalar in the channel
eþe− → τþτ−ϕL;ϕL → lþl−, setting limits to lep-
tonic couplings for ϕL in the mass range
0.04 < mϕL

< 7.0 GeV. The ALP in our model
can play the role for ϕ=ϕL here, generated in
associated with top- or tau-lepton pairs and sub-
sequently decays to a pair of muons. Their results
can be recast to constrain couplings Cγγ=CγZ. The
CMS and the BABAR experiments can constrain
the jCμμ=faj ≲ 5000 TeV−1 and 1000 TeV−1 re-
spectively, as shown in the left panel of Fig. 9.
For the parameter region capable of explaining
the ðg − 2Þμ anomaly, the constraints from the

(a) (b)

FIG. 6. Feynman diagrams corresponding to aþ ff̄ final states experiments searches. Diagram (a) is related to the collider searches
eþe−=pp → ðμþμ−Þff̄ at BABAR [60,61], CMS [58,68], and diagram (b) is also related to the collider searches eþe−=pp →
ðμþμ−Þμþμ− at CMS [58], BABAR [61].
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ðμþμ−Þ þ f̄f final state searches are less stringent
compared with 4μ final states search.

(ii) Four muons final state ðμþμ−Þ þ μþμ−: If the
fermions associated with anALP aremuons, the ALPs
are generated through the couplingsCγγ ,CγZ, andCμμ.
We can not simply rescale the existing ALP coupling
limit (usually assuming only one ALP coupling) since
more Feynman diagrams are relevant, which could
alter the cut efficiency for the signal model. Therefore,
we use MadGraph5@NLO [73] and FeynRules [74] to
simulate and recast the experimental bounds.
There are a number of experimental searches for the

4μ final states, often targeting somemediator of the so-
called muonic dark force, such as the Z0

Lμ−Lτ
gauge

boson. The BABAR Collaboration [61] has carried out
the eþe− → 4μ channel analysis using 514 fb−1 data,
looking for exotic gauge boson Z0 in mass range
of 0.212–10 GeV. The CMS Collaboration [58]
has performed a similar search for Z0 in mass range
10–70GeVatLHC. In these results, the productionand
decay of the Z0s are both assumed to be governed by a
single coupling tomuon.To recast their limits, both the
couplings ofCμμ andCγγ=γZ need to be considered due
to the differences in relevant Feynman diagrams and
the effect of ALP decay branching ratio. In addition,
the different cut efficiencies between vector gauge
bosons and pseudoscalar have been taken into account
by simulation. In the left panel of Fig. 9, the 4μ final
state search places the most stringent constraints on
parameter spaces relevant for explaining the ðg − 2Þμ
anomaly. It excludes jCμμ=faj ≥ Oð10Þ TeV−1.

3. Constraints from measurements of
Light-by-Light scattering

Light-by-light scattering γγ → γγ can occur in heavy-ion
collisions and proton-proton collisions, which is shown in
Fig. 7. This type of scattering can be used to probe ALPs
through channel γγ → a → γγ. There are several experi-
mental searches for ALPs using the same final state as the
light-by-light scattering process. CMS [75] and ATLAS

[76] have analyzed the data collected from ultraperipheral
Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV and set upper limits
for Cγγ=fa assuming BRða → γγÞ ¼ 100%. Similarly, the
LHC has carried out several searches for exclusive dipho-
ton events in proton-proton collisions [77,78] and set limits
for the higher mass of ALPs. These experiments and their
limitations of ALPs have been extensively studied in
Ref. [79] and we rescale the constraints by the ALP decay
branching ratio. We have placed these limits in the Fig. 9
and are denoted as PbPbðγγÞ and LHCγγF for Pb-Pb andpp
collisions, respectively.

B. The search at future Z and Higgs factories

There have been several proposals for future circular
electron-positron colliders, including the CEPC [56,80]
and the FCC-ee [57,81]. As part of their proposed run
plan, there is a stage running at the Z-pole with a target of
resonant producing more than 1012 Z gauge bosons,
as well as runs in the Higgs factory mode [56,82].
These are called Tera-Z and Higgs factories. In particular,
FCC-ee (CEPC) is proposed to run an integrated luminosity
at Z pole for 150 ab−1ð60 ab−1Þ and at

ffiffiffi
s

p ¼ 240 GeV for
5 ab−1ð12 ab−1Þ, respectively [83,84]. With numerous Z
and Higgs bosons and the clean environment of an electron-
positron collider, it is an ideal place to look for the exotic Z
and Higgs decay and place limits for beyond the Standard
Model physics [71,85–90].
The couplings CγZ and Cμμ are crucial for an ALP

explanation of the ðg − 2Þμ anomaly. At the same time,
they predict rare Z decays Z → aγ and Z → aμþμ−, which
the Tera-Z factory is well-equipped to test. The axion decays
dominantly via a → μþμ− in the parameter space which
can explain the ðg − 2Þμ anomaly, except whenma is close
to the Z-pole. In our numerical study, we have included the
1-loop correction from muon coupling Cμμ to the ALP
couplings CγZ=γγ , shown in Eqs. (8) and (9). Since we have
Ceff
γγ ≈ Cγγ þ Cμμ, this modifies the ALP-decay branching

ratio and the experiment constraints. We consider both of
the ALP decays a → μþμ− and a → γγ, which lead to the
exotic Z decay final states as ðμþμ−Þγ, ðγγÞγ, and
ðμþμ−Þμþμ−. The relevant SM backgrounds are simulated
using MadGraph5@NLO [73]. There is one more exotic decay
ðγγÞμþμ− which is less covered by the experiments, we
leave its phenomenology study to future work. The
branching ratios of relevant decay modes Z → aγ and Z →
aμþμ− are given in Fig. 4 for CWW ¼ 0, ma ¼ 5ð50Þ GeV
respectively. The exotic Z decay searches lead to strong
constraints forma < mZ, but the limits fade away whenma
close to mZ. Therefore, we extend them to searches at
Higgs factories with

ffiffiffi
s

p ¼ 240 GeV, based on s-channel
production through off shell Z=γ, to cover ma > mZ.
To get amore realistic estimate, we impose some basic cuts

[91] on the kinematics of the muons and photons in the final
state to suppress the SM background. The opposite-sign

FIG. 7. The photon fusion process γγ → a → γγ from Pb-Pb
ion collision and pp collision at the LHC.
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muons are required to be spatially separated, ΔR > 0.1. For
a → μþμ− decay, to take into account the resolution for the
invariant mass of dimuon, we require jmμμ=ma−1j<0.19%.
For a→ γγ decay, we require jmγγ −maj< 1GeV, while in

theZ → ðγγÞγ decaywe further require the third photon form
the Z resonance together with the first two photons [71]. We
summarize the basic cuts and the specific requirements for
each exotic Z decay channel in the following:

1:Basic cuts∶ Eγ > 2GeV; pμ
T > 0.1GeV; jηγ=μj< 3.0

2: Z→ ðμþμ−Þγ∶
				mμμ−ma

ma

				< 0.19%;

3: Z→ ðγ1γ2Þγ3∶ jmγ1γ2 −maj< 1GeV;

				Eγ3 −
m2

Z−m2
a

2mZ

				< 1GeV;

4: Z→ ðμþμ−Þμþμ−∶ at least one opposite sign muon pair

				mμμ−ma

ma

				< 0.19%; ΔRμþμ− > 0.1; pμ
T > 5GeV: ð26Þ

For a Higgs factory with
ffiffiffi
s

p ¼ 240 GeV, we substitute mZ
in the above cuts to 240 GeV. The main results of our study,
with the assumption ofCWW ¼ 0, are shown in Figs. 8 and 9.

C. Summary of current limits and
projected reach CWW = 0

Based on the discussions in Secs. III A and III B, we
summarize the current constraints and the projected reaches
of Z factories (CEPC and FCC-ee).

Figure 8 shows the result on the ALP couplings Cμμ=fa
and Cγγ=fa, for different benchmark ALP masses. In
particular, the results for ma ¼ 1, 5, 10, 50, 70, and
80 GeV are plotted. For light ma and small Cμμ, the
parameter region capable of explaining the ðg − 2Þμ
anomaly (red band) is constrained by aγ → ðγγÞγ from
Belle-II [62], L3 [66], OPAL [63], and ATLAS [67] or
inclusive γγ from LEP-I [65] searches. At the same time, for
large Cμμ, the decay channel to a → μþμ− leads to

FIG. 8. The constraints from various existing experiments and future projections from Z factories (CEPC and FCC-ee) from exotic Z
decay searches Z → aγ → ðγγÞγ, Z → aγ → ðμþμ−Þγ, and Z → aμþμ− → ðμþμ−Þμþμ−. The parameter space of ðg − 2Þμ solution is
plotted in the red band. We set CWW ¼ 0, and Λ ¼ 1 TeV in g − 2 calculation.
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constraints from BABAR ðμþμ−Þμþμ− and τþτ−a →
τþτ−ðμþμ−Þ searches [60,61]. For large ma mass, the
similar feature holds that the small Cμμ is constrained by
3γ or 2γ searches, while large Cμμ is constrained by axion-
muonic decay searches. In contrast to the low ma case, the
CMS searches of pp → Z → μþμ−ϕ and pp → t̄tϕ
[58,68] with ϕ decaying to muon pair come into play
due to invariant mass threshold. The former requires the
reconstruction of the Z boson from four-muon invariant

mass. The latter does not require ϕ mass to be around mZ,
and its limit for a ϕ mass higher than Z is too weak to show
up on the figure. The OPAL search Z → μþμ−γ [64] is also
relevant and complements the CMS limits.
For the range of ma considered here, the limits from

3γ=2γ final states disappear for the right part of the ðg − 2Þμ
band, where Cγγ þ Cμμ ∼ 0. This is because the BRða →
γγÞ is governed by Ceff

γγ in Eq. (8), which is vanishingly
small in this case. This region is easily covered by

FIG. 9. Left panels: The existing constraints and future sensitivities in the Cμμ=fa −ma plane. We set CWW ¼ 0. For each pair of
parameters, Cμμ and ma, we choose the minimal jCγγj which can explain the ðg − 2Þμ anomaly at 2σ level. Right panels: The existing
constraints and future sensitivities in the Cγγ=fa −ma plane with CWW ¼ 0. We choose the minimal jCμμj coupling which can satisfy
ðg − 2Þμ anomaly at 2σ level. The gray region has no viable g − 2 solution and we simply set Cμμ ¼ 0 here. Top panels: The existing
constraints are plotted in color with the solid line as a boundary at 95% confidence level. Bottom panels: The reaches of future
Z-factories at CEPC (dashed lines) and FCC-ee (dot-dashed lines) with searches ðγγÞγ, ðμþμ−Þγ, and ðμþμ−Þμþμ− are shown, while the
reaches of the future Higgs factories are labeled with an extra @240 GeV.
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Z-factory searching for Z → ðμþμ−Þγ and Z →
ðμþμ−Þμþμ−, which benefit from the vanishing BRða →
γγÞ. Together with Z → ðγγÞγ, the Z-factory can cover the
rest of the parameter space relevant for an explanation of
the ðg − 2Þμ anomaly up to ma ≲ 85 GeV, providing a
decisive check for the ALP solution to ðg − 2Þμ and is
complementary to other existing experiments.
Figure 9 presents the existing constraints and future

reaches in the CμμðCγγÞ=fa −ma plane, where we place the
existing ones in the top panel and future ones in the bottom
panel. To focus further on the relevant part of the parameter
region, we will impose the condition that the parameter
which is not plotted is chosen so that an explanation of the
ðg − 2Þμ anomaly is possible. In the left panel, we choose
Cμμ and ma as free parameters, while Cγγ is chosen to be
the minimal value which can give an explanation to the
ðg − 2Þμ anomaly at 2σ level. In the right panel, we choose
the minimal Cμμ in a similar way. The only exception is the
gray region in the right panel where a possible explanation
for the ðg − 2Þμ anomaly can not be found within the model
under consideration.
In the left panel of Fig. 9, one might expect that a larger

Cγγ could help to evade the a → μþμ− searches via smaller
branching ratio. However, this effect is compensated by the
increased cross section of eþe− → aμþμ− and Z → aμþμ−,
because large Cγγ;γZ will dominate the contribution com-
paring with Cμμ. This feature is clear in Fig. 8 that the
BABAR 4μ and Z-factory aðμþμ−Þγ; aðμþμ−Þμþμ− boun-
daries become vertical with increasing Cγγ . The existing
constraints leave the lower-half of the plot unconstrained.
At the same time, the future probes from Z-factories can
fully cover the parameter space up to ma ∼ 85 GeV.
The constraints from photon final states ðγγÞγ set limits

on the small Cμμ region, where a large Cγγ is necessary for
explaining the ðg − 2Þμ anomaly. The constraints from the
low-energy eþe− collider Belle-II [62], L3 [66] search
based on Z-pole data, OPAL [63] search based on the data
collected during the ∼200 GeV run, pp collider Z study
from ATLAS [67], photon fusion from PbPb ion collision
[75,76] and pp collision at the LHC [77,78] are shown in
the top-left panel. Together with μþμ−, it still leaves the
possibilities open for jCμμj=fa ∼ 10 TeV−1 for ma < mZ

and for ma > mZ with large Cμμ. Adding the constraints
from exotic Z decays searches the Z-factory, one can fully
cover the parameter space for ma < 85 GeV. With the
240 GeV run, one can extend the exclusion up to ma ∼
160 GeV via eþe− → ðγγÞγ and ðμþμ−Þγ, which is com-
plementary to the LHC studies. It can cover part of
parameter region for ma up to 240 GeV, but leaves a small
opening for jCμμj=fa ∼ 10–100 TeV−1.
In the right panel of Fig. 9, for Cγγ within the “No

ðg − 2Þμ” band (gray region), there is no viable solutions
and we set Cμμ ¼ 0 in this region by hand. The existing

searches for 3γ=2γ multiphoton states have excluded a
good portion of the parameter space in the top-right panel.
The OPAL ðγγÞγ, photon fusion at Pb-Pb ion collision and
pp collider searches at high energy can cover ALP masses
larger than mZ because they do not rely on the on shell Z.
They leave an open space for jCγγj=fa ∼ 50–200 TeV−1.
The future Z-factory probes can cover the parameter
region for the ALP explanation to ðg − 2Þμ anomaly up
to ma ¼ 85 GeV.
The ðγγÞγ search from future Higgs factories can cover

the higher mass region up to ma ∼ 160 GeV. One can see
that the relevant parameter space is almost excluded.

D. Summary of constraints and
projected reaches CWW ≠ 0

Our results on the ALP contribution to ðg − 2Þμ can be
extended to cases with CWW ≠ 0 in a straightforward
way. In this case, the couplings Cγγ and CγZ are indepen-
dent. There are four free parameters for the model,
ma; Cμμ; CWW , andCBB. Since the 2-loop Barr-Zee diagram
with W boson running in the loop is small compared with
other diagrams, the CWW contribution to ðg − 2Þμ comes
mainly from the fact that it enters the independent Cγγ and
CγZ couplings.
Since we have more free parameters, it becomes difficult

to present the full results in the two-dimensional plane.
Instead, it is illuminating to present the results in CBB=fa −
CWW=fa parameter space for fixed values of Cμμ andma. In
Fig. 10, we choose ALP masses ma ¼ 5, 10, 50, 70, and
100 GeV. For muon coupling, we choose small value of
Cμμ=fa ¼ −5 and −50 TeV−1, respectively (for 10 GeV
case, Cμμ=fa ¼ −50 TeV−1 is fully excluded by CMS 4μ
search and we show Cμμ=fa ¼ −10 TeV−1 instead, and for
100 GeV, we choose Cμμ=fa ¼ −10 TeV−1) which can
evade most of the constraints based on the searches for
muonic final states. These values fall into the left branch
in Fig. 2, which correspond to the small Cμμ solutions.
For larger Cμμ, the constraints from 3γ=2γ searches are less
stringent, but the Z-factory search channel μþμ−γ could
probe more parameter spaces, similar to the situation
of CWW ¼ 0. The ðg − 2Þμ bands (red) in Fig. 10 have
negative slope, corresponding to approximately constant
Cγγ. This implies that the contribution to ðg − 2Þμ is
dominated by Cγγ coupling and the contribution from
Z=W bosons is less important.
For general ALP-gauge couplings, the constraint from

Z width precision measurement, Γtot
Z , should be taken into

account. If CWW ¼ 0, this constraint is weaker than the
one from exotic photon final-state searches. The Z total
decay width measured by LEP is Γtot

Z ¼ ð2.495�
0.0023Þ GeV [92]. It requires the BSM branching ratio
BRðZ → BSMÞ < 0.0018 at 95% C.L. It strictly limits
the large CWW values for small ma, as shown in Fig. 10.
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The projected Tera-Z Γtot
Z measurement could further

reduce the uncertainty to around 25 keV [84,93,94].
For ma ≲ 5 GeV, the flavor-violating meson exotic
decay induced by nonzero CWW strongly constrains the
parameter space of ALP [55]. This constraint is absent
for ma > 5 GeV.
For ma ¼ 5 GeV, the most stringent existing constraints

are the LEP-I (Z → 2γ), L3 [Z → ðγγÞγ] searches and the
ΓZ measurement. There is still a large portion of ðg − 2Þμ
band which is not constrained but will be fully covered by
Tera-Z → aγ → ðμþμ−Þγ except a small line presenting

Ceff
γZ ≈ 0. This is a general feature for exotic Z decay

channel Z → aγ.
For ma ¼ 10 GeV, more existing searches are relevant

because the invariant mass is large enough to go above the
dimuon threshold at the CMS pp → 4μ search and the
diphoton threshold at the L3 Z → 3γ search. The con-
straints from L3 Z → 3γ leaves a cross-shaped region open.
The region with a positive slope corresponds to Ceff

γZ ≈ 0

which minimizes the production cross section. There is
also an unconstrained region with a negative slope since
Ceff
γγ ≈ 0 leads to vanishing branching ratio BRða → γγÞ.

FIG. 10. The existing constraints and future sensitivities from Z-factory with CWW ≠ 0. The color codes are similar to Fig. 9. We
choose ma ¼ 5, 10, 50, 70, 100 GeV, respectively together with appropriate small muon couplings Cμμ.
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The limits from LEP-I ðZ → 2γÞ and the Z factory
(Z → aγ → 3γ) searches share the same feature as those
from L3. The former is weaker and less constraining, while
the latter is very strong leaving open only the two (very
fine-tuned) directions with Ceff

γγ;γZ ¼ 0. The CMS pp → 4μ

search leaves a region open close to Ceff
γZ ≈ 0, since we have

already chosen a pretty small Cγγ which means a large CγZ

is necessary to the production of aμþμ− final state. The Z-
factory Z → aγ → ðμþμ−Þγ search shares similar feature
that only the fine-tuned direction Ceff

γZ ¼ 0 is allowed. The
green-shaded region in the plot shows the projection for the
ðγγÞγ@240 GeV channel. Since eþe− → aðγγÞγ at

ffiffiffi
s

p ¼
240 GeV is not close to the Z-pole, the projected coupling
limit is much weaker than the ðγγÞγ channel at the Z-pole,
except in the fine-tuned case where Ceff

γZ ≈ 0. Additionally,
for small masses such asma ¼ 10 GeV, the branching ratio
of a → γγ is suppressed by ma compared to a → μμ.
Furthermore, the decayed γ from a light ALP has a lower
chance of passing the energy-selection criteria. Therefore,
the ðγγÞγ@240 GeV channel has difficulty covering the
ðg − 2Þμ region.
For ma ¼ 50 GeV, new constraints from the ATLAS

Z → 3γ and the OPAL ee → 3γ searches become relevant.
The former still leaves two fine-tuned directions open with
Ceff
γγ;γZ ¼ 0. The latter fully excludes the Ceff

γZ ¼ 0 direction
since OPAL data were taken during runs at higher energy
than mZ. The signal does not vanish in Ceff

γZ ¼ 0 direction,
because it can be generated via Cγγ alone, as shown in the
second diagram of Fig. 5. Future ee → ðγγÞγ search at
240 GeV could also push forward on Ceff

γZ ¼ 0 direc-
tion limit.
Forma ¼ 50 GeV and 70 GeV, the Z-factory Z → aγ →

ðμþμ−Þγ search leaves an open region with smaller Cμμ due
to the smaller branching ratio of a → μþμ−. Similar to the
case of ma ¼ 10 GeV, Z-factory (Z → aγ → 3γ) search is
very powerful, leaving only two fine-tuned directions with
Ceff
γγ ¼ 0 and Ceff

γZ ¼ 0.
For ma ¼ 100 GeV, the limits from on shell Z decay no

longer apply. The OPAL ee → ðγγÞγ provides significant
limits to the parameter space which covers the Ceff

γZ ¼ 0

direction. We show the LHC photon-fusion constraints
(γγF) from Pb-Pb ion collision and pp collision which is
complementary to OPAL limits. Since the LHC γγF
constraints show similar limits comparing with OPAL,
we only show their limits for ma ¼ 100 GeV for better
readability. Future ee → ðγγÞγ search @ 240 GeV is shown
as green-shaded region, which can cover the entire red
ðg − 2Þμ band.
To summarize, in comparison with the minimal case,

including the possibility of CWW ≠ 0 does not qualitatively
change the picture. This is due to the fact that the
contribution to ðg − 2Þμ is dominated by Cγγ coupling.
The contributions from Z=W bosons are less relevant. With

CWW ≠ 0, there are two new fine-tuned directions
Ceff
γγ;γZ ¼ 0, which help to evade limits from the exotic Z

decays to photon final states. The Z-factory constraints are
so powerful that the allowed points lie very close to a line
with almost exact cancellation. Interestingly, the OPAL
ee → ðγγÞγ search does not rely on on shell Z production,
thus it can exclude Ceff

γZ ¼ 0 direction. In addition, this
process can be applied to future Higgs factories at FCC-ee
and CEPC running at

ffiffiffi
s

p ¼ 240 GeV, which further
excludes the parameter spaces for larger mass ma > mZ.
Comparing Z → ðγγÞγ at future Z factories and ee → ðγγÞγ
at Higgs factories, the number of signal events for the
former are larger than the latter by about a factor of 100.
Therefore, for ma < mZ, the limits are dominated by exotic
Z decays except for mass threshold and fine-tuned
directions.

IV. CONCLUSIONS

The deviation between the ðg − 2Þμ measurement and the
SM prediction is a tantalizing sign of possible new physics
beyond the Standard Model. A generic ALP with sizable
couplings to muons and photons can provide a potential
explanation for the ðg − 2Þμ anomaly. In this paper we start
with ALP effective Lagrangian with general couplings
to electroweak gauge fields and muons. We provide full
ðg − 2Þμ calculations in ALP-fermion derivative coupling
basis up to the 2-loop Barr-Zee diagrams. The importance
of the inner-loop counterterm is addressed and we also
provide an understanding of the existence of the inner-loop
counterterm with chiral transformation in Eq. (25). We also
extended the previous results by including heavy gauge
boson Z and W into the calculation up to the 2-loop level,
which is necessary due to the existence of counter terms
and the heavy axion mass.
To recast the existing search results to our scenario, we

performed simulations. In comparison with most of the
previous studies, our scenario has the coupling between the
ALP to both the muon and the gauge bosons. Some unique
channels open up for this scenario. One such example is
Z → μþμ−γ. In addition, we have updated the constraints
from light particle searches, such as the CMS muonic force
search [58], which can provide limits on the ALP model
which has not been taken into account previously.
Moreover, there are more Feynman diagrams involved in
our scenario, the results in general can not be obtained by
simple rescaling and signal simulation is necessary. We
conclude that the existing results from experimental
searches can place bounds on the parameter space relevant
for an explanation of ðg − 2Þμ anomaly, but there is still a
large open space.
As a powerful experimental probe of the ALP scenario,

we propose to search for ðγγÞγ, ðμþμ−Þγ and ðμþμ−Þμþμ−
at future Tera-Z and Higgs factories, such as the CEPC and
FCC-ee. They can be sensitive to parameter space relevant
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for an ðg − 2Þμ explanation up toma ∼ 85 GeV from exotic
Z-decay searches, and the reach can be extended to
∼160 GeV at future Higgs factories, which are compli-
mentary to other existing experimental searches. We also
include the CWW coupling which is not considered before.
In this case, the ratio CγZ=Cγγ is no longer fixed. Moreover,
one of the couplings CγZ; Cγγ can become vanishingly
small which can help to evade the existing bounds and even
the future Z-factory’s probes. One exception is the OPAL
ðγγÞγ search at energies between 181–209 GeV [63] which
can constrain the fine-tuned direction CγZ ¼ 0. Future
Higgs factories such as FCC-ee and CEPC running at

240 GeV can further exclude the parameter space up to
ma ∼ 160 GeV through ðγγÞγ and ðμþμ−Þγ channels.
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