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Anomalous magnetic moment definition:

In Quantum Field Theory (with C, P invariance ) k = p′￼− p

= (�ie)ū(p0)
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Introduction to g-2



What’s the running in the loop? 

Total anomaly can be written as:

3

Introduction to g-2



The magnetic moment from such a loop enter as functions of:

aℓ ∼ f [
m2

ℓ

M2
]

m2
μ

m2
e

≃ 43000

Muon is more sensitive than electron in sensing a heavy unknown particle:
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Introduction to g-2

But  is so short-lived ( seconds) that no practical experiment can be 
designed with the current technology, current experimental bound is 

τ 10−13

−0.052 < aτ < 0.013

Even the sign is not known experimentally!!! 
This leaves us with the only choice μ. 



Standard Model Result (SM )

aSMµ = aQED
µ + aweak

µ + ahadµ
<latexit sha1_base64="IHTn1xzws21w1/bLQ+XBQmt2B24="></latexit>
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The Muon g-2 anomaly

QED Contribution 11 658 471.895 (0.015) Aoyama et al (5-loop)
EW Contribution 15.4 (0.1) Grendiger et al (Higgs mass)

Hadronic Contribution
LO hadronic 694.9(4.3) HLMNT11

NLO hadronic -9.8(0.1) HLMNT11
Light-by-light 10.5(2.6) Prades, de Rafael & 

VanishteinTheory Total 11659182.3(4.9)

⇥10�10
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The Muon g-2 anomaly

Δaμ = aexp
μ − ath

μ = (25.1 ± 5.9) × 10−10

Positive value and a 4.2 σ (Fermilab + Brookhaven)



The Scalar for Muon g-2

ℒyuk = ϕℓ̄ (gR + igIγ5) ℓ

The 1-loop contribution to g-2

• For scalar, 


• For (psudo)scalar, 

Δaℓ > 0

Δaℓ < 0

The (pseudo)scalar Yukawa coupling to lepton

Δaℓ =
1

8π2 ∫
1

0
dx

(1 − x)2((1 + x)g2
R − (1 − x)g2

I )
(1 − x)2 + x (mϕ/mℓ)

2



Further requirement for pseudo-scalar 

The pseudo-scalar solution

ℒ = iyaψaψ̄γ5ψ +
1
4

gaγγF̃F
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Figure 1. The loop diagrams with ALP for (g � 2)µ up to 2-loop level. The gauge bosons in

diagrams (2) and (3) are � and Z bosons.
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• Assumes  remains essentially constant throughout 
the integration over virtual photon-loop momentum


•  and  can adjust its sign to give positive result

gaγγ

gaγγ yaℓ

γ

γμ μ
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Complete calculation for ALP

The axion-like particle Lagrangian 

• Different sign for  and  is needed


• The 3rd diagram subtlety: 

cμμ cγγ
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f 2
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Complete calculation for ALP

The axion-like particle Lagrangian 
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Muon g-2 solution  Cww = 0
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ma=100GeV
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Figure 2. The bands in the axion couplings which can give an explanation to the (g� 2)µ anomaly

at 2� confidence level. Di↵erent bands correspond to di↵erent choices of axion mass ma. We set

the cut-o↵ scale, ⇤, to be 1 TeV and the axion-W coupling CWW = 0.

III. THE CONSTRAINTS FROM EXISTING SEARCHES AND PROJECTION

OF FUTURE PROBES

The model of ALP with an explanation for the (g� 2)µ anomaly can lead to a rich set of

experimental signals. For example, there are many existing experiments searching for light

new particles in a similar mass range, which can set stringent limits on ALP couplings. In

section IIIA, 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 (g � 2)µ anomaly is still viable under the existing constraints.

In addition, the above couplings can lead to exotic Z decay Z ! a� and Z ! aµ
+
µ
�,

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 section 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

10

• In g-2 solution region, 
mostly decay to 




• The inclusion of  diagram 
makes some difference for 
large 


• Exotic Z decay should 
happen

a → μ+μ−

Z

ma
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Z decay Cww = 0
of CWW = 0. This gives a simple picture of physics. In section IIID, we will present the

numerical results with non-zero CWW and discuss the di↵erence with the simpler case.

��

��

a

a

a

Z

Z

Z�

Z*/�*
�+

�+

Figure 3. The Feynman diagrams for exotic Z decay channels Z ! a� and Z ! aµ+µ� respectively.

Figure 4. The exotic Z decay branching ratios for Z ! a� (left panel) and Z ! aµ+µ� (right

panel) respectively. As examples, we choose CWW = 0, ma = 5 and 50 GeV.
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ALP production from Z decay

of CWW = 0. This gives a simple picture of physics. In section IIID, we will present the

numerical results with non-zero CWW and discuss the di↵erence with the simpler case.
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Figure 3. The Feynman diagrams for exotic Z decay channels Z ! a� and Z ! aµ+µ� respectively.
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Figure 4. The exotic Z decay branching ratios for Z ! a� (left panel) and Z ! aµ+µ� (right

panel) respectively. As examples, we choose CWW = 0, ma = 5 and 50 GeV.
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Γ(Z → γa) =
α2 (mZ) m3
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ALP decay Cww = 0
ALP decay

Γ (a → μ+μ−) =
mam2

μ

8πf 2
a

Ceff
μμ

2
1 −

4m2
μ

m2
a

Γ(a → γγ) =
α2m3

a

64π3f 2
a
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γγ

2

Ceff
γγ = Cγγ + Cμμ [1 +

m2
μ

m2
a

⋅ ℱ ( m2
a

m2
μ )] + 𝒪(α)

Ceff
μμ = Cμμ + 𝒪 (α2)



Existing constraints Cww = 0

• Constraining  coupling only: 


• Belle-II, LEP: 



• LHC: 

a-γ

e+e− → aγ → (γγ)γ
pp → aγ → (γγ)γ
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Figure 8. The constraints from various existing experiments and future projections from Z factories

(CEPC and FCC-ee) from exotic Z decay searches Z ! a� ! (��)�, Z ! a� ! (µ+µ�)� and

Z ! aµ+µ�
! (µ+µ�)µ+µ�. The parameter space of (g� 2)µ solution is plotted in the red band.

We set CWW = 0, and ⇤ = 1 TeV in g � 2 calculation.

covered by Z-factory searching for Z ! (µ+
µ
�)� and Z ! (µ+

µ
�)µ+

µ
�, which benefit from

the vanishing BR(a ! ��). Together with Z ! (��)�, the Z-factory can cover the rest

of the parameter space relevant for an explanation of the (g � 2)µ anomaly up to ma . 85

GeV, providing a decisive check for the ALP solution to (g � 2)µ and is complementary to

other existing experiments.

Fig. 9 presents the existing constraints and future reaches in the Cµµ(C��)/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 (g� 2)µ anomaly

is possible. In the left panel, we choose Cµµ and ma as free parameters, while C�� is chosen

to be the minimal value which can give an explanation to the (g � 2)µ anomaly at 2� level.

In the right panel, we choose the minimal Cµµ in a similar way. The only exception is the
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! (µ+µ�)µ+µ�. The parameter space of (g� 2)µ solution is plotted in the red band.

We set CWW = 0, and ⇤ = 1 TeV in g � 2 calculation.

covered by Z-factory searching for Z ! (µ+
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�, which benefit from

the vanishing BR(a ! ��). Together with Z ! (��)�, the Z-factory can cover the rest

of the parameter space relevant for an explanation of the (g � 2)µ anomaly up to ma . 85

GeV, providing a decisive check for the ALP solution to (g � 2)µ and is complementary to

other existing experiments.

Fig. 9 presents the existing constraints and future reaches in the Cµµ(C��)/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 (g� 2)µ anomaly

is possible. In the left panel, we choose Cµµ and ma as free parameters, while C�� is chosen

to be the minimal value which can give an explanation to the (g � 2)µ anomaly at 2� level.

In the right panel, we choose the minimal Cµµ in a similar way. The only exception is the
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A. Constraints from current results of light particle searches

We focus on two final states, one is a + � and the other is a + f̄f . In addition, axion

decay channels, a ! �� and a ! µ
+
µ
�, are considered. In the following, we will go through

the relevant experiments and set the limits on the ALP couplings to muon and photon.

1. Constraints from searches for final states of a+ �

ALP together with a photon can show up as final states from either exotic Z decay

Z ! a� or the s-channel o↵-shell photons and Z bosons production e
+
e
�
! �

⇤
/Z

⇤
! a�,

though couplings C�� and C�Z (for CWW = 0, C�Z is fixed by C��) as shown in Fig. 5. Since

both Cµµ and C�� are non-zero in order to account for the (g � 2)µ anomaly, the ALP will

decay to µ
+
µ
� and ��. Therefore, the experimental searches for (��) + � and (µ+

µ
�) + �

final states, where the bracket indicates the two particles inside form a resonance, should be

sensitive to this class of models.

Z

�

�

�

�
�

�
a a a

e+

e�
Z*/�*

(1) (2) (3)

��
�

�+
a

Z

Figure 5. Feynman diagrams corresponding to a+ � final states in various experimental searches.

The diagram (1) is related to LEP/L3/ATLAS [64–66] with on-shell Z ! (��)�, while diagrams

(2) and (3) are related to OPAL searches for e+e� ! (��)� via o↵-shell �/Z [62] and on-shell

Z ! (µ+µ�)� [63] respectively.

• Two photon final state ��. There have been a large number of relevant searches at LEP

and LHC which focus on multi-photon 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

12



Existing constraints Cww = 0

• Constraining  coupling only: 


• BaBar: recast 


• CMS( ): 

a-μ
e+e− → μ+μ−Z′￼

4μ pp → μ+μ−ϕ
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Figure 8. The constraints from various existing experiments and future projections from Z factories

(CEPC and FCC-ee) from exotic Z decay searches Z ! a� ! (��)�, Z ! a� ! (µ+µ�)� and

Z ! aµ+µ�
! (µ+µ�)µ+µ�. The parameter space of (g� 2)µ solution is plotted in the red band.

We set CWW = 0, and ⇤ = 1 TeV in g � 2 calculation.

covered by Z-factory searching for Z ! (µ+
µ
�)� and Z ! (µ+

µ
�)µ+

µ
�, which benefit from

the vanishing BR(a ! ��). Together with Z ! (��)�, the Z-factory can cover the rest

of the parameter space relevant for an explanation of the (g � 2)µ anomaly up to ma . 85

GeV, providing a decisive check for the ALP solution to (g � 2)µ and is complementary to

other existing experiments.

Fig. 9 presents the existing constraints and future reaches in the Cµµ(C��)/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 (g� 2)µ anomaly

is possible. In the left panel, we choose Cµµ and ma as free parameters, while C�� is chosen

to be the minimal value which can give an explanation to the (g � 2)µ anomaly at 2� level.

In the right panel, we choose the minimal Cµµ in a similar way. The only exception is the
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Z ! aµ+µ�
! (µ+µ�)µ+µ�. The parameter space of (g� 2)µ solution is plotted in the red band.

We set CWW = 0, and ⇤ = 1 TeV in g � 2 calculation.

covered by Z-factory searching for Z ! (µ+
µ
�)� and Z ! (µ+

µ
�)µ+

µ
�, which benefit from

the vanishing BR(a ! ��). Together with Z ! (��)�, the Z-factory can cover the rest

of the parameter space relevant for an explanation of the (g � 2)µ anomaly up to ma . 85

GeV, providing a decisive check for the ALP solution to (g � 2)µ and is complementary to

other existing experiments.

Fig. 9 presents the existing constraints and future reaches in the Cµµ(C��)/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 (g� 2)µ anomaly

is possible. In the left panel, we choose Cµµ and ma as free parameters, while C�� is chosen

to be the minimal value which can give an explanation to the (g � 2)µ anomaly at 2� level.

In the right panel, we choose the minimal Cµµ in a similar way. The only exception is the
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in Ref. [15]. We adapt the results to our model with both C�� and Cµµ couplings.

However, with the choice CWW = 0, it only shows up in the left panel in Fig. 9, where

our choice of minimal C�� leads to larger BR(a ! µ
+
µ
�). In the right panel of Fig. 9,

this limit is not relevant and the constraints are dominated by the photon final state

searches.

2. Constraints from searches for final states of a+ f̄f

a a
�+

�+

��
��

�+
Z*/�* Z*/�*

Z*/�* f

f̄

e+/q̄ e+/q̄

e�/qe�/q

(1)

��

(2)

Figure 6. Feynman diagrams corresponding to a+ ff̄ final states experiments searches. Diagram

(1) are related to collider searches e+e�/pp ! (µ+µ�)ff̄ at BaBar [59, 60],CMS [58, 67], and

diagram (2) are also related to collider searches e+e�/pp ! (µ+µ�)µ+µ� at CMS [58],BaBar [60].

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.

• A muon pair together with a pair of other fermions (µ+
µ
�) + 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 ! µ
+
µ
� 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,
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Z ! aµ+µ�
! (µ+µ�)µ+µ�. The parameter space of (g� 2)µ solution is plotted in the red band.

We set CWW = 0, and ⇤ = 1 TeV in g � 2 calculation.

covered by Z-factory searching for Z ! (µ+
µ
�)� and Z ! (µ+

µ
�)µ+

µ
�, which benefit from

the vanishing BR(a ! ��). Together with Z ! (��)�, the Z-factory can cover the rest

of the parameter space relevant for an explanation of the (g � 2)µ anomaly up to ma . 85

GeV, providing a decisive check for the ALP solution to (g � 2)µ and is complementary to

other existing experiments.

Fig. 9 presents the existing constraints and future reaches in the Cµµ(C��)/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 (g� 2)µ anomaly

is possible. In the left panel, we choose Cµµ and ma as free parameters, while C�� is chosen

to be the minimal value which can give an explanation to the (g � 2)µ anomaly at 2� level.

In the right panel, we choose the minimal Cµµ in a similar way. The only exception is the
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We set CWW = 0, and ⇤ = 1 TeV in g � 2 calculation.

covered by Z-factory searching for Z ! (µ+
µ
�)� and Z ! (µ+

µ
�)µ+

µ
�, which benefit from

the vanishing BR(a ! ��). Together with Z ! (��)�, the Z-factory can cover the rest

of the parameter space relevant for an explanation of the (g � 2)µ anomaly up to ma . 85

GeV, providing a decisive check for the ALP solution to (g � 2)µ and is complementary to

other existing experiments.

Fig. 9 presents the existing constraints and future reaches in the Cµµ(C��)/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 (g� 2)µ anomaly

is possible. In the left panel, we choose Cµµ and ma as free parameters, while C�� is chosen

to be the minimal value which can give an explanation to the (g � 2)µ anomaly at 2� level.

In the right panel, we choose the minimal Cµµ in a similar way. The only exception is the
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in Ref. [15]. We adapt the results to our model with both C�� and Cµµ couplings.

However, with the choice CWW = 0, it only shows up in the left panel in Fig. 9, where

our choice of minimal C�� leads to larger BR(a ! µ
+
µ
�). In the right panel of Fig. 9,

this limit is not relevant and the constraints are dominated by the photon final state

searches.

2. Constraints from searches for final states of a+ f̄f
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Figure 6. Feynman diagrams corresponding to a+ ff̄ final states experiments searches. Diagram

(1) are related to collider searches e+e�/pp ! (µ+µ�)ff̄ at BaBar [59, 60],CMS [58, 67], and

diagram (2) are also related to collider searches e+e�/pp ! (µ+µ�)µ+µ� at CMS [58],BaBar [60].

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.

• A muon pair together with a pair of other fermions (µ+
µ
�) + 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 ! µ
+
µ
� 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,
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Combined Constraints Cww = 0
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Figure 9. Left panels: The existing constraints and future sensitivities in the Cµµ/fa �ma plane.

We set CWW = 0. For each pair of parameters, Cµµ and ma, we choose the minimal |C�� | which

can explain the (g � 2)µ anomaly at 2� level. Right panels: The existing constraints and future

sensitivities in the C��/fa�ma plane with CWW = 0. We choose the minimal |Cµµ| coupling which

can satisfy (g�2)µ anomaly at 2� level. The gray region has no viable g�2 solution and we simply

set Cµµ = 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 (��)�, (µ+µ�)� and (µ+µ�)µ+µ� are

shown, while the reaches of the future Higgs factories are labeled with an extra @240GeV.

20



18

Searching at CEPC Cww = 0

• The exotic  decay:  
and 


• With ALP decay: 


• Relevant SM background:  
and 


• Cuts: , , 
, ,  

dimuon resolution: 

Z Z → a + γ
Z → a + μ+ + μ−

a → μ+μ−/(γγ)
μ+μ−γ
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|η | < 3 ΔRμμ > 0.1
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Figure 8. The constraints from various existing experiments and future projections from Z factories

(CEPC and FCC-ee) from exotic Z decay searches Z ! a� ! (��)�, Z ! a� ! (µ+µ�)� and

Z ! aµ+µ�
! (µ+µ�)µ+µ�. The parameter space of (g� 2)µ solution is plotted in the red band.

We set CWW = 0, and ⇤ = 1 TeV in g � 2 calculation.

covered by Z-factory searching for Z ! (µ+
µ
�)� and Z ! (µ+

µ
�)µ+

µ
�, which benefit from

the vanishing BR(a ! ��). Together with Z ! (��)�, the Z-factory can cover the rest

of the parameter space relevant for an explanation of the (g � 2)µ anomaly up to ma . 85

GeV, providing a decisive check for the ALP solution to (g � 2)µ and is complementary to

other existing experiments.

Fig. 9 presents the existing constraints and future reaches in the Cµµ(C��)/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 (g� 2)µ anomaly

is possible. In the left panel, we choose Cµµ and ma as free parameters, while C�� is chosen

to be the minimal value which can give an explanation to the (g � 2)µ anomaly at 2� level.

In the right panel, we choose the minimal Cµµ in a similar way. The only exception is the
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Figure 8. The constraints from various existing experiments and future projections from Z factories

(CEPC and FCC-ee) from exotic Z decay searches Z ! a� ! (��)�, Z ! a� ! (µ+µ�)� and

Z ! aµ+µ�
! (µ+µ�)µ+µ�. The parameter space of (g� 2)µ solution is plotted in the red band.

We set CWW = 0, and ⇤ = 1 TeV in g � 2 calculation.

covered by Z-factory searching for Z ! (µ+
µ
�)� and Z ! (µ+

µ
�)µ+

µ
�, which benefit from

the vanishing BR(a ! ��). Together with Z ! (��)�, the Z-factory can cover the rest

of the parameter space relevant for an explanation of the (g � 2)µ anomaly up to ma . 85

GeV, providing a decisive check for the ALP solution to (g � 2)µ and is complementary to

other existing experiments.

Fig. 9 presents the existing constraints and future reaches in the Cµµ(C��)/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 (g� 2)µ anomaly

is possible. In the left panel, we choose Cµµ and ma as free parameters, while C�� is chosen

to be the minimal value which can give an explanation to the (g � 2)µ anomaly at 2� level.

In the right panel, we choose the minimal Cµµ in a similar way. The only exception is the
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Searching at CEPC Cww = 0
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Figure 9. Left panels: The existing constraints and future sensitivities in the Cµµ/fa �ma plane.

We set CWW = 0. For each pair of parameters, Cµµ and ma, we choose the minimal |C�� | which

can explain the (g � 2)µ anomaly at 2� level. Right panels: The existing constraints and future

sensitivities in the C��/fa�ma plane with CWW = 0. We choose the minimal |Cµµ| coupling which

can satisfy (g�2)µ anomaly at 2� level. The gray region has no viable g�2 solution and we simply

set Cµµ = 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 (��)�, (µ+µ�)� and (µ+µ�)µ+µ� are

shown, while the reaches of the future Higgs factories are labeled with an extra @240GeV.
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Figure 10. The existing constraints and future sensitivities from Z-factory with CWW 6= 0. The

color codes are similar to Fig. 9. We choose ma = 5, 10, 50, 70, 100 GeV respectively and

Cµµ = �5 and �50(�10 for 10GeV) TeV�1 which corresponds to the (g� 2)µ solutions with small

muon couplings.

band which is not constrained but will be fully covered by Tera-Z ! a� ! (µ+
µ
�)� except a

small line presenting C�Z ⇡ 0. This is a general feature for exotic Z decay channel Z ! a�.

For ma = 10 GeV, more existing searches are relevant because the invariant mass is large

enough to go above the di-muon threshold at the CMS pp ! 4µ search and the di-photon

threshold at the L3 Z ! 3� search. The constraints from L3 Z ! 3� leaves a cross-shaped
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Searching at CEPC Cww ≠ 0
The free parameters are

{ma, Cμμ, CWW, CBB}
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Thank you!

• Muon g-2 experiments show  discrepancy with SM


• ALP can provide a solution with couplings  and 


• In UV model,  comes from  and , leads to 


• At Z-factory, it leads to exotic Z decay:


• 


• Future Z factory can provide sensitivity covers most of the 
g-2 region for 

4.2σ
Cμμ Cγγ

Cγγ CWW CBB CγZ

Z → aγ, aμ+μ−

ma ≲ mZ

Summary


