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SM and New Physics
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Strong CP problem

• Low-energy QCD done predict 

ℒ ⊃
θ̄g2

s

32π2 GG̃

• Based on above QCD, we can build a theory for meson, 
then induce the neutron eDM at nucleon level

dn =
eθ̄gAc+μ

8π2f 2
π

log Λ2

m2
π

∼ 3 × 10−16θ̄ e cm

• Pression measurement

dn =
ℏΔω
4E

≤ 10−26 e cm



Solution to Strong CP problem
•The neutron eDM in classical formula

⃗d = ∑ q ⃗r

•Use the neutron has a size  rn ∼ 1/mπ

dn ≈ 10−13 1 − cos θe cm

•Comparing to the experiment results, we need cos θ = 1

• The EFT consists of a single new particle, the axion (a), and a 
single new coupling ( )fa

ℒ ⊃ ( a
fa

+ θ̄) 1
32π2 GG̃ dn ∝ a

fa
+ θ̄ = 0



Anomalous Magnetic Moment
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• In Quantum Field Theory (with C, P invariance )

= (�ie)ū(p0)


�µF1(k

2) +
i�µ⌫k⌫
2m

F2(k
2)

�
u(p)

F1(0) = 1 F2(0) = a

• The anomaly is defined through the quantity . 
Total anomaly can be written as:

aℓ = (gℓ − 2)/2



Anomalous Magnetic Moment
• Standard Model (SM )

aSMµ = aQED
µ + aweak

µ + ahadµ
<latexit sha1_base64="IHTn1xzws21w1/bLQ+XBQmt2B24="></latexit>

QED Contribution 11 658 471.895 (0.015)
EW Contribution 15.4 (0.1)

Hadronic Contribution
LO hadronic 694.9(4.3)

NLO hadronic -9.8(0.1)
Light-by-light 10.5(2.6)
Theory Total 11659182.3(4.9)

⇥10�10

• Anomalous Muon g-2



Axion Like Paticle
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Coupling to 
nucleon EDM

Coupling to 
mesons

Coupling to 
fermions

Coupling 
to photon

ℒint
a ⊃ α

8π

Caγ

fa
aFF̃ + Caf

∂μa

2fa
f̄γμγ5 f +

Caπ

fa fπ
∂μa[∂πππ]μ − i

2

Canγ

mn

a
fa

n̄σμvγ5nFμν

• The ALP Lagrangian 

• The ALP Mass

via neutrino experiments

via colliders



Heavy ALP 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

�� � � � �

a

a a

� � �

�*/Z* �*/Z*
�

(1) (2) (3)

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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�a3Z = �
↵C

2
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128⇡3c2ws
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2
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[HZ(2-loop) + hZ(counter term)] , (16)

where the H�/Z and h�/Z functions are

H� =

Z 1

0

dz
�2

2(�2 �m2
a)


�
2
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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

Δa3γ = −
c2

μμα
8π3

m2
μ

f 2
a

[Hγ(two loop) + hγ(counter term)]

γ

γ

mψ → ∞, Δa3γ → 0

ℒD≤5
eff  = ∑

f

Cff

2
∂μa
fa

f̄γμγ5 f +
αCγγ

4π
a
fa

FμνF̃μν+
αCγZ

2πswcw

a
fa

FμνZ̃μν +
αCZZ

4πs2
wc2

w

a
fa

ZμνZ̃μν

+
αCWW

πs2
w

a
fa

ϵμνρσ∂μWν
+∂ρWσ

− + …

Δa(1)
μ ∝ −

c2
μμ

16π2
Δa(2)

μ ∝ −
cμμcγγα
16π3 Δa(3)

μ ∝ −
cμμciiα
16π3

γa
ψ

γa
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Complete calculation for ALP

The axion-like particle Lagrangian 

Δa3γ = −
c2

μμα
8π3

m2
μ

f 2
a

[Hγ(two loop) + hγ(counter term)]

γ

γ

mψ → ∞, Δa3γ → 0

ℒD≤5
eff  = ∑

f

Cff

2
∂μa
fa

f̄γμγ5 f +
αCγγ

4π
a
fa

FμνF̃μν +
αCγZ

2πswcw

a
fa

FμνZ̃μν +
αCZZ

4πs2
wc2

w

a
fa

ZμνZ̃μν

+
αCWW

πs2
w

a
fa

ϵμνρσ∂μWν
+∂ρWσ

−+…

Cγγ = CWW+CBB CγZ = c2
wCWW−s2

wCBB CZZ = c4
wCWW+s4

wCBB

γ/Z

γ/Za
ψ

γ/Za

Δa2Z =
αcγzcμμm2

μ (4s2
w − 1)

32π3c2
ws2

w f 2
a

⋅ hZ(x, y, μ)

Δa3Z = −
αc2

μμm2
μ (4s2

w − 1)2

128π3c2
ws2

w f 2
a

[HZ(two loop) + hZ(counter term)]
mψ → ∞, Δa3 → 0
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Muon g-2 solution  Cww = 0

ma=1GeV
ma=5GeV
ma=10GeV
ma=50GeV
ma=70GeV
ma=80GeV
ma=100GeV

100 101 102 103
101

102

103

- Cμμ

fa
[(TeV)-1]

C
γγ f a
[(
Te
V
)-
1 ]

CWW=0

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

Z

96π3s2
wc2

w f 2
a

Ceff
γZ

2

(1 −
m2

a

m2
Z )

3

Ceff
γZ = CγZ + Cμμ ( 1

4
− s2

w) [1 +
m2

μ

m2
a − m2

Z
⋅ (ℱ ( m2

a

m2
μ ) − ℱ ( m2

Z

m2
μ ))]
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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

Ceff
γγ

2

Ceff
γγ = Cγγ + Cμμ [1 +

m2
μ

m2
a

⋅ ℱ ( m2
a

m2
μ )] + 𝒪(α)

Ceff
μμ = Cμμ + 𝒪 (α2)
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Searching at colliders  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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• Current

• Current+ CEPC



Ultra-light ALP for Muon g-2

ℒint = ga∂αϕψ̄γαγ5ψ

• The Lagrangian for ALP is
ℋLMSF = − ga∂αϕψ̄γαγ5ψ

HLMSF = −
ga∂αϕ
(2π)3 ∫

d3p
2Eμ ∑

s,s′ 

as†
p ūs(p)γαγ5as′ 

p us′ (p)

• In the rotated muon rest frame
HLMSF = − ga

⃗∇ ϕ ⋅ ̂ ⃗σ

d ⃗S
dt = ⃗ω × ⃗S

• Based on the Heisenberg equations, the spin operators evolve 
d ̂Si

dt = i [H, ̂Si] Δ ( dSi

dt ) = ⟨μ −gaϵ jki∂ja ̂σk μ⟩ = − 2gaϵ jki∂jϕSk (2)

Δ ( dSi

dt ) = ϵ jkiδωjSk (1)

• Compare (1) and (2) δωj = − 2ga∂jϕ



Ultra-light ALP for Muon g-2
• In the LMSF, the interaction between  and nucleons isϕ

ℒ = gsϕN̄N δωRMRF = − 2ga
dϕ
dr =

gsgaNE

2πr2
E

• Boosting back to the lab frame 

δω =
gsgaNE

2πγr2
E

• Relating the frequency change to the muon g-2 results,
δω
ω ≈

Δaμ

aμ

•  indicate Δaμ = (249 ± 48) × 10−11

gags ∈ [4.6 × 10−29,1.7 × 10−28] GeV−1

Phys.Rev.Lett. 130 (2023) 18



Spin dependent Scalar Force

CP violating coupling

ℒ = ∂μϕ (ν̄i
Lκij

ν ν j
L + ēi

Lκij
Lej

L + ēi
Rκij

Rej
R) + gsϕN̄N

• This leads to a gradient interaction between neutrinos and matter at 
leading order

ΔH = κν ∇ϕ ⋅ ⃗p / | ⃗p |
• The potential for the matter source (Sun/ Earth)

ϕ(r) =
gs

r ∫ r
0

nN(ℓ)ℓ2dℓ



The oscillation probability

•  method for the atmospheric neutrino dataχ2

χ2(N, O) = 2∑
ijα (Nijα − Oijα + Oijα ln

Oijα

Nijα )
i and j refer to the bin indices for neutrino energy Eν and incoming angle cosθ



The oscillation probability

•  method for the solar neutrino dataχ2

χ2 = ∑
i

(Pee (Ei) − Pobs
ee (Ei))

2

(δPobs
ee (Ei))

2



Final Results for the long-range force



• ALP have potential to solve strong CP problem 
• Muon g-2 can be solved by ALP
• Heavy ALP can be searched via colliders
• Neutrino oscillation experiments can be used to detect 

long-range muon spin force which can explain muon g-2.
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Thank you!

Summary


