
Jia Liu, PKU 

轴⼦物理：理论探索与实验探测

 刘佳 (Jia Liu)

北京⼤学物理学院

2025粒⼦物理标准模型及新物理精细计算研讨会

2025-03-29 @ 保定

Phys.Rev.Lett. 134, (2025) 081803; Phys.Rev.D 110 (2024), 035037; Commun.Phys. 7 (2024), 226; 
Phys.Rev.D 109 (2024), 123030; JHEP 09 (2023) 104; Phys.Rev.D 107 (2023), 095016; 

JHEP 05 (2021) 138; Phys. Rev. Lett. 125, (2020)  131806



Jia Liu

Outlines

2

• Axion models and general searches


• Problems in axion-meson interactions


• Consistency of the interaction model


• Wess-Zumino-Witten interactions of QCD


• Wess-Zumino-Witten interactions of Axions


• Summary



The QCD axion and the Strong CP problem

3

ℒ ⊃ −
θg2

s

32π2
GG̃ − (ūLMuuR + d̄LMddR + h . c . )

θ̄ = θ + arg [det [MuMd]]

• CP violating phase  ~ 1.2 radianθCP

• QCD induced CP violating phase, θ̄

•  is invariant under quark chiral rotation 


• According to neutron EDM experiment

θ̄

θ̄ ≲ 1.3 × 10−10 radian

• The CKM matrix from Mu,d

dn
EDM ∼ θ̄ × 10−16 e cm

dn
exp < 10−26 e cm

A total derivative, but is  
allowed by non-trivial QCD vacuum

为什么实验没看到该类CP破坏？



The Peccei-Quinn solution to Strong CP problem

• Experiment requires 


• PQ: promote the constant  to a dynamical field, a(x)


• Introduce a global PQ-symmetry , anomalous under 
the QCD


•  , cancels 


• Vafa-Witten theorem: vector-like theory (QCD) has ground 
state 

θ̄ = θ + arg [det [MuMd]] ≲ 10−1rad

θ̄

U(1)PQ

a → a + κfa ⇒ 𝒮 → 𝒮 +
κ

32π2 ∫ d4xGG̃ θ̄

⟨θ̄⟩ = 0
4
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PQWW Axion
• In 1978, Weinberg and Wilzeck realize there is an light particle

5

Axion!!!

• It can wash out the unwanted strong CP phase


• QCD axion : ; Neutrino Seesaw: 


•  Light particles can probe high scale physics!

m2
a f2

a ≈ Λ4
QCD mνmNR

≈ (yvh)2
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PQWW Axion
• PQWW axion assumes breaking scale 


• Axion mass from , and the coupling strength is large 



• PQWW axion is quickly ruled out by 


• Lab constraints: , , and 


• Astrophysical constraints: Red giant and Supernovae


• (Invisible) QCD axion: the leading axion models are KSVZ/DFSZ model with 

fa ∼ vEW

100 keV ∼ 1 MeV
1/fa

K± → π± + a J/Ψ → γ + a Υ → γ + a

fa ≫ vEW

6
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The dark matter candidate models

7

1904.07915，TASI lecture

HEP at a cross-road: explore all directions!
Axion and ALP dark matter
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The axion effective Lagrangian at quark-level

8

ℒALP = gag
a
fa

GG̃ + gaγ
a
fa

FF̃ + gaf
∂μa
2fa

f̄γμγ5 f

• Axion can couple to SM gauge bosons and fermions

• Detection of axion through various couplings



Experimental searches for axions
• Dark Matter Axion: haloscopes …


• Non-DM searches:


• Rare meson decays


• Stellar cooling


• Supernova


• Helioscopes: solar axion (CAST, IAXO, or DM 
direct detection searches)


• Light shining through walls 


• Polarization


• Fifth force


• Radio wave detection
9

Methodology:
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The resonant searches for ALP via photon coupling

10https://cajohare.github.io/AxionLimits/
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Inverse Primakoff effect for solar axion

11

• Axion can interact with electric field deep inside 
the nuclei and therefore convert into photons


• Conclusion: Xenon-type DM experiment can 
probe axion-photon coupling

a
γ

Xe Xe

γ

Form factor:

Screening length:
r−1
0 = 6.31 keV

Z = 56

Gao, JL, Wang, Wang, Xue, Zhong,  
Phys. Rev. Lett. 125, 131806 (2020)

不含逆普⾥⻢科夫效应

逆普⾥⻢科夫效应 
修正后
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Inverse Primakoff effect for solar axion

12

• The new method is recognized by XENONnT collaboration


• PDG 2020-2024 constantly cites this as a standard approach 

Our prediction 
Phys. Rev. Lett. 125, 131806 (2020)

XENONnT 
Phys. Rev. Lett. 129 (2022) 16, 161805

不含逆普⾥⻢科夫效应

逆普⾥⻢科夫效应 
修正后

2020年XENON1T结果

2022年XENONnT结果 
采⽤了新分析⽅法
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The resonant searches of nucleon couplings

• The axion-wind Hamiltonian

13

gaNN
∂μa
2fa

N̄γμγ5N → H = gaNN
⃗∇ a ⋅ ⃗σN

≈ gaNN ⃗va ⋅ ⃗σN × 2ρa sin(p ⋅ x)

• The ALP DM field
a(x, t) ≈ a0 cos(ωt − ⃗p ⋅ ⃗x + θ0)

• A Zeeman split in B field

⃗B ext

ΔE = BextμN ≈ ma

| ↑ ⟩

| ↓ ⟩
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Comagnetometer in Hybrid Spin Resonance: New Method

• Method: tune external B field to make 
Larmor frequency equal


• HSR: 


• Width  is about 100 Hz now


• NMR: 


• Smaller amplification but with much wider 
resonance


• Do not need to scan (e.g. 35 days)


• Long-time measurement at single point 
to compensate amplification lost

ωK ≈ ωNe

Γn

ωNe ≈ mac2

14

ChangE experiment: Kai Wei, .. JL .. et al, 2306.08039
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ChangE results
• ChangE experiments set competitive limits on ALP-nucleon couplings (AxionLimits version)


• Improving ALP-proton coupling limits by 105 - 106 


• Provideing best limits on ALP-neutron couplings at ~[0.02, 0.2] Hz and [10, 200] Hz

15
Kai et al, 2306.08039; Xu et al, Commun.Phys. 7 (2024) 1, 226 

Cong et al, JAIS 2024 (2024) 505

轴⼦暗物质-中⼦相互作⽤ 
ChangE探测实验结果

轴⼦暗物质-质⼦相互作⽤ 
ChangE探测实验结果
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• Axion models and general searches


• Problems in axion-meson interactions


• Consistency of the interaction model


• Wess-Zumino-Witten interactions of QCD


• Wess-Zumino-Witten interactions of Axions


• Summary
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The axion effective Lagrangian at quark-level

17

ℒeff,0 = q̄0(iDμγμ−mq,0)q0 +
1
2

(∂μa)(∂μa) −
m2

a,0

2
a2

+gag,0
a
fa

GG̃ + gaγ,0
a
fa

FF̃ +
∂μa
fa

(q̄LkL,0γμqL + q̄RkR,0γμqR + …)

• A more detailed effective Lagrangian

• Quark mass  diagonal and realmq,0

• Coupling to both left/right fermions  and kL,0 kR,0

Bauer et al, PRL 127 (2021), 081803 
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The axion-dependent chiral rotation

18

q0(x) = exp [−i(δq,0 + κq,0γ5)cgg
a(x)

fa ] q(x)

• Use an axion-dependent chiral rotation to eliminate  termaGG̃

• New effective Lagrangian

ℒeff = q̄(iDμγμ−mq(a))q +
1
2

(∂μa)(∂μa) −
m2

a,0

2
a2

+gaγ
a
fa

FF̃ +
∂μa
fa

(q̄LkL(a)γμqL + q̄RkR(a)γμqR + …)

Tr(κq,0) = 1

Bauer et al, PRL 127 (2021), 081803 
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The axion-dependent chiral rotation

19

θL ≡ δq,0 − κq,0

θR ≡ δq,0 + κq,0

• Define the chiral rotations (2-flavor for simplicity)

• The relations between parameters

mq(a) = U†
Lm0UR →

mu,0e
−2iκu,0cgg

a
fa 0

0 md,0e
−2iκd,0cgg

a
fa

kL(a) = U†
L[kL,0 + cggθL,0]UL → kL,0 + cggθL,0

kR(a) = U†
R[kR,0 + cggθR,0]UR → kR,0 + cggθR,0

UL ≡ exp [−iθLa/fa]
UR ≡ exp [−iθRa/fa]

gaγ = gaγ0
− 2NccggTr [Q2κq,0]

Anomalous axion contribution



Jia Liu

The consistent ChPT axion Lagrangian at meson level

• ChPT Lagrangian matching

20

ℒeff = q̄(iDμγμ−mq(a))q +
1
2

(∂μa)(∂μa) −
m2

a,0

2
a2

+gaγ
a
fa

FF̃ +
∂μa
fa

(q̄LkL(a)γμqL + q̄RkR(a)γμqR + …)

ℒχPT =
f2
π

8 [(DμU)(DμU)†] +
f2
π

4
B0Tr [mq(a)U† + h . c . ] +

1
2

(∂μa)(∂μa) −
m2

a,0

2
a2+gaγ

a
fa

FF̃

DμU → DμU − i
∂μa
fa

(kLU − UkR)

U = exp[( 2i/fπ)πaτa]

• The axion derivative coupling Bauer et al, PRL 127 (2021), 081803 
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The importance of consistency
• The physical results should be independent of auxiliary 

parameters

21

q0(x) = exp [−i(δq,0 + κq,0γ5)cgg
a(x)

fa ] q(x)

• The most important channel BR( ) is off by a factor of 37 for 35 yearsK → πa
H. Georgi, D. B. Kaplan and L. Randall, Phys. Lett. B 169, 73-78 (1986)

• Model-independent expression for  and  have 
been obtained for all axion couplings, only in 2021

K → πa π− → e−ν̄ea

Bauer et al, PRL 127 (2021), 081803 
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Axion couplings to other mesons/baryons/EFT
• Axion couplings to other mesons , e.g. , ’ etc 

Gao, Guo, Oller, Zhou JHEP04(2023)022; Wang, Guo, Zhou PRD 109(2024)075030; Wang, Guo 
Lu, Zhou 2403.16064; Cao, Guo, 2408.15825


• Axion couplings to baryons 
Vonk, Guo, Meissner JHEP03(2020)138, Lu, Du, Guo, Meissner, Vonk JHEP05(2020)001, Vonk 
Guo, Meissner JHEP08(2021)024 …


• Axion coupling to DM  
Cheng, Bian, Zhou,  Phys.Rev.D 104 (2021) 6, 063010;  
Yang, Feng, Wu, J. Phys. G: Nucl. Part. Phys. 51 065201(2024);  


• Axion EFT 
Hu, Jiang, Li, Xiao, Yu, PRD 103(2021)095025; Song, Sun, Yu JHEP01(2024)161; 


• Etc …

η η

22
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Wess-Zumino-Witten Interactions in QCD
• WZW terms can describe anomalies in QCD, ensuring gauge 

invariance and completing chiral L


• Low-energy dynamics of mesons: 
e.g. multiple mesons and photons interactions  

, ,  


• Axion should be involved in WZW interactions systematically,  
not only in  interactions


•该问题由Harvey等⼈于2007年在论⽂[PRL 99 (2007) 261601]
中⾸次提出，但迄今为⽌尚未得到解决。

π0/η/η′ → γγ η′ → 4π γ* → 3π,5π

a − γ − γ

23

Jeffrey Harvey, 芝加哥⼤学弦论物理学家 
2023年狄拉克奖章获得者
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Challenges in axion-meson interactions

• 1. ⼿征基依赖性问题：不同夸克⼿征基的选择会改变轴⼦-介⼦
相互作⽤项的形式，但物理可观测量必须与⼿征基选取⽆关。  


• 2. 含轴⼦的WZW相互作⽤：轴⼦-介⼦低能理论需包含WZW相互
作⽤，并保证物理结果不受⼿征基选取影响。  


• 3. 混合量⼦反常问题：轴⼦的PQ对称性、⽮量介⼦对称性与标
准模型规范对称性间的混合量⼦反常可能破坏规范不变性。

24
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• Axion models and general searches


• Problems in axion-meson interactions


• Consistency of the interaction model


• Wess-Zumino-Witten interactions of QCD


• Wess-Zumino-Witten interactions of Axions


• Summary
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Global currents and background vector fields 
• Background fields can couple to currents of 


• Baryon currents U(1)B in neutron star,  meson 


• Z boson vector in neutrino dense environment


• SM gauge invariance needs counter terms

ℒχPT

ω

26

∂μj5
μ

A

A

δ∂μj5
μ ∝ ϵμνρσAμνBρσ

A
∂μj5

μ

B
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WZW counter terms for global symmetry
• Generic WZW interactions with counter terms


• Vector fields in 1-form:   
Similar to Hidden Local Symmetry

𝒜L/R ≡ 𝔸L/R + 𝔹L/R

27

ℒfull
WZW(U, 𝒜L/R) = ℒWZW(U, 𝒜L, 𝒜R) + ℒc(𝔸L/R, 𝔹L/R)

• Counter terms ensures SM invariance

Γc = − 2𝒞∫ Tr[(𝔸Ld𝔸L + d𝔸L𝔸L)𝔹L +
1
2

𝔸L(𝔹Ld𝔹L + d𝔹L𝔹L) −
3
2

i𝔸3
L𝔹L −

3
4

i𝔸L𝔹L𝔸L𝔹L −
i
2

𝔸L𝔹3
L] − (L ↔ R)

• Suitable for chiral gauge fields and background fields

J. A. Harvey, C. T. Hill, and R. J. Hill,  
PRL 99 (2007) 261601,  
PRD 77(2008) 085017
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Axion treatment as a fictitious background field

• 


• Hints from quark-level L: 


• Hints from ChPT L: 

Dμ = ∂μ − ig(ALPL + ARPR)

Dμ → Dμ + i
∂μa
fa

(kLPL + kRPR)

DμU → DμU − i
∂μa
fa

(kLU − UkR)

28

ℒeff = q̄(iDμγμ−mq(a))q +
1
2

(∂μa)(∂μa) −
m2

a,0

2
a2

+gaγ
a
fa

FF̃ +
∂μa
fa

(q̄LkL(a)γμqL + q̄RkR(a)γμqR + …)

ℒχPT =
f2
π

8 [(DμU)(DμU)†] +
f2
π

4
B0Tr [mq(a)U† + h . c . ] +

1
2

(∂μa)(∂μa) −
m2

a,0

2
a2+gaγ

a
fa

FF̃

Yang Bai, Ting-Kuo Chen, JL, Xiaolin Ma 
Phys.Rev.Lett. 134, (2025) 081803
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Axion treatment as a fictitious background field
• Vector fields in 1-form:   

Similar to Hidden Local Symmetry


• Axion 1-form field can be added into background fields: 




• 2-flavor ChPT with SM gauge bosons and background fields

𝒜L/R ≡ 𝔸L/R + 𝔹L/R

𝔹L/R → 𝔹L/R + kL/R,0
da
fa

29
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The consistent full axion Lagrangian at low-energy

• ChPT:


• Full WZW: 


• Full :ℒ

30

ℒfull
WZW(U, 𝒜L/R) = ℒWZW(U, 𝒜L, 𝒜R) + ℒc(𝔸L/R, 𝔹L/R)

ℒfull
axion ≡ [ℒχPT + ℒfull

WZW] (U, mq(a), 𝒜L/R + kL/R(a)da/fa)

Yang Bai, Ting-Kuo Chen, JL, Xiaolin Ma 
Phys.Rev.Lett. 134, (2025) 081803
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Matching between  and ℒeff ℒfull
axion

31

q′ = exp[i (δq + κqγ5) a
f ]q

U′ = U†
LUUR

ℒeff(q, mq, kL, kR) ℒeff(q′ , m′ q, k′ L, k′ R) + δℒano
a

ℒfull
axion ≡ ℒχPT(U, mq, %L/R + kL/Rda)

+ ℒfull
WZW(U, mq, %L/R + kL/Rda)

m
at
ch
in
g m
atching

ℒχPT(U′ , m′ q, %L/R + k′ L/Rda)
+ ℒfull

WZW(U′ , m′ q, %L/R + k′ L/Rda)
+ δℒano

WZW

ℒeff, 0(q0, mq,0, kL,0, kR,0)

q0 = exp( − i cgg κq,0 γ5
a
f )q
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The axion anomalous interactions

• The exact expressions

32

δℒano
a = − δ [ℒWZW + ℒc](θL, θR)

• Covariant derivative D𝔹L,R = d𝔹L,R − i𝔸L,R𝔹L,R − i𝔹L,R𝔸L,R

• Covariant field strength: F = d𝔸L − i𝔸2
L

A
∂μj5

μ

B
∂μj5

μ

A

A
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Gerard 't Hooft UV-IR anomaly matching condition

33

q′ = exp[i (δq + κqγ5) a
f ]q

U′ = U†
LUUR

ℒeff(q, mq, kL, kR) ℒeff(q′ , m′ q, k′ L, k′ R) + δℒano
a

ℒfull
axion ≡ ℒχPT(U, mq, %L/R + kL/Rda)

+ ℒfull
WZW(U, mq, %L/R + kL/Rda)

m
at
ch
in
g m

atching

ℒχPT(U′ , m′ q, %L/R + k′ L/Rda)
+ ℒfull

WZW(U′ , m′ q, %L/R + k′ L/Rda)
+ δℒano

WZW

ℒeff, 0(q0, mq,0, kL,0, kR,0)

q0 = exp( − i cgg κq,0 γ5
a
f )q

δℒano
a = − δ [ℒWZW + ℒc](θL, θR) = δℒano

WZW

•理论选取任意能标下的⾃由度来计算味对称性的⼿征反常，其结果应该相同

Gerard ’t Hooft

相同 
满⾜反常匹配
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Consistent physical amplitudes
• A consistent Lagrangian will give physical amplitudes 

independent of auxiliary rotations


• Full WZW interactions are important for a-A-B amplitudes

34

a aa π0

γγγ

γ/ω/ρ0/Zω/ρ0/Z γ/ω/ρ0/Z

ℒfull
WZW ℒano

χPT

(a) (b) (c)
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a aa π0

γγγ

γ/ω/ρ0/Zω/ρ0/Z γ/ω/ρ0/Z

ℒfull
WZW ℒano

χPT

(a) (b) (c)

Consistent physical amplitudes for a − γ − γ
• Auxiliary rotations are cancelled

35

ℳ(a → γγ)(auxiliary) = CF × (cano + θ′ a−π0
cπ0

+ cWZW)
= CF × e2 { −Nc

48π2fa
12(Q2

uκu + Q2
dκd) + i

fπ
2f [(κu − κd)p2

a − 2
muκu − mdκd

mu + md
m2

π] i
p2

a − m2
π

×
Nc

48π2fπ
6 2(Q2

d − Q2
u)}

→ 0κu + κd = 0
p2

a = m2
a
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a aa π0

γγγ

γ/ω/ρ0/Zω/ρ0/Z γ/ω/ρ0/Z

ℒfull
WZW ℒano

χPT

(a) (b) (c)

Consistent physical amplitudes for a − γ − ω
• Auxiliary rotations are cancelled

36

ℳ(a → ωγ)(auxiliary) = CF × (cano + θ′ a−π0
cπ0

+ cwzw)

= CF × eg′ [ −Nc

48π2f
12(Quκu + Qdκd) + i

fπ
2f

((κu − κd)p2
a − 2

muκu − mdκd

mu + md
m2

π)
i

p2
a − m2

π
×

Nc

48π2fπ
6 2(Qd − Qu)]

→ 0
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Consistent amplitudes for three point vertex

37

ceff
γγ = c0

γγ +
e2cgg

16π2f (−
10
3

− 2
mu − md

mu + md

m2
π

m2
a − m2

π ) −
e2

16π2f
m2

a

m2
π − m2

a
(cu − cd)

ceff
ωγ = eg′ 

−cgg

8π2f
−

3
8π2f [ m2

a

m2
π − m2

a ( cu − cd

2 ) + cgg
mu − md

mu + md

m2
π

m2
a − m2

π ] +
1

16π2f
(cd + cQ − 2cu)

ceff
ργ = eg

−3cgg

8π2f
−

1
8π2f [ m2

a

m2
π − m2

a ( cu − cd

2 ) + cgg
mu − md

mu + md

m2
π

m2
a − m2

π ] +
1

16π2f (3cQ − 2cu − cd)

ceff
γZ = c0

γZ +
Nccgg

48π2f
e2

swcw
(−9 + 20s2

w) − cπ0

fπ
2f ( m2

a

m2
π − m2

a

cd − cu

2
− cgg

mu − md

mu + md

m2
π

m2
a − m2

π ) −
Nc

48π2f
2e2

s2w
(cd + 2cu + 3cQ)

kL,0 = {cQ, cQ} kR,0 = {cu, cd}
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Summary
• A full chiral axion Lagrangian for axion-pseudo-vector meson


• 


• 1. Wess-Zumino-Witten counter term is included for gauge invariance


• 2. t’Hooft UV-IR anomaly matching is achieved


• 3. Consistent physical amplitudes without auxiliary rotation parameters


• New search channels, e.g.  vertex, for BESIII & STCF


• Future plan: extending to three light quarks scheme  
Needs to deal with η’; vector meson mediated processes in astrophysics

ℒfull
axion ≡ [ℒχPT + ℒfull

WZW] (U, mq(a), 𝒜L/R + kL/R(a)da/fa)

ω − γ − a

38

Thank you!


